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Liquid-Induced Erosion Research

1. Introduction

The Cavitation and Multiphase Flow Laboratory of the Mechanical Engineering Depart-
ment at the University of Michigan has been engaged for several years on a broad study
of liquid-induced erosion and related problems from the viewpoint of both cavitation and
liquid impact. It is the purpose of the present document to summarize briefly this work
up to the present.

The erosion work is both experimental and theoretical. Experimental erosion studies
involve several damage test facilities as well as ultra-high-speed photographic equipment:

1) high-speed cavitating water tunnel—to ~65 m/s,

2) vibratory cavitation facility for a wide range of temperatures and pressures with
almost any fluid including liquid metals as sodium,

3) rotating propeller arm device (4 ft. radius) for velocities to ~550 m/s at pressures
from 1/2 to 1 atm,

4) repeating water-gun facility producing elongated water slugs of ~1.2 mm diameter
with velocity to ~600 m/s at repetition rate of ~50 slugs/min.

In addition the following major experimental facilities, not erosion-producing, are in
use:

1. Low pressure wet steam tunnel** for study of wet steam flows under vacuum and
velocity conditions pertinent to the low pressure end of large steam turbines. The study
includes the build-up and fragmentation of liquid films upon blading profiles inserted into
a transparent test section. Test section conditions so far attained include pressure of 2 —3 psia,
and velocity close to Mach 1.

2. Bubble nucleation facility for study of bubble nucleation thresholds in various fluids
(including sodium) as function of entrained gas microbubble population spectrum, imposed
préssure wave frequency and amplitude, liquid temperature, etc. This work will not be discus-
sed in further detail here, since it is not as closely related to the subject of the conference
as the other studies. : -

The theoretical erosion work has concentrated upon computerized numerical studies
of both collapsing cavitation bubbles ([1], e.g.) and individual droplet impacts upon flat

* The University of Michigan, Ann Arbor.
** Designed by Dr. J. Krzyzanowski of IMP PAN, Gdansk, during his recent stay in our laboratory.
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204 F. G. Hammitt et al.

surfaces ([2], e.g.). Initially a non-deforming surface was considered, but in our presently
on-going work, the surface deforms [3].

The present paper concerns itself primarily with our most recent erosion results (those
from the water gun device), as well as initial results from the wet steam tunnel.

2. Water gun and droplet impact studies
2.1. Facility description

1 hough described elsewhere ([4], e.g.), the salient features are summarized here. The
gun is a device using momentum exchange between an impacting spring-driven steel
bolt and the impacting liquid. The momentum is transferred through a relatively stiff,
but deflecting steel diaphragm. It is patterned after a device developed earlier by P. Kenyon
[5], but somewhat modified for our present purposes.

Figure 1 is a schematic of the working section. A conical chamber formed in a steel
plate is sealed on the back with a relatively thick steel diaphragm, struck by the steel bolt
which is itself propelled by a heavy spring. Velocity is adjustable over the range 300-600 m/s,
and repetition rates from 5-110/min. are possible.
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Fig. 1. Gun schematic

A photocell arrangement is used to set and monitor jet velocity. Typical jets at 3
velocities are shown in Fig. 2, indicating that the form of jet depends substantially upon
velocity, so that the device is not well-suited to studying the general effect of impact velocity
upon damage rate. Such results obtained with this device are then specialized to it.

2.2. Velocity effects upon damage :

Figure 3 is a typical S-shaped erosion curve showing mean depth of penetration (volume
loss/jet area) vs. height of impinging liquid column (assuming the impinging slugs to be
reassembled into a single column), following the suggestion of Heymann for a recent
liquid impact Round-Robin conducted in the U.S.A. by ASTM. The slope of the curve
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Fig. 2. Typical jets

is then a non-dimensional erosion rate, the ratio between depth of material removal and
height of impacting liquid. The ratio is ~ 5000 in this case.

