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ABSTRACT

Advances in the design of the liquid oxygen, liquid hydrogen engines for
the Space Transportation System call for the use of warm, high-pressure
oxygen as the driving gas in the liquid oxygen turbopump. The NASA
Lewis Research Center requested the NASA White Sands Test Facility (WSTF)
to design a test program to determine the relative resistance to ignition
of nine selected turbopump materials: Hastelloy X, Inconel 600, Invar
36, Monel K-500, Monel 400, nickel 200, silicon carbide, stainless steel
316, and zirconium copper. The materials were subjected to particle
impact and to frictional heating in high-pressure oxygen.

In the particle impact tests, nickel 200, Monel 400, and silicon carbide
were the most resistant to ignition; Monel K-500 and zirconium copper
were slightly less resistant to ignition; and Hastelloy X, Invar 36, and
stainless steel 316 were the least resistant to ignition. Inconel 600
was not tested.

In frictional heating tests of pairs of like materials, the ranking was
generally upheld, with the materials ranked in order of decreasing
resistance to ignition as follows: nickel 200, Inconel 600, Monel 400,
Monel K-500, Hastelloy X, Invar 36, and stainless steel 316. Pairs of
silicon carbide and zirconium copper failed mechanically at modest
contact pressures and did not ignite.

In tests where pairs of different materials were rubbed together, the
material rated less resistant to ignition in previous tests appeared to
control the resistance to ignition of the pair.

Tests designed to determine the effects of oxygen pressure on the
results of frictional heating appeared to indicate that the greater heat
rates per unit area required to ignite metals at high pressures resulted
from increased convective heat losses from the test samples.



PREFACE

This interim report addresses the test series that resulted from three
test plans written at the NASA White Sands Test Facility in response to a
request from the NASA Lewis Research Center to determine the relative
compatibility of selected turbopump materials in gaseous oxygen. The
first test plan, Determination of the Ignition Sensitivity of Selected
Turbopump Metals in High Pressure, High Temperature, Oxygen Environments
(TP-WSTF-324), proposed tests in which eight materials were impacted with
particles in hot, high-pressure oxygen and nine materials were heated
frictionally in high-pressure oxygen. The second test plan, TP-WSTF-324
ADDI, proposed tests in which pairs of different materials were rubbed
together in high-pressure oxygen to induce frictional heating. The third
test plan, Evaluation of Pressure Effects in the WSTF Friction Rubbing
Test System (TP-WSTF-356), proposed tests to determine the effects of the
test gas pressure on the results of frictional heating tests. Testing
proposed in the first and third test plans has been completed, and six of
the eight tests proposed in the second test plan have been completed.
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APPENDIX F

Data From Frictional Heating Tests to Determine the Affects
of Oxygen Pressure on the Pv Product Required for Ignition

TEST TEST PRESSURE
NUMBER MATERIAL TEST GAS (PSIG) PAGE
236 Monel K-500 GOX Varied F-1
237 Monel K-500 GOX Varied F-9
238 Monel K-500 GN2 100 F-17
242 Monel K-500 GOX 3000 F-25
244 Monel K-500 GN2 3000 F-32
245 Monel K-500 GOX 1000 F-38
246 Monel K-500 GOX 1000 F-45
247 Monel K-500 GOX 1000 F-49
216A 1015 Carbon Steel GN2 100 F-53
218 1015 Carbon Steel GN2 100 F-58
220 1015 Carbon Steel GN2 100 F-63
222 1015 Carbon Steel GN2 100 F-68
223 1015 Carbon Steel GN2 100 F-73
224 1015 Carbon Steel GN2 100 F-78
225 1015 Carbon Steel GN2 100 F-83
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230 1015 Carbon Steel GN2 3000 F-98
231 1015 Carbon Steel GN2 1000 F-103
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214 1015 Carbon Steel GOX Ambient F-118
209 1015 Carbon Steel GOX 100 F-123
210 1015 Carbon Steel GOX 100 F-128
211 1015 Carbon Steel GOX 100 F-133

206 1C15 Carbon Steel GOX 500 F-138



APPENDIX F (CONTINUED)

Data From Frictional Heating Tests to Determine the Affects
of Oxygen Pressure on the Pv Product Required for Ignition

