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Paper No 70

Aerod ynamic Effects on Erosion in Turbomachiner y

W. Tabakoff University of Cincinnati, Cincinnati, Ohio
A. Hamed University of Cincinnati, Cincinnati, Ohio

A unique erosion test facility was designed such that the aerodynamic effects are an
integral part of the test parameters . The alloys studied in this investigation are 2024
aluminum, 410 stainless steel and 6A1.4V titanium. High speed movies were used to
examine and determine the impact and rebound characteristics of the solid particles. The
effects of particle velocity and impact angle were found to be statistical in nature. The
statistical distributions of these impact parameters were determined experimentally. The
rebound data was then related to the erosion damage incurred. In addition, the effect of
temperature on the erosion of the alloys was also studied.
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No. 70

AERODYNAMIC EFFECTS ON EROSION IN TURBOMACHINERY

W. Tabakof V and A. Hamed2

ABSTRACT INTRODUCT ION

A unique erosion test facility was de- In many industrial and military appli—
signed such that the aerodynamic effects are cations the erosive action of high speed par—
an integral part of the test parameters. The tid es results in serious probleme . Erosion
alloys studied in this investigation are has been pointed out as a problem in as di-
2024 aluminum , 410 stainless steel and 6Al-4V verse areas as aero gas turbines , rocket
titanium , nigh speed movies were used to nozzles , coal fired boiler systems, and
examine and determine the impact and rebound catalytic cracking equipment. Recent inter—
characteristics of the solid particles. The est in this old problem coincides with in—
effects of particle velocity and impact angle creased usage of gas turbines in dusty ter—
were found to be statistical in nature. The rains. If erosion can be incorporated as an
statistical distributions of these impact engine design parameter , an erosion tolerant
parameters were determined experimentally, engine can possibly be produced .
The rebound data was then related to the
erosion damage incurred. In addition , the Historically ,  erosion has been studied
effect of temperature on the erosion of the as a two part problem. The first part in—
alloys was also studied. volves the determination of the number ,

direction and velocity of the particles
NOMENCLATURE striking the surface which is naturally af-

fected by the flow conditions. With such
0 Particle diameter , information available , the second part of the
IGV Inlet guide vane, problem involves the calculation of the sur—
K1,K 3,K12 Material constants, face material removed . These two problems

have always been considered to be independentRe Reynolds number, of one ano ther , however , in the complicatedV Particle velocity, flow fields existing within rotating machin-I Relative angle between par ticle ery , it is questionable whether this assump-path and specimen surface. tion is valid,Erosion per unit mass of impacting
par ticles . 

- The theoretical studies concerning ero-u Microns.
Standard deviation of a normal sion are predominantly empirical. They in-

volve basic assumptions as to the processdistribution . governing material removal. Finnie (1] and
Sme ltz er , et al. [23 have conducted a theo—Subscripts retical analysis of the erosion of ductile
materials. In more recent investigations1 Conditions of the particle approach— (3— 5] further insight into the actual mechan-irtg the target. ism of erosion has been obtained by examining2 Conditions of the particle rebound— the target surface at high magnif icationing from the target. using metallographic techniques and electronN Normal component. microscopy.T Tangential component.

In 1959 , Finnie (33 described a sand
blasting erosion test facility. This facil-
ity,  in which a small jet of particle laden

__________ 
air WB9 impacted on a stationary specimen .
By fa r  the major ity of erosion research has1 University of Cincinnati, Cincinnati , Ohio, been conducted using this facility or modi—

2 University of Cincinnati , Cincinnati , Ohio. fications of it.

~ont, bot.d yy Ga. T,rlrn~ Soroty of Japan lot p,e~.nt,t.On at IS?? I~~ yo Jo,nI E X P E R I M E N T A L  EQUIPMENT
Ga. Tu,bon. Conye.t p,,Id fl Tok0o . Japan on May 22nd tO 27t h . 19 7 7  andes the
co.o.~a.nd”p of Ga. T~vb.m Sonar, of Jap.n the Japan Sorely of M.nI~anonI As mentioned previously,  the test fac i l—
I,~.n.a.. ..d Itt. Atn.nr.n SOrely of M.cttan.n.I ~~~~~~~~~ M no.copt ~~r~~~ d i ti e~ des igned thus far , did not simulatet I f f .  1918 the aerod ynamic e f f e c t  of the flow f ie ld  over
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the erosion specimen . This can particularly separator , C, and collected in the container ,
be a very important factor in turbomachine fl. The test air is further filtered through
erosion , where the flow is constantly turned a commercial 5~ filter , F.
by rotating and stationary cascades. Two
erosion test facilities were therefore built Since the particles are accelerated in
during the course of this study . The first the constant area duct by the aerodynamic
wind tunnel with stationary specimen was drag forces , their velocity before impacting
designed to obtain basic erosion data and the specimen would depend upon the air velo-
particle impact and rebound characteristics, city , the particle size and the length of
Another unique test facility was then de— the acceleration section , D. Figure 2 gives
signed to simulate and measure the erosion an illustration of the dynamics of relatively
of turbomachine blades, large , 2OOi.~, and relatively small , 20w , par-ticles in two flow velocity f ie lds  400 and
Stationary Specimen Test Facility 1000 ft/sec. From this figure it can be