Figure 4 shows typical weight loss vs. number of impact curves at 400 and 600 m/s
for soft aluminium (1100-0) and commercially pure nickel (270). Some material properties
and test results are listed in Table. 1. The same results (smoothed curves) in terms of volume
loss (proportional to mean depth of penetration) are shown in Fig. 5. From this data and
also points at 480 m/s, the effect of velocity upon erosion rate is shown in Fig. 6, indicating
a maximum damage velocity (~480 m/s) for this facility. It is of course unusual that
the damage rate does not increase rapidly and continuously with increased velocity, but
this unexpected result is apparently due to the change of jet shape with velocity (Fig. 2),
previously discussed. The jet shape at high velocity is apparently relatively less damaging
with this device than that produced at lower velocity.
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Table 1
Summary of test conditions and results
z Surface Equivalent :
= L Test speed Rockwell 3 Maximum
Specimen Material [mJs] Test angle | roughness Hordosss Brinell MDPR*
(rms) [pm] hardness
1100-1 Al“ﬁ‘&“(';‘ 400 90° 0.87 RE 28 1.45
1100-2 & 0.62 RE 25
1100-4 600 90° 0.75 RE 25 0.49
1100-5 075 .| RE29
N-1 Pure Nickel 270 400 90° 1.25 RB 46 80 0.26
N-2 0.89 RB 40 75
N-4 : 600 90° 125 RB 32 69 0.08
N-5 - 0.47 RB 30 67
N-6 0.47 RB 30 67
1100-5F Alyminum 480 90° 0.75 RE 31 a2
1100-F
1100-4F 480 602 0.5 RE 30 0.19
1100-8F 0.75 RE 28
1100-7F . 480 30° 0.6 RE 33 0.0
1100-13F 480 45° 0.7 RE 34 0.0
1100-21F Aluminum 480 90° 0.6 RE 31 2.3
1100-22F 1100-F 0.37 RE 32.5
1100-23F 758 0.38 RE 32 1.29
1100-24F 0.35 RE 35
1100-25F 60° 0.36 RE 32 0.138
1100-26F 0.40 RE 33
PLX-1, 2 Plexiglas 480 90° = - 153
PLX-3, 4 75° = = 153
PLX-5, 6 60° — - 34.4

* Rate of MDP change with respect to number of impacts.
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2.3. Angle of impact effects

Tests have been completed upon Plexiglas, soft aluminum (1100-0 and 1100-F, assumed
interchangeable since their mechanical properties are very close) and commercially pure
nickel (270), at 480 m/s impact velocity (approximate maximum damage velocity) for angles
of impact ranging downward from 90° (perpendicular impact). The distance from gun
discharge to target center of impact is same in all cases. Fig. 7 shows the results, indicating
a very strong decrease of damage rate with angle for all materials tested. These results
appear to indicate that the decrease of erosion rate with angle is more rapid than would
be expected, if as often assumed, the normal component of velocity only is important in
producing damage. If this were the case, then the velocity exponent, » in the equation
below, would be ~ 16, whereas a value of 5-6 is normally found

MDPR... TV.T
MDPR.,. |V |

maxy

This ungsual result may be partially due to the somewhat irregular shape of the liquid
slug in these tests, but it cannot be due to a changing jet shape, since only the target inclina-
tion is varied.

2.4. Impacts on resilient surfaces

A photographic investigation of splash impact patterns upon surfaces of differing
resiliency is reported in detail elsewhere [6], and hence only summarized here. Perpendicular
impacts at 223 m/s (500 MPH) upon Plexiglas and various elastomeric coatings (~0.84 mm)
upon steel backing (~6 mm) have been conducted. Though there was little axial splash
for a relatively non-deforming material such as Plexiglas (Fig. 8), there was considerable
axial splash for some of the elastomerics (Fig. 9, e.g., for a grade of Neoprene). Natural
rubber Fig. 10, on the other hand, showed little splash-back, being similar to Plexiglas in
this respect. Thus at times the splash pattern differed considerably between apparently
similar materials so that no meaningful correlation between splash pattern and erosion
resistance as measured by the water gun, or other measured material properties, was found.

2.5. Theoretical studies

While our past numerical studies of droplet impact upon material surfaces has considered
in general only non-deforming flat surfaces [7, 2], we are now extending this work to in-
clude surfaces exhibiting some resiliency. Two mathematical models have been studied.