TEST TEST PRESSURE

NUMBER MATERIAL TEST GAS (PSI1G) PAGE
207 1015 Carbon Steel GOX 500 F-144
92 1015 Carbon Steel GOX 1000 F-149
93 1015 Carbon Steel GOX 1000 F-156
94 1015 Carbon Steel GOX 1000 ‘ F-162
215 1015 Carbon Steel GOX 3000 F-169

216 1015 Carbon Steel GOX 3000 F-174
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SAMPLE LOAD (POUNDS)
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FRT #92 TEST #1 3-4-83

SAMPLES:
RPM: 5000

1015 CRRBON STEEL

OXYGEN PRESS: 1BB@ PSIG
LORD: 8-235 LB

LORD RRTE

7 LB/SEC

DRTA & 1 SEC

RERCTION

10

LA T

wn - "
- (qF ] (]

TIME (SECONDS)
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RPM (REVOLUTIONS PER MINUTE)
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FRT #382 TEST #1 37/4/83

RPM: 50080 :

OXYGEN PRESS: (088 PSIG
LORD: B-233 LB ‘
LORD RATE: 7 LBs/SEC
DRTR € | SEC

REARCTION

SAMPLES: 1015 CARBON STEEL

T

5
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'g) o N
— o o
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35

TIME (SECONDS)
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CHAMBER PRESSURE (PSIG)
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FRT 482 TEST #1 374,83

SHMPLES: 1015 CRRBON STEEL
RPM: 5000

OXYGEN PRESS: 18660 PSIG
LORD: B-235 LB

LORD RATE: 7 LB/SEC

DRTR @ 1 SEC

REACTION

¥ L LJ L]

W ) n ® w
- - o Y]

TIME (SECONDS)
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TEMPERATURE (deg F)

FRT #8¢ (1BBo PSIG)
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THERMOPILE OUTPUT (1/188MV)

FRT #392 TEST #!1 3-4-83

3550 + e
315¢g { SAMPLES: 1615 CARBON STEEL
RPM: 5000
OXYGEN PRESS: 1888 PSIG
2?5 + LORD: @-235 LB
1 LORD RATE: ? LB/SEC
DRTA @ | SEC
2356 + RERCTION
1956
1550 TT-RK?705
1150
re-1%;
350
"59 "‘l'l‘l"f1Jk'1 I—L_ l-41“ :;ILLJ:J'i‘—lL-’l 1
e w ® n (] n S in
o - [¢1] o o m

TIME (SECONDS)
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SAMPLE DISPLACEMENT (INCHES)
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FRT #82 TEST #1 3-4-83

SAMPLES: 181S CRRBON STEEL
RPM: 50006 A

OXYGEN PRESS: 10680 PSIG
LOARD: @-235 LB

LOAD RATE: 7 LB/SEC

DATR @ 1 EEC

REARCTION

L =

5
10
15
co
25

TIME (SECGNDS)
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CHAMBER TORQUE LORD (POUNDS)

40

30

P-4

108

FRT #3992 TEST #!

37483

TIME

F-155

SHMPLE° 1815 CHRBDN :TEEL :
RPM:: 5000 | , ;
OXYGEN PRESS: IGGB;PSIG : :
LOARD: ©-235: LB : : :
LORD: RATE: ? LB/SEC i :
(v wn ® » ® To] L\ w a
— - [y1] oad o0 m <
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SAMPLE LOAD (POUNDS)

gee |
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1% %]
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108

FRT #93 TEST #2 3-4/83

SAMPLES: 1815 CRRBON STEEL
RPM: S@oe

OXYGEN PRESS: 1BBB PSIG
LORD: @-2Bg LBS

LOAD RATE: ? LB/SEC

DATA @ | 5EC

REACTION

(Y n oy 'z
- - Y ru

30
35

TIME (SECONDS)
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RPM (REVOLUTIONS PER MINUTE)

FRT #3893 TEST %2 34,83

50a8e
T SAMPLES: 1015 CRRBON STEEL
RPM: SDPRQ .
OXYGEN PRESS: 1668 PSIG
LOARD: B-208 LBS
LORD RRTE: ? LB-SEC
4835 71 DRTA @ | SEC
REACTION
4990
4985
4380 ' , . . : . ,

] wn 2] ') o wn
—— o o

30
35

TIME (SECONDS)
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CHAMBER PRESSURE (PSIG)
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FRT 493 TEST #2 3483

