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NOTICES

When Government drawings, specifications, or other data
are used for any purpose other than in connection with a
definitely related Government procurement operation, the
United State Government thereby incurs no responsibility
nor any obligation whatsoever; and the fact that the
government may have formulated, furnished, or in any way
supplied the said drawings, specifications, or other

1 data is not to be regarded by implication or otherwise ;
s as in any manner licensing tne holder or any other person E
or corporation, or conveying any rights or permission to E
manufacture, use, or sell any patented invention that may
in any way be related thereto.

Copies of this report should not be returned unless
3 return is required by security considerations, contractual
i obligations, or notice of a specific document.

3
3
H

F]
1
3
i
§

3

3

1

:

Pl

i

H

1




F R e g

e R e g cam o eee i -

UNC LASSIFIED

Security Classification

14 LINK A LINK B LINK €
KEY WOROS

ROLE wT ROLE wT rour w71

EM LT

Subsonic rain erosion
Thermal protection system
Low density ablators

Space Shuttle

LA bt d e e N 2t

5

b L) avhany

Sl 152 G e L Rl

e ey B

Aol 4t

Lol
T

il i bl

L 1T &

Wb
"

T

Ikt iy
L A 2 hend bl Selh wd A

L

4

BRFTATICINY

4
5
A

UNCLASSIFIED

Secunity Classification

X
3
%
3




TOUTTERTPEI MRTEY UL . . - LT T ST P T T P A SR R L e R T S

UNCLASSIFIED

Secunty Classificanon

DOCUMENT CONTROL DATA-R&D

(Security classitication of title, hody of ahsteact and mdexing ann tatron aust be enteted when the overal! report iy clascifiec)

THOTH R By,

1 ORIGINATING ACTiViTY (Corporate suthor) 20, REFORY SECURITY CLASSIFICATION !
Bell Aerospace Company Unclassified
3 2bh, GRrROUP
1 Buffalo New York 14240 ’ v

3 REPORT TITLE

'""Rain Erosion Characteristics of Thermal Protection System Matericls at
Subsonic Velocities"

L bl b el ki g b b i

4 DESCRIPTIVE NTTES (Type of report and inclusive dates)

Summarv 3 April 1972 - 30 June 1972

8. AU THORI(S) {Fitst namr, middle initizl, 1ast name)

Eubahi il o ) Rt Sk

b

A

Nerman E, Wahl

TY Ty F

W T

= 6 REPORT DATE 7a. TOTAL 0O OF PAGES 5. NO OF REFS
i August 1972 109
8#. CONTRACT OR GRANT NO 9#, ORIGINATOR'S REPORT NUMBERI(S) 3

F33615-71-C-1219 v

b, PROJECT NO

P e L

: 7340 ;
3 « Task No, 734007 9. OTHCR RIPORT NO(S) (Any other numbers that may be assigned
: . this report)

. AFML-TR-72-145

17 DISTRIBUTION STATEMENT

Ll A

~

Approved for public release; distribution unlimited,

Ak

11 SUPPLEMFNTARY NOTES 12. SPONSORING M:LITARY ACTIVITY

Air Force Materials Laboratory
Air Force Systems Command

Wright-Patterson AFB, Qhio 45433 _  }
13 ABSTRAC™

s

ALk

g

2kl

T
3, et bt e b

The relative rain erosion resistance of low density~thermal protection
materials for the space shuttle were evaluated at velocities of 200, 350 and 410
miles per hour, angles of attack of 10, 20, 40 and 90 degrees and rainfall
intensities of 1/4, 1/2 and 1 inch per hour on the AFML-Bell rotating arm

rain erosion test apparatus, The program was sponsored and all materials
provided by NASA Manned Spacecraft Center,

Fioi o KA/ i) 4
ik,

(i

_—r

2 bt s hbadlins

i L

"

Rl b B L.

DD "5.1473

—
At s Bl b Rt s s

UNCLASSIFIED

Security Claussii.cation




TR Ry

Lt Ll g

AT

T T WTITTNTE Lyt ™
T i T M ED Sl
A T AT hralrdinet

i

RhLO A

RAIN EROSION CHARACTERISTICS OF
THERMAL PROTECTION SYSTEM
MATERIALS AT SUBSONIC VELOCITIES

NORMAN E. WAHL

Approved for public release; distribution unlimited.

e

Lo i s bl bl

hodad

o i 0 g Gl

AL AAE A Ll .1 bl

Ml A

e

i
..
Gl o LY 4R N L




FOREWORD

This report was prepared by Bell Aerospace Company, Buffalo, New
York under contract F33615-71-C-1219, 1t was initiated under Project No,
7340, '"Nonmetallic and Composite Malerials,' Task No, 734007, '"Coatings
for Energy Utilization, Control and Protective, Functions', The work was
admininstered under the direction of the Air Force Materials Laboratory,
Department of the Air Force, Wright-Patterson Air Force Base, Ohio, with
George F, Schmitt, Jr, of the Elastomers and Coatings Branch, Nonmetallic
Materials Division, acting as project engineer,

This program was sponsored by the Thermal Technology Branch/
NASA Manned Spacecraft Center, with D, J, Tillian acting as technical
liaison,

This report covers the work carried out during the period from 3 April
1972 to 30 June 1972 and was submitted for publication in July 1972,

This technical report has been reviewed and is approved,

//c,, / W comse

ARREN P, NSON, Chief
Elastomers ‘and Coatings Branch
Nonmetallic Materials Division
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I. TNTRODUCTION

Rain erosion damage of the exterior components cf aircraft
at subsonic velocities has been observed at velocities as low

as 500 miles per hour in rainy environments at high angles of
attack.

The purpose of this program was to determine the relative
rain erosion resistance and characteristics of low density
insulation materials being considered for use as the exterior
thermal prctection systems on the space shuttle, The tests
were conducted at the low velocities, different angles of
attack, and various simulated rainfall rates representative
of these expected to bhe encountered during actual space shuttle

operations. All of the materials were provided by NASA Manned

Spacecraft Center who sponsored the tests.
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IT. DESCRIPTION OF TEST APPARATUS

Rain erosion tests were conducted in the AFML-PRell
rotating arm rain and sand erosion test apparatus. The

super-

sonic erosion test apparatus designed and built by Pell
Aerospace Company consists o the following major pieces of
equipment: a rotating arm (test blade), drive system and
power station, vacuum chamber and vacuum pump, environmenteal
generators (rain and sand) and remote TV monitor and controls.

Figure 1 is a sketch of the reucral layvout of the *est
apparatus., Figure 2 shows the vacuum chamber with the hatch
cover removed. Shown in the rigit-hand portion of FifFure 2

is the 3000 kva, 12,000 to 2,300 volts, 3-phase substation
with transformer and primary and secondary switchgear.

The single counter-halanced roiating test blade has a

nine~foot radius and is shown in Fisure 3. Specimens are

attached tc the tip of the blade by means or specimen holders,

The operation of the ercsion test apparatus is contrclled
and monitored on a console as shown in Figure 4, in another

puilding located 250 f't from the test chamber. The control

rocom and test apparatus are ceparated for safetly of operating
personnel,

T

D
g

rogress of eroesion is monitored by means of a 7.V,

camera., The lens syvstem emploved shows a 3¥ mamnification of

ihe test specimen sco small pits ard ercded areas are easily
chserved.
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III. DESCRIPTION OF SPECIMENS AND HOLDERS

o

i
i

Aluminum alloy (7075~T6) specimen holders were designed
and fabricated, one for the ten and twenty degree angle of
attack and one for the forty degree angle of attack. The

- ninety degree angle of attack specimen holder was fabricated
from stainless steel (304).

g

Figure 5 illustrates the angle of impact of rain drops.

ot ol 111y o o o

Figures 6, 7, and 8 are views of the ten and twenty

degree, forty and ninety degree specimen holders with specimens
mounted in themn.

mmmmmmwmmmwwmmmm{mmwwmn TR TP AT TEL
A
. [ .
I
L1 " '

ia Figure 9 gives the dimensions of the test specimens for
the ten - twenty - forty degree tests.

Figure 10 outlines the dimensions required for ninety
degree specimens.

A brief description of the materials which were evaluated
during the test program is included in Appendix A.
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IV. RESULTS OF RALN RROSION TESTS

The planned erosion test matrix is outlined in Table
1. However, minor changes were made in the amount of
time the specimens were exposed tc the rain environment
berause the specimens eroded severely in many cases.