2.5.1. Zero strength, inertial material model

Initial results were obtained [8] for the above material model, which is particularly
pertinent for a soft elastomeric material. Impact of a spherical water drop at 270 m/s
was studied for this case (Fig. 11). The considerable surface deformations shown indicate
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Fig. 8. High-speed motion picture sequence of jet impact — Plexiglas
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Fig. 9. High-speed motion picture sequence of jet impact — Goodrich 310
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Fig. 10. High-speed motion picture sequence of jet impact — Goodrich #1 (natural rubber)
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the reason for splash-back as shown in previous figures. However, it is not clear from these
calculations why the intensity of splash-back differs so greatly between materials of similar
elasticity (Fig. 9 and 10, e.g.). From further more detailed study of our splash-back pictures
than has so far been made, it may be possible to infer the surface deformations necessary
to create the splash, and thus confirm to some extent our calculated surface deformations.
Due to its extreme rapidity and small scale it is very difficult to obtain a good experimental
measurement of the instantaneous surface deformation.

- %'—:lzs

3

41 P_sc._s=|.o
PoCo

Fig. 11. Isobar distribution in an initially
spherical droplet at time Ct/D=1.25, for
impact Mach number of 0.2 on elastic boundary

2.5.2. Elastic material model

As part of the Ph.D. dissertation of one of the present authors [3], computer programs
are being developed to 1) follow the deformation of an elastic solid material under arbitrary
impulsive surface loading, indicating stresses and strains at all points, and 2) follow drop
deformation, velocities, and pressures during impact with the deforming surface. Results
of surface deformation using this new program for axisymmetric impulsive loading on an
elastic half-space for uniform and parabolic load distribution over a circular area are shown
in Fig. 12 and 13, and compared with an existing analytical solution [9].

3. Low Pressure Wet Steam Tunnel Studies
3.1. General
A blading erosion problem for steam turbine blades operating in the moisture regime

has existed for many years. It has become more serious for present nuclear power plants,
because of the low temperature steam provided, lacking usually in both superheat and reheat,
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so that steam moisture contents are greater than for fossil plants, both in the low pressure
end (as previously was the case), and now also in the high pressure portion of the turbine.

A low pressure steam tunnel has recently been designed and erected in our laboratory
with transparent test section designed for typical low pressure steam and moisture conditions
existing in large power plants. Realistic steam velocities (250-500 m/s) are obtained. Blading
profiles similar to turbine stator blading, and providing desired axial pressure gradients,
can be installed in the test section. The behaviour of the liquid film along the profile, as
well as its fragmentation into the wake, is then the object of study in this facilits y, rather
than erosion. /

3.2. Test facility

Figure 14 is a schematic of the facility [10]. Saturated steam (~ 5 psig) from the building
heating supply is fed into a stilling tank through a throttle valve and flow-measuring orifice.
Water can be sprayed into the stilling tank to increase moisture content of entering steam
as desired.

Steam is then accelerated through a converging nozzle into a parallel-walled, transparent
test section (10 cm x 10 cm) into which the test blading profiles are installed. The steam
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Fig. 14. Steam tunnel schematic
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then traverses a diverging section, so that supersonic flow in the test section is possible,
if the condenser vacuum is sufficient. A jet-type mixing condenser is used, into which a large
guantity of cooling water is sprayed (about 50 X steam flow, which is ~14,00 1bm/hr max.).
The condensed effluent is removed by a centrifugal pump into the sewer system, and air
entrained with the steam is removed by a mechanical vacuum pump.

{S[If for injecting water film

W= s

blade cross - section

steam flow
E—

MATERIAL = stainless steel
SURFACE ~ polished

steam flow

= W 7/1 - 7 ///////////////////////////,///[[[I/lllllﬂlln-

L cooling chamber

MATERIAL - staintess steel
SURFACE - polished and cleaned

Fig. 15. a) Blade profile with injected water. b) Blade profile with internal cooling

Test section steam velocities are measured directly by Pitot tube traversed in the test
section, and are calculated from an upstream orifice mass flow rate measure. At present,
agreement between the methods is within + 159, with Pitot providing the higher velocity.
However, considering the uncertainties of impact tube data in two-phase flow, the orifice
measure is probably more precise. Maximum test section velocity at present is ~1500 ffs,
ie., ~Mach 1. ;

Liquid films on the test profile can be induced either by direct injection of a water film
along the profile boundary, or by internal water cooling of the profile (Fig. 15). The inter-
nally-cooled profile probably models more closely the liquid film formation in an actual
turbine.