SAMPLES: 1815 CARBON STEEL
RPM: Sboo

OXYGEN PRESS: 18808 PSIG
LORD: B-288 LBS

1 LOARD RRTE: 7 LB-SEC

DRTA @ 1 SEC

REACTION

T T T L3 L

o W B "] Q n o
- -— 0J o

35

TIME (SECONDS)
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TEMPERATURE (deg F)
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THERMOPILE QUTPUT (1-7180MV)

FRT #33 TEST #2 37483

1950e
17506 1t
SAMPLES: 1815 CRARBON STEEL
1550 1 RPM: S04
} OXYGEN PRESS: 188D PSIG
1350 | LOAD: ©-288 LES
LOARD RATE: 7 LE-ASEC
DATA @ | SEC
1150 1 REACTION
9508
?36 ¢
5350
350
150 1 TT-AK?@9
-sg TSRS TENI SR A 1 L e
() W ® n Q ) S n S
- - Y cu ™ ™ -

TIME (SECONDS)
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CHAMBER TORQUE LORD (POUNDS)

3e

25

4%}

15

10

FRT #93 TEST +2 3483

R e e N b I

..................

.....................................................................................
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| RPM;

ESHMPLER

t OXYGEN: PRESS:
t.LOAD:. B-2m8.1 bg _

LOAD RATE: ? LB SEC |
DATR & 1 SEC ~
{ REACTIDN

5300

1015! CHRBON STEEL |

! 1oee PBIG
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SAMPLE LOAD C(POUNDS)

800

780

660

1% 1%

400

300

280

108

FRT #94 TEST #1 3783

SAMPLES: 1015 CRRBON STEEL
RPM: 50800

OXYGEN PRESS: 1808 PSIG
LORD: B8-223 LBS

LORD RATE: ? LB/SEC

DATA € 1 SEC

RERCTION

Ll 1 L T

- -t d

TIME (SECONDS)
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RPM (REVOLUTIONS PER MINUTE)

seie

S8d@3

5080

4985

43906

FRT 434 TEST 41 3,783

SAMPLES: 1015 CRREON STEEL
RPM: S0oe

OXYGEN PRESS: 1B8G PSIG
LORD: @-223 LBS

LOAD RATE: ? LB/SEC

DATR @ 1 SEC

REACTION

TIME (SECONDS)
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CHAMBER PRESSURE (PSIG)

10doe

8@

£@de

400

2ae

FRT #34 TEST %1 3/7/83

SAMPLES: 1815 CARBON STEEL
RPM: 5B0@O
OXYCEN PRESS: 1000 PSIG
LOAD: bB-223 LEBS

- LORD RRTE: 7 LB-/CSEC
DATR @ 1. SEC )
REACTION

] L ¥ 1

10

'y} (\9) wn
- o o

TIME (SECONDS)
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TEMPERATURE (deg F)

FRT #394 (IBB@ PSIG)

TIME (SEC)
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THERMOPILE OQUTPUT (1-/188MV)

3550

3150

275@

2350

1850

1558

1138

750

3358

FRT #94 TEST #1 3783

SAMPLES: 1815 CARBON STEEL
RPM: 50080

OXYGEN PRESS: 1880 PSIG
LOAD: B@-223 LBS

LORD RARTE: 7 LBs/SEC

DATA € 1 SEC

RERCTION

TT-RK?7@S

TIME (SECONDS)
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SAMPLE DISPLACEMENT (INCHES)

.1B0
.160
. 140
. 120
. 198
. 080
.0E0
. 040
.20
@.eDp0o
-.08c0

-. 240

FRT #84 TEST #1 3-7-83

SAMPLES: 1015 CARBON STEEL
RPM: 500D

OXYGEN PRESS: tve@ PSIG
LORD: ©8-223 LES

LORD RATE: ? LB/SEC

DRTR @ { SEC

TIME (SECONDS)
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CHAMBER TORQUE LOAD (POUNDS)
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30
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FRT #34 TEST #1 3783
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SAMPLES: 10815 CRRBON STEEL E §
RPM: Be@o | . :
OXYGEN PRESS: 1000 PCIG § ; . 1 g
- LORDY@=223 - BS ARSIEERIIIEE brossseessaces frsessanenes dreennnneaeees booenoeenens :
LORD RATE: ?i LB/SEC : : = : :
DRTR @ 1 SEC : ; i §
. *?.'::ﬁ.CT..I.ON. G : . ; :

TIME (SECONDS)
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RPM
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