In designing this wind tunnel , control- seen that the particle ’s final velocity is
ling the various erosion parameters such as an exponential function of the tunnel length.
fluid velocity , particle velocity , particle
f low ra te and particle size was of primary
importance . The effects of variations in the 10CC

U ~~~~ It/sec
specimen size, as well as the angle of m ci- u
dence between the abrasive particles and the
surface of the specimen were also investi-
gated . Besides obtaining erosion data in an 0’ 200 ft
aerodynamic environment , this test facility
was also used to determine the particle i m -7 l

~~~
pact and rebound characteristics using high
speed photography. > 40( 0.20/i

U 400 I t  ~~~ 
U - AR ~ CI~~~ 

MAIN AIR SUPPLY
0 PARTIcLE DIA1.ETER

- 

© INJECTOR 

20~~~~~~~~~~~~~~~ 200p~~~~~~~~~~~~~~~~
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LOCATION IN ACCELERATION TUNNEL U t )

F ig .  2 Particle dynamics in the tunnel

r 
~ 

Figure 3 shows that , as expected , a longer
PART ICLE tunnel  wi l l  resul t  in hig her part icle velo-L °ACCELER ATOR c i t ies , and t ha t  part icie size would have a

d i m i n i s h i n g  e f f e c t  on part icle veloci ty in

® SECTION 

®F~ TER 
longer tunnels. Eased on these findings , a
tunnel length of 12 feet and a 1 x 3 inch
rectangular cross section was used in obtain—PARTICLE
ing the rest of the experimental data.FEEDER

~~~1.0

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ LERA EL

SEPARATOR

COLLECTO~~~~~~~~~~~~ ç,~~
PARTICLE

Fig. 1 Erosion test facility 0.7 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ T~~~~~

400 ft /s.ecFigure 1 is a schematic of the apparatus
developed for that purpose. As depicted in ~J 0.6 

- 152 9 L,xnl ft3this  i l lus tra tion , the equipment functions ~~~~~~~~ DENSIT

as follows : A measured amount of abrasive
grit of a given consistency is placed into Of’
the particle feeder , A. The particles are 40 60 80 100 120 140 160 180
fed into a secondary air source and blown up PARTICLE DIAt.’ETER (MICRONS)

to the particle injector , C , where it mixes
with the main air supply ,  B. The particles Fig. 3 Effect of tunnel length
are then accelerated by the high velocity air
in a constant area duct , D, and impact the From Figure 1 it can be seen that the
specimen in test section , E. The teat dust tunnel geometry is uninterrupted from the
is then separated from the air by a cyclone acceleration tunnel into the test section .

— 2 —  
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Tn thi s  manner the part icle  laden air is chan— Photoyraphic Method for  Determining Par t i c le
neled over the specimen and the aerodynamics Velocities
of the f l u i d  passing over the blade at the In this research it was decided to use
given angle of attack are preserved . In or— high-speed photography as a means of particle
der to minimize the tunnel blockage, 3 sized flow visualization . The development of this
specimens were used . At angles of attack of technique was difficult in that no literature
0 to 20 degrees a one inch wide specimen was could be found concerning the problem and a
used , from 20 to 45 degrees , a half  inch certain amount of trial and error development
wide specimen was used and for the large work was necessary . However, the method was
angles of attack of 45 to 90 degrees , a quar- chosen as it allowed a large number of data
ter inch wide specimen was used, points to be taken at the same time , thus

keeping the flow conditions unchanged and
The test section has an insert through hence an accurate assessment of the particle

wh ich h igh-speed photography and streak pho- environment can be made .
tographs can be taken of the high—speed sand
particles. In this manner the velocity of The camera used to photograph the parti-
the approaching ‘~and particle was obtained d es was a 16mm 1-lycam camera with a one-half
and compared to the theoretical predictions , framer , enabling 22 ,000 half frames per

second to be produced at top speed . The
Potatjn~ Specimen Erosion Facili~~ pictures were taken on 400 foot rolls of 4x