3.3. Preliminary test results

For the preliminary tests here described [11, 12], the symmetrical flat profile with tapered
ends shown in Fig. 15 was used, with zero angle of attack. Photographic results were
obtained both with injected water (Fig. 16), and with the blade internally-cooled (Fig. 17),
providing a condensed film.
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Fig. 16. Injected water film. Steam velocity: a) 437.8 m/s, b) 229.14 m/s. Film flow rate: a) 20 cc/min.,
b) 21 cc/min.

3.3.1. Injected water film (Fig. 16).

Fig. 16a shows surface waves a long the blade with the injected water film. These appear
to originate at the point where the blade trailing edge (Fig. 15) begins. The surface wave at
this point covers nearly the entire blade width.
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Fig. 17. Condensed water film. Steam velocity: 415 m/s. Film flow rate 120 cc/min.

Fig. 16b shows a tearing-off of the film in certain places, and the resultant droplet
distribution in the steam-flow wake. The torn-off slug apparently does not separate into
individual droplets until some distance downstream from the blade trailing edge. Before
droplet formation, but after leaving the blade, the stream appears to twist into a vortex
formation. The existence of a vortex at this point is also suggested by the angle of separation
of the droplet paths after droplet formation. Droplet diameter in the wake is 0.05-0.1 mm.
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3.3.2. Condensed water film (internally—cooled blade)

Fig. 17a shows the film streaming toward the trailing edge in fairly uniform fashion,
and then fragmenting into droplets.

Fig. 17b shows the build-up of the condensed water film toward the blade trailing edge
where it collects, eventually tearing-off under the action of the high-velocity steam into
relatively large liquid slugs, which then pass downstream with the steam wake. The ap-
pearance of the film build-up at the trailing edge suggests that steam separation has oc-
curred along this portion of the blade, due perhaps to an adverse pressure gradient along
this tapered portion of the blade (Fig. 15). Thus there may be an upstream velocity com-
ponent along the blade in this region, causing film build-up near the trailing edge, and
generally retarding the breaking-off of film segments until relatively large slugs form,
leading to an accelerated erosion problem when these impact the next moving blade row
in an actual turbine. It is thus possible that modification of the blade shape in the region
of the trailing edge could reduce the flow separation, and perhaps also the resultant droplet
size in the wake. Thus further similar tests with differing blade profiles designed to evaluate
the effect of pressure gradient near the trailing edge could be fruitful.

4. Conclusions

Various preliminary results concerning high velocity liquid droplet erosion of various
metallic materials, and photographic details of the impact process and splash-back for
various elastomeric materials, utilizing a water-gun device are presented. On the other hand,
preliminary photographic observations of the behaviour of liquid films condensed from
high-velocity low-pressure wet steam flowing past turbine blade profiles are also shown.
In all cases the results are very preliminary, so that few firm general conclusions can be
drawn at this point. These seemingly unrelated investigations are closely connected in
motivation through droplet erosion, which is presently of considerable importance in the
further development of very large steam turbines for the electric power industry.
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Badanie erozji wywolanej dzialaniem cieczy

Sireszczenie

Przedstawiono wyniki badan erozji materiatow rhetalicznych, prowadzonych przy uzyciu urzadzenia
wyrzucajacego strumiefi wody; wskazuja one na zalezno$¢ szybkosci erozji od predkosci i kierunku
padania strumienia. Pokazano, ze dla uzytego urzadzenia istnieje predkos¢ odpowiadajaca maksymalnej
szybkosci erozji. Pokazano rowniez, ze ze zmiana kata padania uzyskano wieksza zmiang szybkosci erozji
niz mozna byloby oczekiwac.

Przedstawiono sekwencje zdje¢ uderzenia strumienia wykonanych szybkoobrotowa kamera filmowa,
dla réznych materiatéw niemetalicznych. Zdjecia ukazuja szczegély obserwowanych rozpryskow.
Mimo, ze te ostatnie r6znia sie bardzo dla réznych materiatow, nie udalo sie znalez¢ zadnej korelacji
pomiedzy rozktadem rozpryskow a odpornoscia na uderzenia strumienia lub innymi wlasnosciami ma-
teriatow. .

