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Preface

The technical monitor for this project was W, B. MecPherson of
the Marshall Space Flight Center., The apparatus and experimental
Lachniques used in the experiments were extensions of those
developed under the sponsorship of tine Army Material and Mechanies

Center, Watertown, Massachusetts.

ii



ANTRODUCTION: PHYSICAL SITUATION

The desired high performance of the Space Shuttle main rocket
engine has lead to lhe consideration of improved turbine~blade
damper materials for the high-pressure turbopumps. The pumps are
driven by the combustion products of fuel=rich H2/02 mixtures wWhich
produce webt H,, A recent study (Ref. 1) revealed that
high-pressure, high-temperature H2/H20 mixtures chemically attack
steel and produce mass loss rates which are much higher than can bs
explained by simple heating. Presently, the dampers are made of
Haynss 188, Materials which are candidates to reduce turbine blade
damper erosion include platinum, rhodium and stainless steels,
Accordingly, tﬁe requirement exists for an accelerated means c¢f
evaluating the relative erosion resistance of the candidate
materials. Also, it is desirable that the specimens used in the
evaluation have a simple configuration so as to reduce the problems

assoclated with sample preparation.

The Mechanical and Aerospace Engineering Department of
Princeton University has experilence in analyzing the
erosion~producing effects of high temperature and high pressure
gases on metals (Ref. 1 through 4). Experimental techniques have
been developed to subject metal specimens to prescribed high
temperature and hiéh pressufe environments by means of a ballistioc
compressor, The ballistic compressor apparatus utilizes a reservoir
of driver gas to drive a piston which compresses adiabatically the
desired test gas, In this way, the spparatus produces a quantity of
hot, hlgh-pressure gas that flows through the orifice in a test

specimen mounted in the ballistic compressor endwall.



The high-shear flow produced by the ballistic compressor simulates
the turbine flow environment conditions by removing protective
gurface layera and, thus, produces direct interactions between the
test gases and the metal specimen;

Tge affects of repeated exposures are evealuated by subjecting a
gingle Bpecimen to a series of ballistic compressor exposures. In
this manner, the wear-inhibiting contributions of surface scales and

intergranular surface layer changes can be evaluated.

To answer questigns that have been raised about the érosion
preoducing mechanism and to explore the use of alternate materials
the following tasks were paerformed:

'{. Determine the relative erosion characteristiecs by
subjecting specimens of four candidate metals to a range of
heéting conditions using a mixture of 50% hydfogen and 50%
water vapor (by weight).

2, From the results of Task 1, select a moderately severe
exposure condition and subject specimens of the four metals
te three consecub;ve exposures. ‘

3. Subject the specimen materials b; dry hydfogen usiné

conditions similar to those Iin Taak 2.



APPARATUS

The interpretation of the gas-~metal interactions in the
combustion-gas experiments ia always obscured to a large degree by
uncertainties in khowing the gas composition and by simultaneous
presence of a number of gaseous spiéclies formed by the combustion.
The problems assoclated with interpreting the effects produced by
several gaseous species (i.e., using combustion gases) were overcome
by using a prescribed pure gas and prescribed gas mixtures in the

balliastic comprassor.

A detailed description of the ballistic compressor apparatus 1is
given in Ref. 4. - In brief, the ballistic¢c compressor apparatus,
shown schematically in Fig. 1, utilizes a reservolr of driver gas
(e.g., 2.5 MPa, 300 K) to drive a plston to compress adiabatically
the desired test gas. In this study, the desired water vapor weight
fraction was' achieved by adding a prescribed welght of water to a
known volume of Hz. To insure that the water evaporated, the gas
mixture was maintained above 150 F. The apparatus produces the
desired hot, high pressure gas (e.g., 150 MPa, 3000 K) that flows
across the gpecimen material. The pressure history of the test gas
was monitored by a high frequency piezoelectric pressure transducer.
" Typlcal pressure traces are shown in Fig, 2. A tungéten (i.e.,
97.4% W and 2.6% Ni, Cu & Fe) piston was used for this tést series,
The effective test time produced by the ballistiec compressor is

between 1 and 2 ms.