This unique facility was designed such Reversal Kodak high speed film using two
that the erosion of stationary and rotational Sylvania FF-33 flood flash lamps as a source
turbornachine blades can be measured . Figure of light, The particles were recorded on
4 shows a schematic of the facility in which the film as a result of back-scatter of light
a measured amount of abrasive grit of a given off of them , thus it was important that a
consistency is placed in the particle feeder very dark , nonreflecting back ground be used .
at A . The particle feeder used with this The particle velocities were obtained by
facility is the same as was described earlier comparing the distance traveled by the parti-
for use in the stationary facility . The cle in two successive frames to this refer-
particles are fed into a secondary source , ence distance.
blown up to the system inlet and injected at
B. The particles are then accelerated by the DEVELOPMENT OF PARTICLE REBOUND CORRELATIONS
air that is being sucked through the inlet
Section , C, to the test section , D. The Spent The erosion of metals impacted by small
dust is then collected in a filter bag , E. dust particles as well ~s the rebound d ynamics

of these particles can -ily be described in
B INJECTOR a statistical sense. This becomes obvious

when one examines the number of geometric
situations that might be involved at impact.
After a given incubation period, the target
material will become pitted with craters andC ARTICL in fact  a f t e r  a sl ightly longer period , a

ACCELERATOR regular ripple pattern may form on the eroded
surface. Thus the local impact ang le between
the small particle and the eroded surface may
deviate considerably from the geometric aver-

0 TEST age. Further , the par ticles themselves are
SECTION irregular crystalline in shape with several

sharp corners. Therefore as the particle ap-
proaches the specimen , the orientation of theA PW~C~~ I par ticle is, for  the mos t par t, random.FEEDER

E ~~RTICLE
— c~~ LEC1OR The res t i tu t ion coe f f i c i en t  or restitu-

tion ratio is a measure of the kinetic energy
exchange between two objects upon impact.
Since eros ion is a fun ction of the energy
exchange between the erodent particle and the
material impacted , it was fe l t  that the
restitution ratio will give a good indication
of the behav ior of the par t ic le—mater ia l
interaction. This investigation was limited
to ductile target materials only. In addi-

Fig. 4 Rotating machinery erosion facility tiort the contaminant particles were chosen to
be much harder than the target material . There-

The test section consists of specimen fore, the restitution ratio will be a measure
blades simulating inlet guide vanes , rotor of target distort ion rather than distortion
blades , and s t ra ightening vanes. The rotor of the erosive particle .
is driven by a one—half horsepower , 10,000
RPM variable speed motor. The inlet guide The ratio of the particle velocity before
va ne , rotor and straightening vane blades are and after impact (V 2/V1) is plotted against
designed such that  they are eas ily removable the angle of attack (Ii ) in Figure 5. Since
so that they may be weighed and thus erosion the statistical distributions are of impor-
measured . tance , the shape of these distributions are
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1*RSEI MATI. - 2O2~ AU.8*&Id

~ .RTEI.E MATL-~)UMTZ 
V 2/V 1 = 1.0_2 .038

~
+3.328

~ 
—2.248~ — 0.4724

FT/SEC [ ~~~~~ (1)
9n

1.0 ,~~ ~ 20% ~ 1% 2 1 it 
12/I l = l.O+0.4091i —2.528~ +2,l98~ —0.5314

S..-. (2)
NON EROSItIE‘S
RESULTS

\ VN /VN O.993—1.768
~ 

+l.568~ —0 .49I~ (3)

>
,-

— 08SE WilED
OISTRtBUTION

> V‘I; T2
/VT1 

0.988—1.6611 +2.ll8~ —0 .678~ (4)

/ 7/
7’ \ where is the incidence angle in radians.