All the specimens except the polymethymethacrylate
standards were dried for 8 hours in an air circulating
oven at 250°F and weighed on an analytical balance. The
weights were rounded off to the nearest milligram. The
nominal dimensions were recorded.

After testing, most of the specimens had adsorbed
moisture sc they were all dried for & hours in an oven
at 250°F and reweighed.

The test log for all specimens are included in
Appendix B.

The fieneral Electric elastomeric ablator specimens
(GE 1004) possessed such low compressive and tear strength
they rould not be tested at the planned 350 mph. At
approximately 235 - 240 mph the specimens were compressed
due to ~entrifugel force and the foamed rubber tore and
the specimer. flew out of the holders. For this reason
the specimens were tested at 200 mph after they were bonded
to a .020" thick aluminum plate with rubber adhesive.

il
e

Table 2 cuilines the test ceonditions for the GF 1004
1 test specimens.
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= TARLE 2
4 20°, 40° AND 90° ANGLE OF ATTACK
e 200 MPH

DURATION
OF TEST
SPECIMEN MATERIAL MIN, RAINFALL

TM-11 GE-1C004 0 1"
T™- 34 GE-1004 0] 1/2"

e o R

T™-13 GE-1004 1.
TM=-35 GE-1004 b,

GE-1004 < st
™-37 Charred 172

™-39 GE-1004 1 172"

l“
12"
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SPECIMEN

™-5
T™-7
TM-9
TM-20
T™M-22
TM~-24
TM-28

TM=-30
T™=-32

A

TABLE 3

10° ANGLE OF ATTACK

350 MPH

MATERIAL

Lockheed
LI-1500

MDAC-HCF
GE-RETI

Lockheed
LI-1500

MADC-HCF
GE-REI

Lockheed
LI-1500

MADC~HCF
GE~REI

DURATION
OF TEST

MIN, RAINFALL

U1

In
1"
1
1/2"
1/2"

1 g!2"
60 1/2"

VI UE U U G;a

30 1/2"
30 1/o%

=20~
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1 i L

Figure 11 and 12 show the GF 1004 elastomer after
testing. Tigure 13 shows the GE 1004 specimen that had
been charred prior to rain erosion testing. The surface
is cracked and pitted badly.

The conditions and duration of test for the coated,

retsable surface insulation (RSI) ceramic specimens: Lock-

heed LI-1500, MDAC-HCF, and GE-REI tested at 10 degree
angle of attack are noted in Table 3.

As shown in Figures 14 and 15, these three ceramic
insulation materials exhibited no erosion after exposure
to 1/2" and 1"/hr. rainfall at 350 mph for five minutes.

Figure 16 shows the specimens tested at 10 degrees
in 1/2"/hr, rainfall at 350 mph. The Lockheed LI-1500
showed no erosion after sixty minutes of exposure while
the MDAC-HCF and GE-REI specimens showed similar amounts
of ercsion after 30 minutes.

The conditions for testing the coated, RSI ceramics
at 20 degree angle of attack at 200, 350 and 410 mph are
outlined in Table 4,

As shown in Figure 17 the ithree RSI specimens tested
at 200 mpt and 1"/ /hr. rainfall exhibited no erosion after
one hour exposure,

Figures 18, 19, 20 and 21 show *he erosion experienced

by the RSI specimens at 350 mph and 1/4", 1/2" and 1"/hr.
rainfall.

The RSI specimens tested at 20 degree angle of attack

at 410 mph and 174" rainfall all showed severe erosion in
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= TABLE U

L 20° ANGLE OF ATTACK

E 200 MPH

- DURATION

- OF TEST

= SPECIMEN MATERTAL MIN. RAINFALL

; Lockheed "

: T™-3 MDAC-HCF 60 "

- TN-4 GE-REIL 60 1"

= 350 MPH

% Lockheed "

: H-6 LI-1500 5 1

- M-8 MDAC-HCF 2.5 1"

1 TM-10 GE-REI 2 1"

J Lockheed n

- T™M-23 MDAC-HCF 3 1/2"

i TM-25 GE-REI 2.5 1/2"

] Lockheed "

- ™H-29 LI-1500 30 1/2

] TM-31 MDAC-HCF b 1/2"

: T™-33 GE-REI 4.5 1/2"

% Lockheed ot

1 TM-44 11-1500 14 1/4

= ™-U45 MDAC-HCF 5 /4"

i TM- 46 GE-REI 7.5 174"
410 MPH

_ Lockheed "

1 ™=-41 LI-1500 1 1/4

1 T™M-42 MDAC-HCF 1 /4"

] TM=-43 GE-REI 5 /4" -

= -25-




TIAVANIVH “HH/.1T
Ny HdNW 002 - L,0¢ AV Q@diSdd SHAKIOHEdS ISH G4dLv0)n

MOISONE oN MOISOEE O
NIN 02 S
T PO

R R

TIVANIVY “¥H/,T - HdAW 00¢

MOVLLY 40 TTONV .02

*L

-

L

dd4N01d

PR S Rt



. TIVANIVE “HH/.T
atiy HdW 0GE = .02 LY d5454du SNAKIOALS ISH QULVCDd 8T dHNOI

SHVHOITIIN G691 SAVYOITIIH 085 Sryer Il <=
MW 2 NI G2 NI G
01-s11 _ 3-7L =i

TIvANIVE *HH/,T - Hd® 0Gt

NOVLLY 40 FIONV o0C

,.



W R ST

[ R T

Y ALLYY A we/T ﬁ

SO0 GY UMLLHG LT oS LOH AHLYon TeL ddabd

<

{9

)
I

SWYMDITIIN #tlT SHYHDLITIL TS SHYHLU LTI STy
NIW &°H NIV @ HRER:

€€ ML

P Tk

TR X

.
. o I k) Vo Ly Kl B Us M

TIVANIVY “Hi/,6°0 = HdW 05E

MOVIIY 40 JIONV 02

sl O o o b i e e LR S U o



gk R

- TIVAHIYY “¥il/ue/1 |
AUV Bl 0SE = 02 &Y QEESAL SHAWIDHIS IS¥ QHUIVCD 02 RHALILM ;

aed b

SWYdOTITIIN QOn SHYHDITIIN T.G SHVHELLTILN oy

NI 62 NIW € MIA Goe ,

QS -l £2-WL ,,W

o=k

;
|
o
i ,
iyt kg e
K TIVANIVE "¥H/,G°0 - HIW 0GE
i MOVIIY 40 FTIONV .02

e o S ) S S S 8 el R U L b -




TIVANIYs “uid/an/1
.. I S S i m e el e
: o Y Siaay ol o S Vid o deditore
0GE = 0C ¥ UALSHL Spil0ddY ToM dMLY 1. HunDis

-

2
=
g

SYVESITIIN 305

SUWELITIIN G412 S
e ey e, M oo o
HIDO Lt cdae
- -

g

g

TIVANIVY °MH/,G2°0 - HAW 06t

¥OVLIIV 0 FIONV .02




it

TIVIIYH " Hi

T

\::\é
Ay dde 0Ty -~ 0S¢ &Y AUOsdd SHHWID

HdS IS GALYOU 2 HMNDIA

SIVHOLTIIN w0TT SWVEDETIEN 6911 SAWEC TN v .
Hiv G Sl 1

Tl

-

TIVANIVHE “"H/;62°0 - HdW .0Th
HOVIIV J0. FTONV .02

==

AR




i R

1-5 minutes as illustrated in Tigure 22. These specimens
= demonstraté how a slight increase in velocity from 350 to
410 mph drastically increases the erosion rate.

= Table 5 outlines the testing conditions for RSI
? and other types of ablation materials at 40 degree angle
-] of attack at 350 mph and 1/4", 1/2" and 1"/hr. rainfall.

The weight lost and nature of erosion for the RSIT
specimens at 350 mph and 1/4" rainfall is shown in
Figure 23.

The coated carbon/carbon specimens from LTV showed
a trace of erosion and pitting when tested at 350 mph
and 1/2" and 1"/hr. rainfall. The specimens are illus*rated
in Figure 24,

A specimen of Martin SLA-561 ablation material with
phenolic héneycomb was tested at 40 degree angle of
attack at 350 mph and 1"/hAr. raintTall and showed severe
erosion after one minute exposure as shown in Figure 25,

Twc specimens of Avco's U480-1 ablatiorn material tested
at 40 degree angle cf attack at 350 mph and 1/2" and 1"/hr.

rainfall showed severe ercsion in 30 seconds, see Figure 2¢.