Metal test specimen mass loss (measured to 0.01 mg) is the

primary quantitative data used to indicate the severity of the



gas-metal interaction during test exposure. The severity of the
environment 1s categorized by the maximum pressure. The
configuration of the metal specimen is shoewn in Fig. 3. The
leading edge ls streamlined so that the highest arosion rate does
not occur at the lsading edge. Figure 4§ illustrates the flow and

+

heat transfer conditions experienced by the speciuen.

e



RESULTS

=begimens

Tests were performed on four candidate metals supplied'by
NASA/Marshall Space Flight Center:

1) Haynes Alloy 188

2) Stainleas steel A-286

3) Platinum 90%/Rhodium 10% (Pt-ZGS, zirconia grain stabilized)

4) Rhodium

NOMINAL COMPOSITION OF CANCIDATE ALLOYS FOR TURDINE SLADE DAMPERS

s = e e e e et e = ]
% A~284 (AMS 5731) H+188 (AMS 5772) Z G5 Platinum, 10% Rhodlurrl‘ Rhedium {2?2)'
c 08 * J5 Pt 3alanca P+, Pd,
Mn 2.00 * 1.25 * fh 10,034 lr, Ru,
st 1.00 * S0 2r 400 ppm O 1000 ppm
P L025% 020* Ag 30
] 025" Q15" Cu 0 Low Meiting .
Cr 14,75 22,00 30 Elements 100 ppm
NI 25.50 22.00 50
Co Balonce st 10
Ma t.25 Ph 40
w . 14.50 Sb .30
T 2,1 5
Al Las « H
8 0065 N E Zn 20
Fe Balance 3.00 * 50
Othens v .30 Lla .075 lrs O, Au, 10
\ Low Malting
Elements 20
* Moximum

I Maximum parts per millton (ppm) unie1s otherwite noted,

4

Metals 1 and 2 were provided by NASA/Marshall and roughly
machined by NASA to the Fig. 3 configuration, Metals 3 and 4 were
provided by Massey~Bishop, Malburn, PA, and were also roughly
machined by Massey-Bishop to the Fig. 3 configuration. The

conditions of each of the specimens is summarized as followan:

1) Haynes Alloy 188: Of the 45 specimens received, none of then
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were machined to the specified dimensions. After extensive

remachining and selesction, 15 specimens were made serviceable,

2) Stainless Steel A-286: The situation with these specimens
was approximately the same as with the H-188. After extensive
remachining and selection, 15 specimens were made serviceable.

The specimens had surface ce¢razes and coracks,

3) Platinum/Rhodium specimens: These 15 specimens were received
in reasonably good condition with respect to machining.
However, they had to be touched-up so that they would fit into

the test section of the ballistic compressor.

4) Rhodium: These 15 specimens had easily observed networks of

crazeas,

As a basls of ccmparison with previous results obtained for the

Army Material and Mechanlics Center, tests were performed with:

5} AISI 4340 (Annealed)

6) Iron (99.9% Pure)

These specimens wepre of good quality and machined at Princeton

University.

The results Lln the Tables 1a through 1e are the data obtained
by exposing all four c¢andidate metals to a single exposure of the
50% H, and 50% H,0 mixture (by welght). An additional series (Table
1f) was run using AISI~4340 and Fe since these metals were known to

produce uniform results (Ref., 1 through 4)., The Table 1f data were



- 7 = '

also reported to the Army Material and Mechanies Center.

The Table 1 daté are plotted in Figs., 5, 6, 7 and 8., The most
striking observation is the scatter of the four candidate metals
compared bto AISA-4340 and Fe. Based on casual examination 3f the
surfaces of the candidate mebtals, this scatter ls prohably a direct
result of inhomogeneities in the metal. The lines bthrough the data
peints were placed through the data represaeantative of minimum
erosion sinae it is belleved that thesze data are most representative

cf the homogenous material.

The results indicate that Rh is the most resistant and that

there are no clearly defined differences among H-188, A-286 and Pt,

Successive Exposure bo Het H,

To obtain data on how successive exposures affect mass loss, =
series of experiments were performed in which specimens of each

candidate metal were subjected to three {or more) exposures,.

