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PREFACE 

Despite the development of many devices for study of the failure of 
materials exposed to cavitation or fluid erosion, a need has existed for a 
facili ty which would permit a more fundamental study of the damage mechanism. 
Fundamental studies which can lead to naval design procedures providing re-, 
duced erosion are essential to modern naval interests. 

Studies leading to the development of the new facility described herein 
were carried out at the St. Anthony Falls Hydraulic Laboratory during the per
iod from January, 1964 to March, 1965 under the joint sponsorship of the David 
Taylor Model Basin and the Fluid Mechanics Branch of the Office of Naval Re-
search. 
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A NEW FACILITY FOR EVALUATION OF MATERIALS 

SUBJECT 12 EROSION AND CAVITATION DAMAGE 

r. INTRODUCTION 

For nearly forty years various investigators have attempted to develop 

and routinely employ test procedures which would realistically evaluate the 

service resistance of fabricated materials exposed to erosion by water impaot. 

These evaluations were neoessary for the design selection of materials for 

steam turbine blades, for hydraulic machinery, and more recently for under

water ship appendages and for aircraft windshields. 

Early studies of damage demonstrated the difficulties in attempting to 

make evaluations on the basis of field tests. Asa result field testing has 

largely given way to simplified and accelerated testing in the laboratory, 

In the case of steam turbines this has been accomplished with whirling blades 

impacting high-speed jets. Studies of aircraft rain erosion have also used 

whirling blades in a spray and, for higher speeds, a projecting of fluid slugs 

at stationary solids or firing solids at stationary drops of liquid. For hy

draulic devices and ship members exposed to cavitation, the accelerated test 

apparatus has varied widely, but three basic types have found considerable 

use. These, are the Venturi throat or recirculating tunnel, the vibratory ap

paratus, and the SUbmerged rotating disk with cavitating perforations. 

Cavitation damage studies in the three named types of de,:ioes show a 

general similarity of findings, but a number of significant differences con

tinue to appear in the quantitative values derived from the various test pro

grams. The findings and differences in these studies have yielded a number 

of pertinent questions which inclUde the following: 

1. Is there a threshold value of the relative flow 
velocity at which damage begins on a given mater
ial; or is damage a combined function of the fre
quency and intensity of the impact being delivered 
as a result of the velocity? 

2. Is there an "incubation" pel~iod of exposure during 
which little or no evident damage occurs but which 
is eventually followed by substantial erosion when 
the exposure condition persists? 

3. Are there a number of oyoles of increasing and 
decreasing rates of damage with time as observed 
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* by Harrnnitt [lJ or is there a simpler, progres-
sivelyincreasing rate as observed by Lichtman 
et al [2J? Are these later stages of damage sim
ply a byproduct of the flow disturbances caused 
by the earlier stage.s and thus a function of the 
particular test environment? Should these later 
stages be omitted in a fundamental damage evalu
ation? 

4. The rate of weight loss attributable to damage 
appears to be a function of some relative fluid 

velocity raised to the nth power. Is this power 
the fourth, fifth, sixth, or eighth as observed 
by various experimenters? Will the ultimate ve
loci ty limit of all shallow depth underwater naval 
operations bEl keyed to this relation? 

5. To what extent can the elasticity, fatigue, hard
ness, strain energy, roughness, thickness, or 
other characteristics of the material be corre
lated with the observed damage? Will the strain 
energy correlation of Thiruvengadam [3J prove to 
have wide-ranging application or will additional 
properties be required in the correlation as sug
gested by Hammitt et al [4J? 

6. To what extent do the density, viscosity, surface 
tension, chemical, or o-t;,her characteristics of 
the fluid influence the damage? 

While a study of the literature indicates a present ability to make 

suitable material selections for many design problems and provides partial 

or qualified answers to many of the foregoing questions, there is substantial 

evidence that: 

a. Naval operations will be continually plagued by 
cavitation problems as the trend toward increased 
speeds continues. 

b. Existing types of damage facilities are inherent
ly incapable of providing suitable definition to 
the fundamental mechanism of cavitation damage. 

The prime difficulty with the existing test systems for accelerated cavita

tion damage lies in their inability to provide adequate experimental control 

over the many variables that are concurrently involved in the cavitation dam

age phenomenon. This suggests that the control problems might be greatly sim

plified by eliminating the complex and obscuring parts of the phenomenon that 

have to do with the creation of the cavity, and by concentrating instead on 

* Numbers in brackets refer to the List of References on page 13. 
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the erosion :mechanism associated·with cavity collapse •. That this is a real. 

isticapproach is supported by the opinion of many investigators as summarized 

by Eisenberg [.5J who shows evidenoe that the principal mechanism of oavitation 

damage is the meohanioa1 destruotion of the solid surfaoe by the localized im

pact of the surrounding fluid. 