The conditions for the 20 degree tests on pclymethyl-
methacrylate specimens used as standards, “he LTY Carbon’/
tarben, AVer U80-1, AE 1004 and Martin SLA-5€1 are

in Table £,
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= i SPECIMEN
E - ™-14
E ’ T™=36
= N ™=-15

T™=12
T™MerJ

T™=47

T™-49

= -z
= a
- =
= s
= -
=5
B
4
i

TABLE 5

40° ANGLE OF ATTACK

350 MPH

MATERIAL

AVCO-480-1
AVCO-480-1

Martin
SLA-561

LTV c/C
LTV C/C

Lockheed
LI-1500

MDAC-4CF
GE-REI

-33-

DURATION
OF TEST
MIN.

1
005
1
5
5

0.5

0.5
0.5

RAINFALL

1"
1/2"

l!l

l"
1/2"

1/ 1

l/ 1t
l/h"
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40° ANGLE OF ATTACK

350 MPH
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TH-12

SPECIMEN NNO.

l"
5 MIN
562

RAINFALL INTENSITY
TIME OF EXPOSURE

WEIGHT LOSS
MTLLIGRAMS

»,
[

{2 TESTED AT 40°

ED CARBON/CARBON SFECIME
350 MPH ~ 1/2" AND I"/HR. RAINWALL

COAT

FIGURE 24,
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SPECIMEN

T™-1
™-19

™-18
™-17
™-1€

STD-1
STD~-2
STD-3

TM-40
T™-38
T™-27

TABLE (

Q0° ANGLE OF ATTACK

350 MPH

MATERIAL
PMMA

SLA-561
Martin

AVCO-480-1
GE-1004
LTV-Carbon

PMMA
PMMA
PMMA

AVCO 480-~1
LTV Carbon
LTV Carbon

-38-

DURATION
OF TEST

5
0.25
0.25
0
2

60
10
15

0.25

RAINFALL

1"
l"

1"
1"
1"

6 Rain

1"
1"

1/2"
1/2"
1/2ﬂ
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Four polymethylmethacrylate (Plexiglas) specimens
were tested at 350 mph., One specimen was tested for 60
minutes with no rain to illustrate that no erosion occurs
without an impacting particle.

Three specimens were tested for 5, 10 and 15 minutes
at 350 mph and 1"/hr. rainfall at 90 degree angle of
attack.

The progression of erosion is shown in Figure 27.

The remaining tests at 90 degree angle of attack
were carried out at 350 mph and 1/2" and 1"/hr. rainfall.
Figures 28 and 29 illustrate the severe erosion experienced
by these insulation materials. These results illustrate
the fact that erosion increases rapidly from 40 to 90
degree angles of attacK at 350 mph.

Table 7 is a brief summary of all the rain erosion
tests carried out in the current program.
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Bell
Specimen

No.

T™~2
-3
™-4

™-5
™-6

T™-7
T™-8
™M-9
TM~10
L.-11
TM-12
TM~13
T™M-14
TM-15

T™-16
™-17
™-18

T™™-19

TABLE 7

SUMMARY OF
RAIN EROSION TESTS
NASA - TPS MATERIALS

Angle Dura-

of tion

Attack Test

Material Degrees Min.

350 mph - 1"/Hr. Rainfall

Bell PMMA 90 5

200 mph -~ 1"/Hr. Rainfall

Lockheed

LI-1500 20 60
MDAC HCF 20 60
GE REI 20 60

350 mph - 1"/Hr. Rainfall

e v s
sar N T
MDAC HCF 10 5
MDAC HCF 20 2.5
GE RET 10 5

GE REI 20 2

GE 1004 20 0
LTV ¢/C 4o 5

GE 1004 4o 1.5
AvCO 480-1 4o 1
Martin Lo 1
SLA-561

LTV ¢/C 90 2

GE 1004 90 0
AVCO 480-1 90 0.25
Src N X

Results

Slight Pit:.ing

No Erosion

No Erosion
No Erosion

No Erosion

One Spot Eroded

No Erosion
Slight Erosion
No Erosion
Slight Erosion
Specimen Tcre
Trace Pitting
Run at 200 mph
Severe Erosion
Severe Erosion

Coating Slightly Eroded =

Flew Off
Severe Erosion

Severe Erosion
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Angle Dura-

Bell of tion
Specimen Attack Test
No Material Degrees Min, Results

350 mph - 0.5"/Hr, Rainfall

™-20 i§S§gggd 10 5 No Erosion
TN-21 £§fggggd 20 2.5 Slight Erosion
TM-22 MDAC HCT 10 5 No Erosion
TM-23 MDAC HCTF 20 3 alight Erosicn
T™M~24 G.E. REI 10 5 No Erosion
M- 25 GE. REI 20 2.5 Slight Erosion
TM=-26 LTV Cc/C 4o 5 Trace of Pitting
T™-27 LTV C/C 90 5 Coating & Specimen
Pitted

§ 350 _mph - 0.5"/Hr. Reinfall

,; T™M-28 %gf?gggd 10 60 No Erosion

3 Th~29 %;f?gggd 20 30 Slight Erosion

. TH-30 MDAC HCF 10 30 Severe Erosion

3 TH- 31 MDAC TICF 20 i Slight Erosion

= THM-32 GE REI 10 30 Severe Erosion

4 TH-33 GE DRI 20 4.5 Severe Erosion

F Thi- 30 a® 1004 20 0 Specimen Tore

1 T™H-35 GE 1004 10 I Run at 200 MPH

4 TH-36 AVOG L480-1 40 0.5 Severe Erosion

- TH-37 GT 100L4-CH Lo i Pitting & Cracking

| - 38 LTV C/0 90 ¢ Coating Ercded Away

E TH-39 GE 100k 90 1 Run at 200 MPH

- 140 AVCO 480-1 90 0.25 Severe Erosicn

mi IR




Bell
Specimen
No.

T™M=-41

TM-U2
T™-43

T™- 42

T™-45
T™-L46

T™-U47

™-48
T™M-49

8TD~1
STD~2
STD-3
STD-4
STD-5
8TD-6
8TD~7

Material
410 mph - 1/4"/Hr. Rainfall

Table T

Angle
of
Attack
Degrees

Dura-
tion
Test
Min.

Lockhzed
LI-1500

MDAC HCF
GE REI

350 mph ~ 1/4"/Hr. Rainfall

20

20
20

1

1
5

Lockheed
LI-1500

MDAC HCF
GE REI

Lockheed
LI~1500

MDAC L_F
GE REI

350 mph - 1"/Hr. Rainfall

20

20
20

4o

4o
40

14

5
7.5

0.5

0.5

0.5

Bell PMMA
Bell PMMA
Bell PMMA
Rell PMMA
Bell PMMA
Bell PIMA
Bell PMMA

90

60

Results

Severe Erosion

Severe Erosion

Slight Erosion

Slight Erosion
Severe Erosion

Severe Erosion

Severe Erosion
Severe Erosion

No Rain~-No Erosion

Surface Pitted
Surface Badly Pitted

No Erosion
No Erosion

Trace Initial _i1tting
Trace Initial Pitting
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¥V, SUMMARY OF RERULTS

The following is a summary of the results of rain
erosion tests on coated RST and other TPS materials.

At 20 degree angles of attack - 200 miles per hour
and 1 inch per hour rainfall no erosion occurs at 1 hour
exposure.

At 10 degrec angle of attack -~ 35C miles per hour
and 1/2 and 1 inch per hour rainfall no erosion occurs
after 5 minutes exposure.

At 2C degree angle of attack - 350 miles per hour
and 1/4, 1/2 and 1 inch per hour rainfall ercsion occurs
after 2 - 14 minutes exposure.

At 20 degree angle of attack - 410 miles per hour and
1/4 inch per hour rainfall erosion occurs in less than
1 minute.

At 40 degree angle of attack - 350 miles per hour
and 1/4 inch per hour rainfall ercsion occurs in less
than 30 seconds.

Carbon/carbon materials show only trace cof erosion
after 5 minutes exposure at 40 degree argle of attack -
350 miles per hour and 1/2 and 1 inch per hour rainfall.