Zaprezentowano wstepne obserwacje fotograficzne fragmentacji i narastania filmu cieczowego na
profilach odpowiadajacych profilom Iopatek turbinowych w niskocisnieniowych przeptywach mokrej
pary wodnej. Okazuje sie, ze wielko$¢ czastek cieczy, pojawiajacych sie pdzniej w Sladzie aerodynamicz-
nym, moze zaleze¢ silpie od osiowego gradientu ciSnienia w poblizu krawedzi sptywu topatki. Minimali-
zacja i kontrola wielkosci tych kropel jest oczywiscie bardzo wazna dla minimalizacji powodowanej
przez krople erozji nastepnego szeregu wirujacych topatek we wspolczesnej turbinie parowej duzej mocy.

Hccienosanue 3po3ni BHI3BAHHOMN JeHCTBHEM KHIKOCTH

1
Pe3romMme

IIpencTaBieHbl pe3yabTaThl UCCICHOBAHUI SPO3MH METAIAYECKAX MATCPHATIOB, IPOBEIEHHBIX IPH
TOMOILM YCTPOYCTBA BEIOPACHIBAIOIIEro NOTOK BOABL. OHM YKa3hIBAIOT HA 3aBUCHMOCTE CKOPOCTH 3pO3HHA
0T ckopocTH Koyum3ud. ITToxazaHo, 4TO i JAHHOTO YCTPONCTBA CYIIECTBYST 3HAUCHNE CKOPOCTH IOTOKA,
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KOTOPOMY OTBEYACT MaKCHMAJbHAS CKOPOCTE NPOIECCA 3PO3MU. DTO NPOUCXOMMT BEPOSTHO 324 CUET W3-
MEHCHEsT QOPMBL PPOHTA MOTOKA B (DYHKIHMH €T0 CKOPOCTH. J[JIsi 3TOTO K€ CAMOTO YCTPOMCTBA MOKA3AHO
BIIMSIHUE YITIA aTaKW, yKashBasi HA 00Ji€e CHIBHOE, €M MOXKHO OBUIO Obl OXMIATH, MATEHHE CKOPOCTH
5PO3uH BBHY W3MEHEHMS yIJIA.

TIpencTaBieHbl NOCHEAOBATENBHEIE CHUMKY yAAPa NOTOKA B PA3IMYHBIE MATEPHAIDL, CLEIAHHbIE Obic-
TPOAEUCTBYIONIEH KuHOKaMepoit. Ha cCHMMKax BHIHBL NOAPO6GHOCTHE HAGIIONAEMEIX (HOpM DPa36pPEI3TOB.
Mpzmo TOrO, YTO 3TH MOCHEHIE 04EeHb PABIHYAROTCS [T PASHOOGPA3HBIX MATEDHAIIOB, HE YOAJIOCh HANTH
HUKaKO# KOPPEIAIIYE MeXAy hOpMOit pas6pEI3ToB ¥ IPOYHOCTEIO MPOTHB YOADAM IMOTOKA K ADYTHMHA
CBOMUCTBaMU MATEPUAJIOB.

IIpencrasnens: pesynpTaTEI IPEABAPATENLHEX (GOTOrpadrYecKuX HAGIIONCHHT obpazoBanus m pac-
najaa IICHKK XUAKOCTH HA INIACTHHKAX, MOJECIUPYIOMNX HPOGHIs TYPOMHHBIX JONATOK B IOTOKE BIIAXK-
HOTO BOZISHOTO MApa IPU HU3KUX JaBieHUAX. OKa3hBACTCS, YTO BENMYMHA KANENb >KHOKOCTH, IOSBI-
FOIIMXCA MO3THEE B a9POANHAMUYECKOM CIIEY, MOXKET CHJIBHO 3aBHCETH OT AKCHAIBHOTO TDAJUEHTA IaB-
JIeHHs BOIU3Y BEIXOAHOM KPOMKY JIOIATKA. MUHAMATH3AINS ¥ KOHTPOIb BEIMUMHBL HTHX KAIENh, KOHE-
YHO, OKa3bIBAIOTCSA OYCHD BaXHBIMI C TOYKHM 3DEHUS OrPaHUYMBAHMS 5PO3HH, BBI3EIBAEMOM KAIUIIMY B BEH-
Iax paboumx JOmATOK COBPEMEHHBIX MTAPOBEIX TYPOHH GOIBINO MOIIHOCTH.,