\
Since the data is of a statistical nature

the equations for the standard deviation of
the normal and tangential velocity restitu-
tion ratios were also obtained , so that the

0 effect of impact angle on the statisticalo 30 60 90 behavior of the parameters could be examined .
I~PINGEMENT ANGLE (DEGREES) The equations for the standard deviation , o,

of the normal distributions are as follows :

Fig. 5 Influence of impact angle of particle
velocity restitution ratio (V /V ) = 0.00540.6281 —O .535B~ +0.O891~

cross plotted on the figure . The spread in (5)this data indicates the variable condition of
the surfaces and the orientation of the par-
ticle at impact. Further , the data obtained c(V
by Hussein 16] for nonerosive particles are N2

/VN1
) 2.lsIi — 5 .o2 1~ +4,058~ —1 .0854

plotted in the same figure for comparison. (6)

Grant , Ball and Tabakoff 17] were the The standard deviations of the restitu—
first to thoroughly investigate the rebound tion coefficient (V2/V1) and the directiona l
characteristics of high-speed eroding par- coefficients (82/1 ) were not examined be-
tid es. The study was carried out on annealed cause their distri~utions were not normal.2024 aluminum alloy. The data was described Histograms were also used in the presentation
using histograms to illustrate its statis- of the erosi”e rebound characteristics of
tical distribution . As with Hussein and high-speed particles. Figure 6 illustrates
Tabakoff (8) curve fit equations were also the histogram of the velocity restitution
obtained for the data. It was concluded from ratio for stainless steel at an angle of at-
this investigation that the restitution ratio tack of 15 degrees. As can be seen from this
(V2/V1), which is directly related to the figure , the data is presented by a ser ies of
k ine tic energy lost dur ing impact, does not rectangles. The height of the rectangle re-
give sufficient information in regard to presents the number of times , or frequency of
erosion . With this in mind , the restitution
ratio was broken down into a normal velocity
restitution ratio , VN /VN , (the normal com-
ponent of the partidl~ v~locity after impact/ 

20
the normal component of the particle velocity

1 

vNlr’\.z!
l\..,~~~

v lii 
TASSET MNL. - us ST. ITSIL

be fore impact) , and a tangential velocity P*RTIO E MAIl.. - GJARTZ
res t i tu t ion rat io , VT /VT ,  (the tangential _________

0 .2% .’
— component of the particle velocity after im— o

V1 . 250 FTISEC
velocity before impact). It was found that Np • lOt
the normal velocity restitution ratio does 10
not significantly contribute to ductile cr0-

pact/the tangential component of the particle 8 

_
~
_
~

_

~ 

~‘f 
.

sion. Most probably the kinetic energy is
d issipated by plastic deformation of the
target material without significant material ~ 5

restitution ratio was investigated , it was
removal. When the tangential velocity 

08 1.0 
- 

1-2 1.4 
-

found that the maximum erosion of 2024 alu— ‘~-

minus, which was observed at 20 degrees angle 0 0.2 ~~4 O6
of attack (7], coincides with ~he minimum 

.

va lue of VT2/VT1. The equations predict ’
the behavior of the various restitution r~. F i g .  6 Erosive particle velocity resti tution
parameters were found to be : ratio distribution

4

-~~~~~~~~
L .

~~~
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occurrence that the velocity restitution ra— Figure 7 shows the data summarized for
tio was found to be between the limits desig- the directional coefficient distribution of
nated by the scale at the base of the rect— stainless steel for 15 and 45 degrees.
angle. The spread in the data indicates that
the condition of the material surface and the The ratio of the tangential component
orientation of the particle at impact changes, of velocity VT2/VT1 for stainless steel at

angles of attack of 15 and 45 degrees is
shown in Figure 8, where the tangential re-
stitution ratio at 90 degrees was assumed to
be unity. From the experimental findings

1.5 a least square , polynomial curve f i t  was
obtained for the restitution parameter which

TARGET MRzL hbo ST. STILl. nay be expressed by the following equations:
PRRTICI.E MAIL. -

(‘ 
‘S
”
\ 

1.0 
~
2.O5868 i +3.07484 —1 .31844

(7)

1.0 \ tI NT~~~~~~~~~~~~~ 2
g2 V~~~ 8 2/I l = 1.0 +2.606781 —5.70834 +2.5354v1~ v12 (8)

VN /VN 1.0 _0.41598l —0.49944 +0.2924

(9)

0-5 VT /vT 1.0 _2.l2ll +3.07754 —i.i4 (10)

Equations for the standard deviation of
• ~~~~ the normal and tangential velocity restitu-

tion ratios were obtained and are given by:
~~~ 

050ERRED
r~j Dismias~~

30 60 90 e ( V  /V ) 0 .4523 1  — 0.287682 — 0.03098~IMPINGEMENT ANGLE (DEG.) T2 T1 1 1 1

1Fig. 7 Inf luence  of impact angle on particle + O.l958
~ 

(1

directional coefficient

— a(V /V ) 2.5 104~ — 3 , 16936 2 
— 0.27558~N

2 
N1 1 1 1

+ 0.82738k (12)
1.5 1

TAIWiET tout - ‘~‘ “- ‘nut. Similar experiments were performed with the
PARTICI.E MATt - OJASTZ titanium alloy.