Other materials erode badly at 40 degree anzle of
attack at 200 and 350 miles per hour and 172 and 1 inch
per hour rainfall,
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At 90 degree angle of attack carbon’/carbon material
showed increasing amounts of erosion at 350 mph and 1/2
i and 1 inch per hour rainfall as time of exposure increased

from 2 to 6 minutes. Other materials eroded badly in
15 seconds.
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VI, RECOMMENDATIONS

Upgrade current foamed ceramic insulation for rain

erosion resistance by improving coating or increasing
thickness.

Determine optimum thickness of coating to prevent
erosion of insulation materials at 350 miles per hour -

1 inch per hour rainfall at 40 and 90 degree angles of
attack after 60 minutes exposure.

Test TPS materials at higher velocities in 1/4 inch
per hour rainfall tc determine threshold velocity for
damage at low angles of attack (10 and 20 degrees).

Examine feasibility of using an elastomeric coating
on foamed ceramic that would tumefy and char.

Determine tendency of selected TPES materials to

erode at Jjunction of structure and insulation tile.
Evaluate diascontinuities, i.,e., gaps, Jjoints, steps on
rain erosion performance of TPS materials.
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VII, SUGGESTED QUALIFICATION TESTS

In order to satisfy the requirements for service
conditions and determine the flight worthiness of TPS
materials the following qualification tests are suggested.

i 'Il!mﬂmmmnm|nmlml||1mmmn|mmnmuwu-iuummmmmﬂmmmmmum""

1. Test three specimens of each finally selected %

TPS material at 40 and 90 degree angles of attack at %

] cruise velocity and 1 inch per hour rainfall. §
E .. 2. Determine average erosion rate of each material 2
: up to 5 percent weight loss under flight conditions. g
f 3. Determine tendency of selected TPS material to g
3 erode at juncture of structure and insulation tile. :
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AFPENDIX A

DESCRIPTION OF MATERIALS

Materials selected for the rotating arm rain erosion test
program at Bell Aerospace were selected from candidate
materials currently under evaluation for the shuttle thermal
protection system application. The materials selected

and supplied by the Thermal Technology Branch, NASA Manned
Spacecraft Center for this test program were as follows:

a. Reuseable Surface Insulation (RSI) Materials

1. Mullite HCF* McDonnell-Douglas Astro-
nautics Company

2. Mullite REI* General Electric Company

3. Silica LI-150C* TLockheed Missiles and Space
Company

These materials ranging in density from 12 to 15 1b/ft3
can be categorized as rigidized ceramic fiber concepts.
The RSI materials basically consit of fibers, mullite or
silica bonded with binders and wovered by a high emittance
water proof coating. The coatings consist of variations
of borosilicate glasses with pigments of metallic oxides
and carbides, These materials are being developed under
contract to NASA for application to major areas, l.e.
fuselage, and wing areas of the shuttle orbiter.

b. Carbon-Carbon Materials
The material is being developed under contract to
NASA by the Vought Missiles and Srace Company. The basic
material consists of a carbon cloth laminate bonded with a
polymeric resin which has been converted to carbon by pyroli-
zation., Surfaces of the laminate are converted to a silicon

=

*Company designations for RSI and ablator materials
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carbide coating by means of a pack cementaticn process.
This material is under development f'or application to the
leading edge regions of the shuttle orbiter. The density
of this material is 88 1h/f1.3,

c. Ablators

1, 1004* General Electric Company
2. 480-1x Avco Corporation
3. SLA-561% Martin-Marietta Company

These materials were all low density ablators with nominal
densities from 14 - 16 1b/ft3. The General Electric
material consists of a foamed RTV500 elastomer reinforced
with inorganic binders. The Avco material consists of a
composite of ceramic fibers, silicone resin and ceramic
microballoons, The Martin-Marietta material consists of

8 composite composed of a silicone resin with cork, phenolic
microballoons, silica microballoons, and refractory fiber
fillers.

*Company designations for RSI and ablator materials
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APPENDIX B

RAIN EROSION TEST LOG
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NASA - TPS MATERIALS

RAIN EROSION TEST LOG

Bell Specimen No.:
Source and Identification:
Test Parameters:
Velocity- mph
Angle of Attack - Degrees
Exposure Time - Minutes
Rainfall Intensity - in./hr
Specimen Data:
Specimen Dimension-Nominal
Initial Weight - Grams
Final Weight - Grams

Loss in Weight-Grams

Remarks:

S8light pitting of surface of PMMA.

IM-1

Bell PMMA

350

90

5

1

3.9/32 x 7/8 x 1/b"

13. 060

_13.053
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Bell Specimen No.:

Source and ldentification:

Test Parameters:

Velocity- mph
Angle of Attack - Degrees

Exposure Time - Minutes

Rainfall Intensity - in./hr
Specimen Data:

Specimen Dimension-Nominal

Initial Weight - Grams

Final Weight- Grams

Loss in Weight-Grams

Remarks:

No erosion.

[Tt ———————
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NASA - TPS MATERIALS
RAIN EROSION TEST LOG

T™M-2

Lockheed LI-1500

200

20

60

1

3 7/16" x 3 7/16" x 23/32"

46 4ol =
46,491

.003
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NASA - TPS MATERIALS
RAIN EROSION TEST LOG

1, YR G T R Z‘"‘V’],":f‘ﬁw,‘

Bell Specimen No.: TM=-3
Source and Identification: MDAC HCF
_Test Parameters:
Velocity- mph 200
Angle of Attack - Degrees 20,
Exposure Time - Minutes 60
Rainfall Intensity -in./hr 1

Specimen Data:

Specimen Dimension-Nominal

Initial Weight - Grams 50.416

Final Weight- Grams 50. 409

Loss in Weight-Grams . 007
Remarks:

No erosion.
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NASA - TPS MATERIALS
RAIN EROSION TEST LOG

Bell Specimen No.: TM-4

‘ Source and Identification: GE REI

i ) _Test Parameters:
- i : Velocity - mph 200
; a Angle of Attack - Degrees 20
; L Exposure Time - Minutes 60 |
:i : Rainfall intensity - in./hr 1 ‘
; i Specimen Data:
? Specimen Dimension-Nominal 3 7/32" x 3 13/32 x 23/32" 4
- Initial Weight ~ Grams 29,778 é
| Final Weight - Grams 39.772 3%
= i Loss in Weight-Grams . 006 %
- E |
- Remarks: 3
j No erosion %
3
:-_, zg%
5
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Bell Specimen No.:
Source and ldentification:
Test Parameters:
Velocity - mph
Angle of Attack - Degrees
Exposure Time - Minutes
Rainfall Intensity - in./hr

Specimen Data:

NASA - TPS MATERIALS

RAIN EROSION TEST LOG

Specimen Dimension -Nominal

Initial Weight -~ Grams
Final Weight - Grams

Loss in Weight-Grams

Remarks:

No erosion.
Small chip on

corner due to spacimen holder clamp.

-6

T™M=-5

Locl-heed I,1-1500

350

10

5

1

i

g

3 7/16" x 3 7/16" x 237/32"

pr

46,796

. 005
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NASA - TPS MATERIALS
RAIN EROSION TEST LOG

Bell Specimen No.: TM=-6

R

Source and ldentification:

Lockheed ILI-1500

‘Test Parameters:

Velocity- mph 350

Angle of Attack - Degrees 20 ;

Exposure Time - Minutes 5 —
i k Rainfall Intensity - in./hr 1
:% Specimen Data: ,
= ; Specimen Dimension-Nomina! 3 (/16" x 3 15/32" x 23/32"
- Initial Weight ~ Grams 47,918
3 é Final Weight- Grams 47,863
., é Loss in Weight-Grams 025
_ Remarks:
.' Small pit upper center after 1 min. 45 sec. =

No further damage after 5 minutes.
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Bell Specimen No.:
Source and ldentification:

Test Parameters:

Velocity- mph
Angle of Attack - Degrees
Exposure Time - Minutes

Rainfall Intensity - in./hr

Specimen Data:

Specimen Dimension-Nominal

Initial Weight - Grams
Final Weight- Grams

Loss in Weight-Grams

Remarks:

No Erosion.