From the three successive exposure tests the following
observation can' be made (from the average of four specimens of a

particular metal):

1) The erosion from initial exposure {(at approximately 21.5
" kpsi) was low (average ranged from 0,00 to 0.15 mg) for all

four metals.

2) The erosion from the second exposure (at approximately 25

kpsi) was considerably higher than the first exposure.



3) The erosion from the third exposure (at the liighest pressure
of approximately 30 kpsi) produced considerabliy less erosion

than the second exposure,

An examination of the tabulated data (Tables 2a tirough 2e)
indicates that the alternate and deoreasing of erosion 1s more than
colncidental, To obtaln more information on this observation a
fourth exposure was made using the H-188 specimens; the data
tabulated in Table 2a reveal that fourth exposure produoeé resuylts
similar to the second in that it produced high ercsion. A possible
explanation for these observaticens is that surface layers are
alternately bullt up and swept away. The surfaoeAlayers may offer
some intormediate protection, From the results of the successive‘
expusure series Rh i3 clearly the most resistant material, However,
examination of the total mass loss from the successive exposure

series does not raveal any clearly defined differences among H-188,

An additional successive exposure series was run using four
metals at a time, see Table 2e, That series alsoc indicates that Rh
1a the most resistant and that the other three metals are nearly

equivalent,.

wmm&a

As a point of comparison, the metals were exposed to dry H2'

see Tables 3a and b, Qur previous investigatlons revealed that dry

H2 is a very severe environment since it produces very high
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convective heat fluxes, Accordingly, the eroaion produced by dry H2
was expected to be comparable to that produced by wet Hz- The most
resistant metals were Pt and Rh, whereas, H-188 and A-286 experience

appreclable mass losses,
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CSONCLUSIONG

The four candidate metals H-188, A-286, Pt and Rh were
subjected to a wet H, environment which produced accelerated erosiun
gffecta., To some extent the uniform%ty of the results was degraded
by the poor quality of the metal specimens., However, Rh was clearly
the most resistant material and the differences among H-188, A-286

and rt are not clearly defined,

The tests using specimens of good quality material produced
uniform and consistent results. The results from thils rtudy suggest
that a portion of the mass loss is attributable to defects in the
metals. Accsréingly, the results indicate that difficulties

experiencsd by the operational components made from H-188 may be

attributable also to metallurgical defects.

RECOMMENDATIONS

The scope of this investigation did neot provide for
metallurgical examination of the bulk material and scanning electron
mlicroscope examination of the eroded surfaces. Such examinations
are needed to determine the extent to which metallurgical defects

influenced the r=s3ults,
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Table 1a -
Haynes Alloy 188 Subjected to Single Exposure
50% Hydrogen & 50% Water Vapor (by weight)
Test Series 78=1,-3,«10,-124-13

i CCMPRESSOR POAT

TEST | PRESS |( {E TWO THREE FOUR DRIVER |

No. |kpsi |METAL |m,mg|METAL |m,mg|METAL |m,mg|METAL |m,mg|psig |

- a) e - - L]

1-6  37.0 ([H-188 2.60] o 300
3-1  24.5 H-188 0.11 H-188 0.62 H-188 0,17 H-188 0.90 300

3.2 28.5 H-188 0.65 H~188 0.46 H-188 1.29 H-188 1.53 300
3-3-1 20.0 H-188 0.19 | -
3-3-2 20.0 H-188 0.19
3-3-3 19.0 H-188 0.10

Ly
(o]
o

10=1 21.5 [H~188 0,28] H-188 0.00 H-188 0.08 H-188 0.00 280

12-1 20,0 'H-188 0,35 300
12-2 26.0 E-188 N.G. 300
13-1 25.5 H-188 0.45 20

LG . ——

* Test result in brackets differs substantually from mean and is not included

in the averages and the plots.