- 250 FT/SE C
0 DISCUSSION OF EXPERIMENTAL RESULTS

The tangential restitution ratio was
also found to be very susceptible to the1.0 

,_—~~
“ ‘ magnitude of the approach velocity. This

fact is very significant in erosion predic—
> tion which is mostly affected by that pars-

\ meter. According to the experimental data,

~ 
the tangential resti tution ratio , RT, was

> found to be linearly proportional to the
Ni ft 2 5N2 normal component of the impact velocity . An

0-5 ‘I’ ~fl expression of this relationship for 2024
aluminum is:

•

r~ 0BSERV~~ 1.0 — 0.0016 V1 sin (81) (13)
~(4 ~~9R*JT%ON

The tangential rest i tut ion ratio for
410 stainless steel is expressed as:

0~C0— 
—~~~~

-- —  

~~ — 1.0 — 0.0017 V1 sin (14)
IMPINGEMENT ANGLE (DEG.)

Fig. B Influence of impact angle on tangen- and the tangential restitution ratio for
tial velocity rest i tut ion ratio 6A1-4V titanium was found to be:

— 5 —



— 1.0 — 0.0016 V1 sin (15) TARGET MAIL - 202~ ALLYM2IJM

3•( ~~RT~~~ MATI - ALUMSIS

These expressions were used in the eros ion
~~RTlD.E 5125 - liD MI~~GG

equations developed by Grant and Tabakof f 0
(10) to predict the erosion behavior of the
different target materials.

PIRIICI.E ~u.ocuv
Prediction of Ductile Alloys Erosion r
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  560 FT / SEC • 0 0