S

NASA - TPS MATERIALS

RAIN EROSION TEST LOG
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Specimen Data:

Specimen Dimension-Nominal

Initial Weight - Grams
Final Weight - Grams

Loss in Weight - Grams

Remarks-

First pit 80 seconds.
L g Enlarge first pit

E Second pit 110 seconds.
-3 Third pit 135 seconds.
Shutdown 2.5 minutes.
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NASA - TPS MATERIALS

RAIN EROSION TEST LOG

Bell Specimen No.: TM-8
Source and ldentification: MDAC HCF
_Test Parameters:

Velocity- mph 350

Angle of Attack - Degrees 20

Exposure Time ~ Minutes 2.5

Rainfall Intensity - in./hr 1

48 827

48.297

.530
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NASA - TPS MATERIALS
RAIN EROSION TEST LOG

Bell Specimen No.:

Source and identification:

_Test Parameters:

Velocity- mph

Angle of Attack - Degrees

Exposure Time - Minutes

Rainfall Intensity -in./hr
Specimen Data:

Specimen Dimension-Nominal

Initial Weight - Grams

Final Weight~ Grams

L.oss in Weight~Grams

Remarks:
No erosion.

-10-

3 7/16 x 3 7/32 x 23/32"

39.983

39.981
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NASA - TPS MATERIALS
RAIN EROSION TEST LOG

T
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Bell Specimen No.: T™-10

Source and Identification: GE _REIL

i il p“q{w i

= “Test Parameters:
Velocity- mph 35Q

gt b

Angle of Attack - Degrees 20

e

- Exposure Time - Minutes 2

- Rainfall Intensity - in./hr 1

it

- Specimen Data:

- Specimen Dimension-Nominal 3 7/16" x 3 7/32" x 23/32"
L Initial Weight - Grams 38.719

3 - Final Weight~ Grams 37.024

: Loss in Weight-Grams 1.695

bl

Remarks:

i - Large pit in 80 second - large chunk at 2 minutes -
. shutdown,

]
iy

=
4
2
g
=
=
=

i

= =

T

11~




T e

T

W R A

ittt

! ' il
VSl ST R Y SR R B WWWMWMMWW i“‘
ki

L3

NASA - TPS MATERIALS
RAIN EROSION TEST LOG

Bell Specimen No.:
Source and ldentification:
Test Parameters:
Velocity- mph
Angle of Attack - Degrees
Exposure Time - Minutes
Rainfall Intensity - in./hr
Specimen Data:
Specimen Dimension-Nominal
Initial Weight - Grams
Final Weight- Grams

Loss in Weight-Grams

Remarks:

TM-11

GE 1004

350

20

3 1/2 x 3 17/32 x 15/1¢

48,902,
48,808

.094

Specimen compressed due to centrifugal force, flew
out of clamps on heclder at approximately 235 mph.
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i NASA - TPS MATERIALS
RAIN EROSION TEST LOG

L

1 = Bell Specimen No.: TM-12

1 Source and ldentification: _LTV ¢/C
“ _Test Parameters:

Velocity- mph 350

i: Angle of Attack - Degrees 4o

4 Exposure Time ~ Minutes 5

Rainfall Intensity - in./hr 1

Specimen Data:

Specimen Dimension-Nominal
Initial Weight - Grams
- Final Weight- Grams

Loss in Weight-Grams

Remarks:

Initial -+ :s in coating after 2 min, 10 seconds.
Shutdowr. after five minutes surface of coating pitted.

31/2 x 31/2 x 5/32

52,678
52,116

.562




Bell Specimen No.:
Source and ldentification:

_Test Parameters:

7 WlIMWW1WWW«MM1HWW1nmmuwm«wwmwmmwm

Velocity- mph

Angle of Attack - Degrees

Exposure Time - Minutes

Rainfall Intensity - in./hr
Specimen Data:

Specimen Dimension-Nominal

Initial Weight - Grams

Final Weight - Grams

Loss in Weight -Grams

Remarks:

|
%

i FICL
ANt e

il

NASA - TPS MATERIALS
RAIN EROSION TEST LOG

Bonded to aluminum plate.
Initial pits in 45 seconds.
Shutdown after 90 seconds

1=

T™-13
GE_1004

200
4o

3 15/32" x 3 17/32" x 15/16"
60.090
59.975

.115

due to tearing.
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in NASA - TPS MATERIALS
RAIN EROSION TEST LOG
.- g
: Bell Specimen No.: TM-14 :
. Source and ldentification: AVCO 480-1
- _Test Parameters: m
Velocity - mph 350 5
- Angle of Attack - Degrees ITa!
: i Exposure Time - Minutes 1
- Rainfall Intensity - in./hr 1
f Specimen Data:
- Specimen Dimension-Nominal 3x 31/2 x 3/4"
: Initial Weight - Grams 31.749
_; Final Weight - Grams 17.700
; Loss in Weight~Grams 14,049
Remarks:
First signs of erosion 20 seconds.
E Shutdown after 60 seconds.
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NASA - TPS MATERIALS
RAIN EROSION TEST LOG

Bell Specimen No.: ™-~15
Source and ldentification: Martin SLA-561

Test Parameters:

Velocity- mph 350

Angle of Attack - Degrees 40

Exposure Time - Minutes 1 E

Rainfall Intensity -in./hr 1 . :
Specimen Data: ;

Specimen Dimension-Nominal 3 9/32" x 3 15/32" x 3/4" -

Initial Weight - Grams 38.465 5 :

Final Weight - Grams 32.465 ”

Loss in Weight-Grams 5.790

Remarks:

First signs of surface damage in 28 seconds.
Shutdown after 60 seconds,
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l NASA - TPS MATERIALS
RAIN EROSION TEST LOG

Bell Specimen No.: TM-16
i Scurce and Identification: LTV C/C
‘Test Parameters:
Velocity- mph 350
- Angle of Attack - Degraes 990 :
‘ Exposure Time - Minutes 2 2
Rainfall Intensity ~in./hr 1 £
Specimen Data:
; Specimen Dimension-Nominal 3" x 374" x 5/32"
i Initial Weight - Grams 9,664
3 ) Final Weight - Grams 8.664 %
= Loss in Weight-Grams 1.000
- Remarks:
Initial pitting of surface coating in 40 seconds
E increasing in number and depth to 120 seconds.
. Shutdown at 2 minutes.
G -17-
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Bell Specimen No.:
Source and Identification:
Test Parameters:
Velocity - mph
Angle of Attack - Degrees
Exposure Time - Minutes
Rainfall Intensity -in./hr
Specimen Data:
Specimen Dimension-Nominal
Initial Weight - Grams
Final Weight - Grams

Loss in Weight-Grams

Remarks:

¥Specimen flew off at 225 mph

NASA - TPS MATERIALS
RAIN EROSION TEST LOG

™-17

GE 1004

350

90

Flew Off

1

——

3 6/32" x 778 " x 15/16"

11.1320

7. 4584




NASA - TPS MATERIALS
RAIN EROSION TEST LOG

Bel! Specimen No.: TM-18
Source and ldentification: AVCO 480-1

‘Test Parameters:

Velocity- mph 350
Angle of Attack - Degrees 90
Exposure Time - Minutes 15 sec.
Rainfall Intensity - in./hr 1

Specimen Data:
Specimen Dimension-Nominal 3 9/32 x 27/32 x 7/8

Initial Weight - Grams 10.439
8.251

Final Weight- Grams
Loss in Weight -Grams 2.188

gt By g 0 )

Remarks:

N T it

Initlal pitting in 5 seconds.
1/U4 deep erosion - 15 seconds.
Shutdoewn 15 seconds.
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NASA - TPS MATERIALS
RAIN EROSION TEST LOG

Bell Specimen No.: TM-19
Source and Identification: Martin SLA-561

Test Parameters:

Velocity - mph 350
Angle of Attack - Degraes ' 90
Exposure Time - Minutes 15 seconds

Rainfall Intensity - in./hr 1

Specimen Data:
7/32" x 3 15/3211 % 3/&"

W

Specimen Dimension-Nominal

Initial Weight - Grams 7,082
Final Weight - Grams 4,754
Loss in Weight-Grams 2.328

Remarks:

First signs of erosion 6 secornds.
Shutdown at 15 seconds.