Note explaining.tablé-

The numbers in the heading designate the particular port in the
four-port head. For each port the material and mass loss, m, are

desicnated.
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Table 1b

Stainless Steel (A-286) Subjeoted to Single Exposure

50% Hydrogen & 50% Water Vapor (by weight)

Test Series 78-2 & §

COMPRESSOR PORT

TEST | PRESS |ONE THO THREE FOUR DRIVER | AVERAGE
No. {kpsi [METAL |m,mg{METAL |m,mg|METAL |[m,mg|METAl. |m,mg|psig m,mng
2-2  37.0 [A-286 3.78] 300

5-1A 25.5 A-286 0.16 A-286 0,08 A~28§ 0.16 [A~286 0,673300 0.13
5-1  35.0 A-286 1.04 A-286 0.55 [A-286 1.34]A-286 0.56 300 0.15
11-1 21,5 a-286 0.09 A-286 0.03 A-286 0.02 [A-286 0,36]280 0.05
12=1  20.0 A-286 0,38 300

12-2 26,0 A-286 0.88 300

13-1  25.5 A~286 0.46 270

* Test result in brackets differs substantually from mean and is not included

in the averages and the plots.



Table 1c
Platinum (Pt-2GS) Subjected to Single Exposure
504 Hydrogen & 504 Water Vanor (by weight)
Test Series 18-2 & misc.

COMPRESSOR PORT |

— ———— e
TEST | PRESS | ONE TWO | THREE { FOUR JDRIVER AVERAGE
No. lkpsi |METAL |m,mg|METAL lm,mglMETAL jm,mg |METAL im,mgépsig m,Rg
78«1 12.0 PT-1 0,12 300

2-2 35,0 PT-3 0.20 1300

8-t 22.5 PT-4 0.14 PT-5 0.12 PT-6 0,19 [PT-7 0,36]280 0.15
2-2 35.5 PT-2 0.00 300

12-1 20.0 PT 0.39 300

12-2 26.0 " PT G.T1 ' 300

13-1 25.5 PT 0.36 . 270

* Test result in brackets differs substantually from mean and is not included

in the averages and the plots.
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78=1

9=1
12=1
12-2

13=1

Table 1d
Rhodium (Rh-29Z) Subjected to Single Exposure
50% Hydrogen & 50% Water Vapor (by weight)
CCMPRESSOR PORT !

PRESS | ONE TWO | THREE FOUR DRIVER |
kpsi |METAL |m,mg|METAL Im,mglMETAL |m,mg [METAL {m,ng|psig |
ol o it e s e e [Rp—
38.0  RH-1 0.04 300
21.5 RH-2 0.00 RH=3 0.00 RH-4 0.00 RH-5 0.00 280
20.0 RH 0.00 | 300
26.0 RE 0.12 . 300
25.5 RH 0.04 270
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Table 1le
Four Metals Subjeoted to Single Exposure
50% Hydrogen & 50% Water Vapor (by weight)
Test Series 78-12
} COMPRESSOR PORT |

----lp-----.'- - -y L 400 e g e Y S o

TEST | PRESS | ONE ~ jmwo !THREE FOUR DRIVER |

No. |kpsi |METAL lm,mglMETAL lm,mglMETAL 'm,mg}METAL {m,mg|psig |

- i —— S Y S B A P o S 0 1 e e i i o e 0 ol I i g

12-1 20.0 PT 0.39 RH 0.00 H-188 0.35 A-286 0.38 300
12-2 26,0 PT 0.71 RH 0.12 H=188 N.G. A-286 0.88 300
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Table 1f
Iron and AISI 4340 Sdbjected to Single Exposure
50% Hydrogen & 50% Water Vapor (by weight)
Test Series 78-U & 6

| COMPRESSOR PORT i

----- F_----"--------—--—- - --_-{--------
TEST [PRESSjONE TWO THREE FQUR DRIVER | AVERAGE

No., |kpsi IMETAL |m,mgi{METAL |m,mg|METAL |m,mg|{METAL |m,mg)psig m,mg

=1  26.0 '4340 0.15 usuo 0.12 4380 0.16 4340 0.11 300 0.14
4-2 22,0 4340 0.00 4340 0.03 4340 0.06 4340 0.04 290 0.03
4-3 32,5 4340 0.27 [4340 0.02] 4340 0.39 L4340 0.37 300 0.34
; 6«1  27.0 FE 0.16 FE 0.14 FE 0.21 FE 0.21 300 0.18