The equation for predictthg the erosion , GE 2.( 
• ~~~, of the specimen material can be expressed Ui

~~~ 

25O FT /SEC •as follows:

c = K1 f(81) V~Cos
2
12

11_ Ri~)+f(V in) (16) .,
~ 

--  J \ ~ 
9~l.CIMEN I VT IlL

•~ 
WIDTH lOCH INCH INDI

where I-n PRE~~~TE0 ‘AII.UE
I$ING EDIt 16f(81) = 1 + CK (K12) sin2l )2 (17) 

1~C

Se FT/SEC’
f(Vi n) = K3 (V1 sinl 1)

4 (18)
lit

L20 FT/SEC= angle of attack where maximum 300 FTISECerosion occurs. w
The empirical constants for quartz im— 0 30 60 90

pacting on aluminum alloy are: IMPINGEMENT ANGLE (DEGREES)

K1 = 3.67 x io
_6

, K12 = 0.585 Fig . 9 Experimental and predicted erosion
K3 6.0 x 10—12 resu l t s

observed in all cases. It is interesting to
CX = 1 for 81 < 20 note that as the temperature goes up, at

a = 20 degrees, the three alloys exhibit a
CK = 0 for > 0 decrease in erosion. At 60 degrees the

The previously reported restitution ratios stainless steel and titanium alloys show a

were used in equation (16) to predict the decrease, while the aluminum alloy shows an

erosion of the different target materials increase in erosion with increase tempera—

which was found to agree with the experimen— tures. At 90 degrees the titanium alloy

tally measured values. The experimental shows an erosion decrease with increasing

results for alumina (A l203) impacting on 
temperature , while the other two show an

aluminum alloy in the stationary specimen increase in erosion. For more details , see

test facility were found to be similar but Reference (11]. Presently these experimental

slightly lower than those obtained using investigations are continued at higher

conventional erosion test facilities , material temperatures.

Figure 9 illustrates the erosion results CONCLUSIONS

for 2024 aluminum alloy at different particle
velocities. Inspection of the figure ~how~ 

In general , th is study shows how the
that the maximum erosion occurs at an angle erosion damage can be investigated in turbo-

of approximately 20 degrees. As the angle machinery and it provides a new insight into

of attack increases from thi8 value the ero— the erosion phenomena. The results of this

sian reduces to a residual value at 90 de— investigation have led to the following

grees. The solid curve s show the values conclusions.
computed using equation (16). 1. The characteristics of an eroding

Effect of Material Temperature on Erosion system are problematic and must be defined

To the present date no sufficient re— statistically.

search is reported regarding the effect of
material  temperature on erosion. For this 2. The tangential component of the

purpose , erosion stud ies of heated alloys in velocity restitution ra tio correlates with
the stationary specimen facility were carried the experimentally observed eros ion results ,
out. Three different alloys at three angles whereas the normal component of this para-

of attack (a — 20, 60 and 90 degrees) were meter exhibits no such correlation.

investigated. The alloyS tested were 2024
aluminum, 410 stainless eteel and 6Al—4V 3. The restitution ratio decreases as

titanium . The diameter of the particles used the particle impact velocity increases.

was 138 microns and the particles velocity
was 410 ft/sec. The material temperature 4. Heated alloys exhibit different
was varied between room temperature and 400 F. erosion patterns compared to cold alloys at

The experimental results are shown itt Figure d i f f e r e n t  ang les of attack .
10 for the three alloys. The linear depen-
dence between erosion end temperature can be

— 6 - - 
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2024-ALUPUNUII ALLOY
— - — 6A-4V—T IT N~UM ALLOY

€ — — — 1110_STAINLESS STEEL ALLOY

e .20 0 x - 6 O ~ - 
d -90°

— 138~ 0p — 138s 138~v~ — 410 FPS — 41O FPS

~ 0.1

100 200 300 100 200 300 100 200 300 400

TEtPERATU~

Fig. 10 Effect of temperature on erosion for three al loys

ACKNOWLEDGEMENT [6] Hussein , M .F., “The Dynamic Charac-
teristics of Solid Particles in Particulated

This work was partially sponsored by Flow in Rotating Machinery ,’ Ph.D. Thesis,
U.S. ~ rmy Research O f f i c e  — Durham under University of Cincinnati , 1972.
Contract No. DAAG-29-76—G—0229 and partially [7) Grant , G., Bali , P. and Tabakoff , W.,
by ERDA Contract No. E(49-18)-2465. “An Experimental Study of the Erosion Pebound

Characteristics of High-Speed Particles let-
REFERENCES pacting a Stationary Specimen , Dept. of Aero.

Engg . Technical Report 33—36 , May 1970,
[1) Finnie , I., Wolak , J. and Kabil , 1’., AD—760578.

“Erosion of Metals by Solid Particles ,” Jour- [8] Hussein , M.F. and Tabakoff , W.,
me l of Mater ials , Vol . 2, No. 3, September “Calculation of Particle Trajectories in a
1967 , pp. 682-700. Stationary Two—Dimensional Cascade ,” Dept. of

12) Smeltzer , C.E., Gulden , M.E., Aero . Engg. Technical Report No. 72—27 , Iini-
McElmury, S.S. and Cornpton , W.A., “Mechanisms versity of C i n c i n n a t i , 1972 , AD-764 267 .
of Sand and Dust Erosion in Gas Turbine En- [9) Ball , P. and Tabakoff , W ., “An
gines ,, ” USAAVLABS Technical Report, August Experimental Investigation of the Particle
1970 . Dynamics of Quartz Sand Impacting 6Al-4V

(3) Finnie , I., “An Experimental Study Titanium in an Erosive Environment ,” Dept . of
on Erosion ,” Proceedings of the Society for Aero. Enqg. Technical Report No. 74—43 ,
Experimental  Stress Analysis , Vol .  XVI I , Univers i ty  of C inc inna t i , 1974.
No. 2, pp. 65-70. (10] Grant, C. and Tabakoff, W . ,  “Erosion

(4] Smeltzer , C.E., Gulden , N.E. and Prediction in Turhomachinery Due to Environ—
Compton , W .A., “Mechanisms of Metal Removal mental Solid Par ticles ,” Journal of Aircraft ,
by Impacting Dust Particles ,” Journal of Vol. 12 , May 1975, pp. 471—478.
Bas ic Engineer ing , September 1970, pp. 639- [11] Cat, N ., “The Effect of Temperature
654. on Erosion ,” M.S. Thesis , Dept. of Aero .

[5) Head , W ,J. and Harr , M.E., “The Engg., Un iversity of Cincinna ti , 1975.
Development of a Model to Predict the Erosion
of-Materials by Natural Con taminants,” Wear ,
Vol. 15, 1970, pp. 1—46. I— -~N TI S

I DDC b ’
- -

JIJST~ Itt , -

_ _ _ _ _ _ _ _ _ _ _  _____ —-—~ - -. - - -~ ---—--—-- - -- _ _ _