NASA - TPS MATERIALS

o B

-

RAIN EROSION TEST LOG
': =
| Bell Specimen No.: M- 20
4 Source and Identification: Lockheed [I~1500

et et

Test Parameters:

- Velocity - mph 350

. ; Angle of Attack - Degraes 10
; Exposure Time - Minutes >
Rainfall Intensity - in./hr 0.5

: Specimen Data:
f Specimen Dimension-Nominal 3 7/16" x 3 7/16" x 23/32"
Initial Weight - Grams 46,342
; Final Weight - Grams UA 218
- Loss in Weight -Grams - 023

3

i

=~ Remarks:

Ho erosion.
Smgll chip on corner due to specimen clamp.
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NASA - TPS MATERIALS
RAIN EROSION TEST LOG

Bell Specimen No.:
Source and ldentification:
‘Test Parameters:
Velocity- mph
Angle of Attack - Degrees
Exposure Time - Minutes
Rainfall Intensity - in./hr
Specimen Data:
Specimen Dimension-Nominal
Initial Weight - Grams
Final Weight - Grams

Loss in Weight - Grams

Remarks:

_TM-21

Lockheed LI-1500

350

20

2.5

0.5

3 15/32" x 3 15/32" x 23/32"

46.739

46,670

. 069

Small pit in center surface observed at 90 seconds
running. Three more pits formed at 120 seconds.
Initlal pit larger - shutdown at 2 1/2 minutes

(150 seconds).
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NASA - TPS MATERIALS
RAIN EROSION TEST LOG

Bell Specimen No.:
Source and identification:
Test Parameters:
Velocity - mph
Angle of Attack - Degrees
Expostre Time - Minutes
Rainfall Intensity -in./hr
Specimen Data:
Specimen Dimension-Nominal
Initial Weight - Grams
Final Weight - Grams

Loss in Weight-Grams

Remarks:

No erosion.

TM-22

MADC HCF

350

O M\
WU

48.749

48,740

. 009




NASA - TPS MATERIALS
RAIN EROSION TEST LOG

Bell Specimen No.: TM-23

Source and ldentification: MADC  HOR

Test Parameters:

Velocity- mph 350

o
(>

Angle of Attack - Degrees

Exposure Time - Minutes

O W

Rainfall Intensity - in./hr

Specimen Data:

Specimen Dimension- Nominal

Initial Weight - Grams 48.68¢€
48.115

Final Weight - Grams
-

Loss in Weight-Grams .571

Remarks: -

First pit 1/16" diameter 35 seconds.

First pit enlarging

Second pit 80 seconds

Third pit 9% seccnds

Fourth pit 100 seconds

Fifth pit 125 seconds !
All pits enlarged to 1/&" and 174" at 2.5 r‘nutes

Shutdown at 3 minutes

LA 5, AT 504, il A




Bell Specimen No.:

Source and Identification:

_Test Parameters:
Velocity~ mph
Angle of Attack - Degrees

Exposure Time - Minutes

il

Rainfall Intensity -in./hr
Specimen Data:

Specimen Dimension-Nominal

Initial Weight - Grams

Final Weight - Gram:,

Loss in Weight-Grams

S St T

~

il

Remarks:

No erosion.
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NASA - TPS MATERIALS
RAIN ERQSION TEST LOG

TM=24

GE REI

350

10

5

0.5

3 7/16" x 3 7/32" x 23/32"

40,339

40,338

. 001
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& NASA - TPS MATERIALS
RAIN EROSION TEST LOG

Bell Specimen No.:

Source and ldentification:

| Test Parameters:

Velocity- mph

Angle of Attack - Degrees

Exposure Time - Minutes

it

Rainfall Intensity - in./hr

il

Specimen Data:

i

Specimen Dimension-Nominal
Initial Weight - Grams

Final Weight - Grams

AT

Loss in Weight-Grams

Bl

Remarks:

TM-25
GE REI

359
20

2:5
0.5

3 7/16" x 3 7/32" x 23/24"
39.327

38.919
.L4o8

Small pit 100 seconds - enlarged and became deeper
at 150 seconds - 2 172 minutes shutdown.
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NASA - TPS MATERIALS

RAIN EROSION TEST LOG

Bell Specimen No.: T™M-26
Scurce and Identification: LIV ¢/C
_Test Parameters:

Velocity- mph 350

Angle of Attack - Degrees 40

Exposure Time -- Minutes 5

Rainfall Intensity - in./hr 0.5 "

Specimen Data:
Specimen Dimension-Nominal
Initial Weight - Grams
Final Weight~ Grams

Loss in Weight-Grams

Remarks:

3 15/32" x 3 15/32" x 5/32"

52.578

52,113

465

First pits in coating after 3 1/2 minutes.

Shutdown after 5 minutes.

Coating surface slight pitted - specimen in good shape.
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NASA - TPS MATERIALS
RAIN EROSION TEST LOG

Bell Specimen No.:
Source and ldentification:
Test Parameters:
Velocity- mph
Angle of Attack - Degrees
Exposure Time - Minutes
Rainfall Intensity - in./hr
Specimen Data:
Specimen Dimension-Nominal
Initial Weight - Grams
Final Weight - Grams

Loss in Weight-Grams

Remarks:

TM-27

LTV C/C

350

90

5

0.5

3" % 23/32" % 5/32"

9.583

8.381

1.202

First pit observed in coating a.ter 50 seconds -

AT

increasing in number and depth up to 5 minutes
shutdown 5 minutes.

b e e
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NASA - TPS MATERIALS
RAIN EROSION TEST LOG

™-28

Bell Specimen No.:
Source and tdentification: Lockheed  LI~1500

_Test Parameters:
350

10
60
0.5

Velocity- mph

Angle of Actack - Degrees

Exposure Time - Minutes

Rainfall Intensity - in./hr

Specimen Data:
3 7/16" x 23/32"

Specimen Dimension-Nominal

Initial Weight - Grams

Final Weight- Grams

Loss in Weight-Grams

Remarks:

Chip on corner due to clamp on edge of sput r@n
holder - no erosion.
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NASA - TPS MATERIALS
RAIN EROSION TEST LOG

Bell Specimen No.: TM=29
Source and ldentification: Lockheed_LI-1500
Test Parameters:
Velocity - mph 350
Angle of Attack - Degrees 20
Exposure Time - Minutes 30
Rainfall Intensity - in./hr G.5
Specimen Data:
Specimen Dimension-Nominal 3 15/32" x 3 15/32" x 23/32
Initial Weight - Grams 47.827 -
Final Weight~ Grams 47.415
Loss in Weight-Grams b2
Reiarks:

Two =small pits 5 min., OGrew larger and deeper at
15 minutes. Three more pits at 20 minutes.
Grew larger and deeper at 30 minutes. Shutdown

-30-
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NASA - TPS MATERIALS
RAIN EROSION TEST LOG

Bell Specimen No.: TM-30
Source and ldentification: MADC HCF
_Test Parameters:
Velocity- mph 350
Angle of Attack ~ Degrees 10
Exposure Time - Minutes 30
Rainfall Intensity - in./hr 0.5

Specimen Data:

Specimen Dimension-Nominal

Initial Weight ~ Grams 48,970

Final Weight - Grams L7.623

Loss in Weight-Grams 1.347
Remarks:

First pit occurred at 17 min. 20 seconds
Second pit observed at 19 min. 50 seconds
Pits enlarged up to 25 minutes

Third pit #5 min., 20 seconds

Shutdown after 30 minutes
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Exposure Time - Minutes

Specimen Dimension-Nominal

NASs 715 MATERIALS
RAIN EROSION TEST LOG

Bell Specimen No.: TM-31

Source and ldentification: MALC HCF

Test Parameters:

Velocity- mph 350
Angle of Attack - Degrees 20

Rainfall irtensity -in./hr 0.5

Specimen Data:

Initial Weight - Grams 49,587

Final Weight ~ Grams 48.96¢

Loss in Weight - Grams .621
Remarks:

First 1/16" diameter pit - 75 sec.
Second pit 105 seconds

Third pit 125 seconds

Pits growing

Fourth pit 230 seconds

Shutdownr U4 minutes

-32-
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NASA - TPS MATERIALS
RAIN EROSION TEST LOG

i »

Bell Specimen No.:
Source and Identification:

‘Test Parameters:

Velocity - mph
Angle of Attack - Degrees

Exposure Time - Minutes
Rainfall Intensity -in./hr

Specimen Data:

it it

Specimen Dimension-Nominal

M- 32

GE RET

350
10
30
0.5

3 13732" x 3 7/16" x 23/32"

: Initial Weight - Grams 38.221

% Final Weight- Grams 36.860

9 Loss in Weight - Grams 1.361

? Remarks:

First pit at juncture of specimen and holder after
3 18 min. - 2% s-c.

= Enlarged up to 22 ain.

= Second pit 23 min. 45 sec.