+ Taest result in brackets differs substantually from mean and i1s not included

in the averages and the plots.
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T;ble 2a
Haynes Alloy 188 Subjected to Four Successive Exposures
50% Hydrogen & 50% Water Vapor (by weight)
Test Seriass 78«10

J COMPRESSOR PORT |

TEST | PRESS | ONE THO THREE FOUR DRIVER | AVERAGE
No. |kpsi |METAL |m,mg|METAL |m,mg|METAL |m,mg|METAL |m,mg|psig o,mg
10-1 21.5 [H-188 0.28] H-188 0,00 H-188 0,08 H-188 0.00 280 0.03
10-2 25.0 H-188 0.37 [H-188 0.82] H-188 0.05 H-188 0.35 290  0.26
103 29.5 [H-188 0.67] H-188 0.00 H~-188 0.00 H-188 0.00 300 0.00
Total 1.26 0.82 0.13 0.35

lverage 25.3
* Test result in brackets differs substantually from mean and is not included

in the averages and-the plots,
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Table 2b
Stainleas Steel (A-286) Subjected to Three Successive Exposures
50% Hydrogen & 50% Water Vapor {by weight)

Tast Series 78-11

| COMPRESSOR PGRT ) 1

TEST | PRESS |ONE TWO ITHREE IFOUR DRIVER | AVERAGE
No, |kpsi |METAL |m,mg|{METAL lm,mglMETAL im,mglMETAL im,mg|psig m,ng
11-1 21.5 A-286 0.09 A-286 0,03 A-286 0.02 [A-286 0.361280 0.05
11-2 24.5 A-286 0.38 A-286 0.12 A-286 0.15 A-286 0,33 290 0.25
11-3 29.5 A-286 0.09 [A-286 0.40) A~286 0.08 A-286 0,06 300 0.08
TOTAL 0.56 0.55 0.25 0.75

Average 25.2

* Test result in brackets differs substantually from mean and is not included

in the averages and the plots.
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Table 2¢

Platinum (Pt-ZCS) Subjected to Three Successive Exposures

50% Hydrogen & 50% Water Vapor (by weight)

Test Series 788

COMPRESSOR PORT

o 0 1 e e e e ———————— —— ———
TEST|PRESS|{OlE TWO THREE FQUR DRIVER | AVERAGE
No. |kpsi [METAL |m,mg|METAL |m,mg|METAL lm,mq METAL |m,nmg|psig m,mg
8-1 22.5 PT-4 0.14 PT-5 0.12 PT=-6 0,19 [PT-T7 0.36]280 0.15
8-2 26,5 PT-40.,27 PT-5 0,28 PT-60.29 PT-7 0,30 290 0.29
8-3 30,0 PT-4 0.13 PT-50.15 PT-6 0,16 PT-7 0.13 300 0.14
Total 0.54 0.55 0.64 0.78.

Average 26.3

* Test result in brackets differs substantually from mean and is not included

in the averages and the plots.
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Table 2d

Rhodium (Rh-292) Subjected to Three Successive Exposures

50% Hydrogen & 50% Water Vapor (by weight)

Teat Seriea 78-9

COMPRESSOR PORT

Average 26.3

AVERAGE

n,ng

 TEST|PRESS |ONE THO THREE ,FQUR [DRIVER
No. {kpsi |METAL |m,mg}METAL |m,mg|METAL lm,mglMETAL jm,mg pSig
SV USSENSY S ' S I .
9«1 21,5 RH=2 0.00 RH~3 0.00 RH-4 0.00 RHE-5 0.00 260
92 26,0 RH~2 0,00 ﬁH-3 0.00 RH=Y 0.00 RH-5 0.00 29b
9-3 _31;5 RH=2 0.00 RH=-3 0,00 RE-l 0.00 RH-5 0.00 300
Total %00 0.00. 0.00 0.00

0.00
0.00

0.00
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Table 2e
Four Metals Subjeoted to Three Successive Exposures
50% Hydrogen & 50% Water Vapor (by welght)
Test Series 78-13
| COMPRESSOB PORT !