Shutdown after 30 minutes.
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NASA - TPS MATERIALS
RAIN EROSION TEST LOG

|

TM-33 =3

Bell Specimen No.:

Source and ldentification: GE PET

Test Parameters:

Velocity- mph 350

Angle of Attack - Degrees 20 . "
Exposure Time - Minutes 4,5 -
Rainfall Intensity - in./hr 5

Specimen Data:
Specimen Dimension - Nominal 3 13/32" x 3 7/32" x 11 /16"

Initial Weight - Grams 2w 120

Final Weight - Grams 33.386
1,744

Loss in Weight-Grams

Remarks:
First pit observed at 3 min. 40 sec.
Second pit 4 min. 10 sec.
Large caunk from each pit 4 min. 20 sec.
Shutdown at 4.5 min.
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i NASA - {PS MATERIALS
; _ RAIN EROSION TEST LOG ;‘%
P
Bell Specimen No.: TM=34 5
E %ﬁ Source and Identification: GE 1004 i
§ ‘Test Parameters:
T Velocity-mph 350
: Angle of Attack - Degrees 20

! Exposure Time - Minutes 0 :
T Rainfall Intensity - in./hr 0.5 :
: Specimen Data:
- Specimen Dimension -Nominal 31/2" x 3 17/32" x 15/16"
: S% Initial Weight - Grams 55 706

Final Weight- Grams 55.112
’L Loss in Weight-Grams .59k
Remarks:

Specimen bonded to aluminum plate.
Specimen tore at 240 mph due to centrifugal force.
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NASA - TPS MATERIALS
RAIN EROSION TEST LOG
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Bell Specimen No.: T™-35 L

Source and Identification: GE 1004

_Test Parameters:

Velocity- mph 200

Angle of Attack - Degrees 40 -

Exposure Time - Minutes 4

Rainfall Intensity - in./hr 0.5

Specimen Data:

Specimen Dimension - Nominal 3 1/2" x 317/32" x 15/16"
Initial Weight~ Grams 57.906
Final Weight - Grams 41.572

Loss in Weight-Grams 16.334

st ] e b et i F i LA R

i g

Gl b

Lo

Remarks:

Bonded to aluminum plate surface began to pit after
50 seconds. Continued to erode - lost half of specimen
after 3 minutes 55 seconds. Shutdown in 4 minutes.
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NASA - TPS MATERIALS
RAIN EROSION TEST LOG

Bell Specimen No.:

Source and identification:

_Test Parameters:

Velocity- mph

Angle of Attack - Degrees

Exposure Time - Minutes

Rainfall Intensity -in./hr
Specimen Data:

Specimen Dimension-Nominal

initial Weight - Grams

Final Weight- Grams

Loss in Weight-Grams

Remarks:

TM-36

AVCO 480-1

3 1/2" x 2 15/16" x 3/4"

—2a9.710
25.676

L, o34

First pits in surface in 10 seconds,test for 30 seconds
surface eroded 178" deep uniformly.

-37~




. o - = - 5. . sagek - Sul
r IR & oo s Cath i VR L ST LR S S R b 1 e A e A eSS R R TV T T R T R A - - A YRS AT VT T o O L e S e
g ;

NASA - TPS MATERIALS
RAIN EROSION TEST LOG

Bell Specimen No.: TM-37

Source ard ldentification: GE 1004-cH.

_Test Parameters:
Velocity- mph 200
Angle of Attack - Degrees ho

Exposure Time - Minutes b

Rainfall Intensity - in./hr 0.5

Specimen Data: :
Specimen Dimension-Nominal 3" x 3 17/32" x 29/32" 3
Initial Weight - Grams 77.789

Final Weight - Grams 72,455
Loss in Weight-Grams 5.334

Remarks:

Ll B A S b AR el

Initial pitting 2 min. 20 seconds.
Shutdown a fter 4 minutes
Specimen cracked and pitted.
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NASA - TPS MATERIALS
RAIN EROSION TEST LOG

Beli Specimen No.: TM-38
Source and Identification: LTV C/C
‘Test Parameters:

Velocity- mph 350

Angle of Attack - Degrees 90

Exposure Time - Minutes 6

0.5

Rainfall Intensity -in./hr

Specimen Data:

3" ¥ 3/wt x 5/3211
9,619

Specimen Dimension -Nominal

Initial Weight - Grams

Final Weight - Grams 7.200
Loss in Weight-Grams 2,419
Remarks:

First pitting of surface observed after 45 seconds.
Pitting area enlarged up to 5 minutes.
Shutdown 6 minutes.
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NASA - TPS MATERIALS
RAIN EROSION TEST LOG
Bell Specimen No.: TM=-39
Source and Identification: GE 1004
5 _Test Parameters:
f Velocity- mph 200
E Angle of Attack - Degrees 90
:{ Exposure Time - Minutes 1
Rainfall Intensity - in./hr 0.5
1 Specimer. Data:
3 Specimen Dimension-Nominal 3 5/16" x 7/8" x 15/16"
F Initial Weight - Grams 11.284
& Final Weight - Grams 11.233
Loss in Weight-Grams .051
Remarks:

Sample compresses in holder at 350 mph had to reduce

speed to 200 mph to be able to conduct test - pits

began to form in 30-45 seconds,badly pitted at 1 minute
1 shutdown.
-0~
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NASA - TPS MATERIALS
RAIN EROSION TEST LOG

|
i Bell Specimen No.: ™40

Source and Identification: AVCO 480-1

_Test Parameters:
Velocity- mph 350
Angle of Attack - Degrees 90

B
g
E
E
<2
.1’1

4 e 33 DA

Exposure Time - Minutes 15 sec.
0 . 5

Rainfall Intensity - in./hr

Specimen Data:
Specimen Dimension-Nominal 3 9/32" x 7/8" x 27/32"

Initial Weight ~ Grams 10,523
Final Weight- Grams 9.235
Loss in Weight-Grams 1,288

ViR ML LRSS RY, ST e S A et e et b

Remarks:

Initial pitting 8 seconds.
1/8 “»ep pitting in 15 seconds - shutdown.
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NASA - TPS MATERIALS
RAIN EROSION TEST LOG
g Bell Specimen No.: T™M-41 d
Source and ldentification: Lockheed LI-1500
\ Test Parameters:
; Velocity- mph 410 ! i‘
4 Angle of Attack - Degrees 20 %
Exposure Time - Minutes 1 E
Rainfall Intensity - in./hr _1/4 f
Specimen Data: 3
Specimen Dimension -Nominal 3 7/16" x 3 7/16" x 23/32" 2
Initial Weight - Grams 44.895 é
Final Weight~ Grams 4. 292 “‘
Loss in Weight-Grams .603_ 2
Remarks: ”E

First 1/15 diameter pit observed at 28 seconds.
Second and third pits in 32 seconds.

Pits enlarged ~ shutdown after 1 minute,
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Specimen Jimensic:: - Mominal

Initial We:hit - Grams

NASA - TPS MATERIALS
RAIN EROSION TEST LOG
Bell Specimen No.: T™-42

Source and Identification: MADC _HCF |
_Test Parameters:
Velccity- eph 410
Angiv of Attack - Degrees 20 i
Expos.r2 Time - Minutes 1 :
Rain:i latensity - in M 1/4 a
Specimen Dt E

50.162
Final Weigh? - Grams 48.997
Loss in Weight-Grams 1.165 ;

Remarks:

]
b
2
&
3
ES
3
2
2

Pit occurred at juncture of specimen and metal holder
ir. 20 seconds.

This area enlarged and pits formed over entire surface
in 35 seconds.

Shutdown after one minute.
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NASA - TPS MATERIALS
RAIN EROSION TEST LOG
Bell Specimen No.: TM-U43
Sourc:: .+.d Identification: GE__REI
Test Parameters:
Velocity- mph o
Angle of Attack - Degrees 20
Exposure Time - Minutes 5
Rainfall intensity - in./hr 1/4
Specimen Data:
Specimen Dimension-Nominal 3.13732" x 3 7/32" x 23/32"
Initial Weight - Grams 38.398
Final Weight- Grams 37.293
Loss in Weight-Grams 1.105

Remarks:

First pit in upper corner at juncture holder and
specimen 2 min., 10 seconds.

Second pit in center after 3 min. 40 seconds.
Pitting on edge 4 min. 5 seconds.

Shutdown after 5 minutes.
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| NASA - TPS MATERIALS
RAIN EROSION TEST LOG
Bell Specimen No.: TM-44
‘ Source and Identification: Lockheed LI-1500 :
E ‘ _Test Parameters: 3
- Velocity- mph 350
Angle of Attack - Degrees 20
Exposure Time - Minutes 14
Rainfall Intensity - in./hr 1/4
Speciren Data:
Specimen Dimension-Nominal 3 1/2" x 3 15/32" x 23/32"
Initial Weight - Grams __b7.429
Final Weight- Grams 47.293
Loss in Weight ~Grams .136
Remarks: 2

Initial pit in upper surface 9 min. 35 seconds. ! j
Second pit 10 min. 25 seconds. 3
Third pit 13 min. 8 seconds. 3
Fourth pit 13 min. 20 seconds.

Shutdown in 14 minutes.

AR s+ e o s b el

~45-




g7

NASA - TPS MATERIALS
RAIN EROSION TEST LOG

e SEARR R N febd v

Bell Specimen No.: TM=-45
Scurce and Identification: MADC HCF
_Test Parameters:
v Velocity- mph 350
3 Angle of Attack - Degrees 20
Exposure Time - Minutes 5
1/4

Rainfall Intensity - in./hr

Specimen Data:

Specimen Dimension-Nominal 31/2" x 3 1/2" x 3/4"
Initial Weight - Grams 49.812
Final Weight- Grams 49,306

.506

Loss in Weight-Grams

3
4
:
E
3
E

Remarks:
First pit 1 min. 10 seconds.
Second pit 2 min. 40 seconds.
Third pit 30 min. 5 seconds,
Fourth pit thru seventh pit 4 min. 20 seconds.
E Shutdown 5 minutes.
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4 I NASA - TPS MATERIALS
3 RAIN EROSIO:. TEST LOG
]
, " Bell Specimen No.: TM- 46
i N Source and Identification: GE REI :
! " Test Parameters: ;
'; ) Velocity- mph 350 1
i - Angle of Attack - Degrees 20 - j
. - Exposure Time - Minutes 7.5
a o Rainfall Intensity - in./hr 1/4 é
! N Specimen Data: ﬁ
. “ o Specimen Dimension-Nominal 3 .13732" x 3 3716" x 316" %
% ? Initial Weight - Grams 37.6368 ?
‘ ) - Final Weight - Grams 35,443 1
. Loss in Weight - Grams 2.105 ;E
.. Remarks: ;
j - Dritsar pie ot op g 3 i 15 ssaonds
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NASA - TPS MATERIALS
RAIN EROSION TEST LOG

Bell Specimen No.:
Source and Identification:
_Test Parameters:
Velocity - mph
Angle of Attack - Degrees
Exposure Time - Minutes
Rainfall Intensity - in./hr
Specimen Data:
Specimen Dimension-Nominal
Initial Weight - Grams
Final Weight - Grams
Loss in Weight - Grams

Remarks:

Tested for 30 seccnds.

-8

TH-47

Lockheed LI-1500

350

4o

0.5

1/4

3 7/16" x 3 7/16" x 23/32"

44,202

43.197

1.105

Initial pitting in center section of specimen -
3 plts in 12 seconds.
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h NASA - TPS MATERIALS
" RAIN EROSION TEST LOG
- Bell Specimen No.: TM-48
Source and Identification: MADC HCF
‘Test Parameters:
Velocity- mph 350
Angle of Attack - Degrees 40
Exposure Time - Minutes 0.5
Rainfall Intensity ~in./hr 1/4 :
Specimen Data: ]
= Specimen Dimension-Nominal H
Initial Weight - Grams 45,645 J
Final Weight - Grams 43.348
Loss in Weight-Grams 2.297 :
Remarks: i
Initial pitting at lower juncture of holder and
specimen after 17 seconds.
Shutdown after 30 seconds.
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NASA - TPS MATERIALS
RAIN EROSION TEST LOG %
Bell Specimen No.: TM-49 ;

Source and Identification: GE__REI
‘Test Parameters: 1
Velocity- mph 350 l
Angle of Attack - Degrees ko 3
Exposure Time - Minutes 0.5 %
Rainfall Intensity - in./hr 1/4 :
Specimen Data: E
Specimen Dimension-Nominal 3 7716" x 3 3/16" x 23/32"
Initial Weight - Grams 38.716 ﬂ
Final Weight - Grams 34,477
Loss in Weight - Grams h.239 a

Remarks:

Initial pitting at Jjuncture of specimen and holder
in 14 seconds.

Shutdown after 30 seconds.
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Remarks:

Bell Specimen No.: STD-1

Source and ldentification: BELL PMMA

Test Parameters:
Velocity- mph 350 a
Angle of Attack - Degrees 99
Exposure Time - Minutes 60 . :
Rainfall Intensity - in./hr No Rain

Specimen Data:
Specimen Dimension-Nominal 3 9/32" x 7/8" x 1/4"
Initial Weight - Grams 13,081
Final Weight - Grams 13.081
Loss in Weigh. -Grams 9

S0 2

NASA - TPS MATERIALS
RAIN EROSION TEST LOG

el A AR e i

Run to demonstrate no pitting without rain.
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NASA - TPS MATERIALS

RAIN EROSION TEST LOG

Bell Specimen No.: STD-2
Source and ldentification: Bell PMMA
Test Parameters:

Velocity- mph 350

Angle of Attack - Degrees 90

Exposure Time - Minutes 10

Rainfall Intensity - in./hr 1

Specimen Data:
Specimen Dimension -Nominal
Initial Weight - Grams
Final Weight - Grams

Loss in Weight-Grams

Remarks:

3 9/32" x 7/8" x 1’4"

13,115

13.085

. 030

Run as standard material for erosion resistance.
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NASA - TPS MATERIALS
RAIN EROSION TEST LOG
Belt Specimen No.: STD-3
Source and Identification: Rell PMMA
_Test Parameters:
Velocity- mph 350
Angle of Attack - Degrees 90
Exposure Ti:ne ~ Minutes 15
Rainfall Intensity -in./hr 1

Specimen Data:

Specimen Dimension-Nominal 3 9732" x 7/8" x 1/4"
Initial Weight - Grams 13,165
Final Weight - Grams 13.108
Loss in Weight-Grams . 057
Remarks:

Run as standard material for erosion resistance.
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Specimen Data:
Specimen Dimension-Nominal
Initial Weight - Grams
Final Weigiht- Grams
Loss in Weight-Grams

Remarks:

No erosion.
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NASA - TPS MATERIALS
RAIN EROSION TEST LOG
* Bell Specimen No.: STD-4
Source and identification: Bell PMMA
‘Test Parameters:
? Velocity- mph 350
: Angle of Attack - Degrees 20
E i Exposure Time - Minutes 60
| Rainfall Intensity -in./hr 1

3 1/2" x 3 1/2" x 1/4"

57.202

57.198
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Bell Specimen No.:
Source and ldentification:
_Test Parameters:
Velocity- mph
Angle of Attack - Degrees
Exposure Time - Minutes
Rainfall Intensity - in./hr
Specimen Data:
Specimen Dimension-Nominal
Initial Weight - Grams
Final Weight - Grams

Loss in Weight-Grams

Remarks:

No erosion.

= P
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NASA - TPS MATERIALS
RAIN EROSION TEST LOG

STD-5

350

10

60

31/2" x 3 1/2" x 1/4"

56.760

56,757

.003

e
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Trace initial pitting.

NASA - TPS MATERIALS
RAIN EROSION TEST LOG 3
; Bell Specimen No.: STD-6
; Source and Identification: Bell TFMMA ’?"
j Test Parameters: ;,
f Velocity- mph 350 g
Angle of Attack - Degrees 40 g%
s Exposure Time - Minutes 60 é
Rainfall Intensity - in./hr 1 3
Specimen Data: ~
Specimen Dimension-Nominal 3 1/2" x 3 1/2" x 1/4" g
Initial Weight - Grams 55.494 ?
Final Weight - Grams 55.465 %
Loss in Weight-Grams . 029 fj
Remarks: g
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Rainfall intensity - in./hr
Specimen Data:

Specimen Dimension-Nominal

Initial Weight - Grams

Final Weight- Grams

Loss in Weight -Grams

Remarks:

Trace of initial pitting.

NASA - TPS MATERIALS
RAIN EROSION TEST LOG
Beil Specimen No.: STD-7
Source and !dentification: Bell PMMA
_Test Parameters:
Velocity- mph 350
Angle of Attack - Degrees 40
Exposure Time - Minutes 60
1

3 1/2" x 3 1/2" x 1/4"

54,482

54,450

.032
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