]
L L] jua - - - - o o i gy == -

TEST [PRESS |ONE WO : ITHREE FOUR DRIVER |

No., |kpsi |METAL |m,mg{METAL Im,mglMETAL im,mg|METAL {m,mg|psig |

o i D e O Sy A S A A S D o ot ) S D U D A D A ot et T A ok i S ke e i e o A et ot

13- 25,5  PT 0,36  RH 0.04 H-188 0.45 A-286 0.46 270
13-2 22,0  PT 0.31  RH 0.00 H-188 0.10 A-286 (.22 270
13-3 25.0  PT 0,45  RH 0.13 H=-188 0.49 A-286 0.65 275
Total . ' L 0.17 7,04 1.33

Average 24,4
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Table 3a

Palr of H=-188 and A~286 Subjected to Single Exposure of Dry Hydrogen

TEST
“No.

PRESS
kpal

ONE

Teat Series 78-15

COMPRESSOR PORT

TWO

THREE

FQUR

METAL [m,mg

METAL |m,mg

_____ _—

15=1

.......... -

METAL [m,mg

METAL |m,mg

L L

DRIVER |

psig |

22.5 H-188 0,86 H-188 0.89 A-286 1.22 A-286 1,36 290

Average

0.87

1.29
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Table 3b

Four Metals Subjected to Three Successive Exposures of Dry Hydrogen

au--—-r-n---dn-------_un--—v-ua--n--u-

Tesat Series 78-1l4

| (OMPRESSOR PORT

TEST |PRESS |ONE ITWO THREE ‘FOUR DRIVER |

No. |kpsi |METAL lm,mglMETAL im,mg {METAL Im.mglMETA& im,mgipsig |
domenado. i o o o e e e i e m s

14-1 23.0 PT RH H~188 A-286 280

14-2 23,0 | 285

14-3 23.0 290

Total : 0.23 0.19 1.19 2.32

Average 0.08 0.06 0.40 0.77



BALLISTIC COMPRESSOR
SHOWING TEST DISK
AT END WALL
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BARREL CHAMBER
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Fig. 1 Jchematic diagram of the ballistic compressor

showing test disk at end wall.
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0.2 MS/CM
AISA 304 P
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[STON (5.9 LB)
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o
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TIME ABOVI 0,000 PSI 0.66 MS
Fig. 2 Typical pressure v 15 time traces produced by ballistic
(the tunasten, V, pPiston was used in this test

l.‘()ml)l essor
series).
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SEE DETAIL
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0.015 RADIUS
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=
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-

DETAILS OF VENT

NO SCALE

Fig. 3 Configuration of test specimen used in endwall of ballistic
compressor.



EXPOSURE CONDITIONS

FLOW FIELD
*:-} - -
»> >

™~ ERODED SURFACE

a) High pressure gases in ballistic compressor

heat the specimen as they vent through the
orifice.

CONVECTIVE HEATING
OF SURFACE

.~ BOUNDARY LAYER
7| *— TEMPERATURE PROFILE

-

\\\\*ERODED SURFACE

b) Transient forced convecticn heats a thin

surface layer of the specimen; the boundary
layer is generally thin compared to the
dimensions of the orifice.

Fig. 4 Exposure conditions of test specimens.
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H,. Line is intended to approximate minimum erosion
canditions.



“30=-

1.0

MASS LOSS, me

0.4
|

0.2

15

MAX PRESSURE, kpsi

Fig. 6 A-286 mass loss resulting from single exposure to wet
H,. Line is intended to approximate minimum erosion
canditions.



Fig.

MASS LOSS, me

7

-31~

N
p— | | | |
8 Pr
© RH
ol -
—
w_ —
o
ol -
=
-'.l"_ p—
o a
N
C;_ —
RH .
O]
o 55{522;' . l IC3
15 20 25 30 35 40

MAX PRESSURE, kes1

Pt and Rh mass loss resulting from single exposure to
wet H,. Line is intended to approximate minimum
erosian condition.
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