The facility described herein strips the oollapse phenomenon to its 

bare essentials by examining the erosion action of an impaoting fluid element 

on a boundary solid. This is done in a system whioh minimizes the variables 

and establishes a good oontro1 of those whioh remain. This approach by no 

means disoounts the importanceofoontinued studies of the more oomplete oav~ 

i tation model but instead aims to aid in olarifying the study of erosion oX' 

damage by ooncentrating on the most pertinent and fundamental elements of the 

meohanism. 

That some simplifioation is possible may be seen from a study of pre

vious steam turbine blade erosion tests and the windshield rain ero~ion tests 

which have employed fluid impact systems which a.re much simpler than those 

employed in oavitation studies.' 'While gross fluid jet impact studies were 

used many years ago by Rheingans [6J to simulate cavitation damage for mater

ials selection, the method was abandoned in favor of the seemingly simpler 

vibratory test. Abandonment was to a oonsiderable extent based on a laok of 

evidence showing tha.t cavitation damage is basically the product of a fluid 

jet impact erosion meohanism. Jet impaot as a damage mechanism now appears 

to have some substance as a result of the work of Ellis, Naude, Plesset, and 

Mitchell [7J[8J[9J at the California Institute of Technology. The CalTech 

work has, by high-speed photography, served to show that cavities collapsing 

near boundaries collapse unsymmetrically with the formation of a reentrant 

jet or interface front which moves through the cavity to impinge on the solid 

boundary. Th~ physical observations by Ellis have shown that the jet veloc

ities are of a damaging order of magnitude and that the shape of the jet tip 

is probably significant to the pressure developed on the boundary. 

Currently stUdies of damage on steam turbine blades are made with sam

ple pins or blocks attached to the periphery of a disk rotating in air at high 

speed. A recent version of this type of facility has been e~ployed also for 

material evaluations for cavitating hydraulic machinery [10J. In this type 

of test fluid impact is achieved on the sample by continuous injection of a 

high-speed water jet positioned with its axis parallel to the disk shaft and 
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passing between the rotating damage samples. By this mechanism a fluid ele

ment of substantial mass impacts on the sample at high frequency (several hun

dred per second) al'l.dwithhigh velocity (up to 1000 fps). The resulting dam

age rate is very high. The device has produced interesting results but is 

not considered sui table to fundamental studies because of an inherent inabil

i ty to independently control the frequency and velocity of impact and to con

trol the geometry of the jet front which initially impacts on the solid. The 

high damage rates in these tests quite probably relate to grossly abnormal 

thermal, chemical, or electrical effects as well as to high stressing. These 

secondary effects might be quite different for elastomers or plastics than 

they are for metals and must be brought under control in any fundamental study. 

The windshield erosion studies have even f'urther simplified the fluid 

impact test mechanism by either firing a solid sample at a stationary droplet 

[llJ or by projecting (up to 4000 fps) a fluid slug at a stationary solid 

[12J. The first method has permitted some control of the shape and size of 

the fluid interface and of the impacting velocity but only in single impacts. 

It does not permit measurement of impact pressure transients. The second 

method permits measuring transient pressures in the solid but does not permit 

refined control of the jet size or shape because of the inherent instabilities 

of an interface under dynamic conditions. More important perhaps is the in

ability of these systems to produce the repetitive impacts which are basic to 

the fatigue failures which are believed fairly common with cavitation damage. 

These two methods together have, however, served many of the needs of rain 

erosion studies in that these studies are generally concerned with single im

pact failure for droplets impinging on thin plate structures at supersonic 

speeds. 

The foregoing methods were not considered directly applicable to sim

ulating cavitation damage, but they did serve to point the way to amodifica

tion which appears to be a workable compromise. This modification consisted 

of' designing an apparatus in which a drop of slow moving water would impact 

on a small target of test material moving at a high velocity. The mass of 

the impacting liquid and the velocity of impact were to be rather readily and 

accurately controlled, and controlled rates of impact repetition were to be 

provided. 

The resulting. experimental equipment described herein produces many 

drops of water of a selected uniform size and introduces them into the path 



5 

of a target of test material mounted on a rotating arm. The introduction of 

the dro.ps into this path is controlled with precision to subject the same 

point on the target to repetitive blows at a seleoted impaot speed, 

II, EXPERIMENTAL APPARATUS 

The basio facility consists of a rotor with a material specimen at

tached at the periphery in such a manner that there is impact with a column 

of liquid droplets during rotation of the specimen. 

The aluminum alloy rotor as shown in Fig. 1 consists of two central 

disks supporting two projeoting arms, the tips ofw.hich contain mounting sock ... 

ets for the test specimen as shown in Fig. 2. The specimen rotates in a eir

cle of 23.68 in. diameter at a present maximum rpm of 12,000 giving a tangen

tial speed of 1,250 fps. (It is anticipated that future changes will permit 

increasing the speed to 1,500 fps or more.) Speed is infinitely adjustable 

down to the minimum values of interest of about 400 fps ~ The specimen has' a 

target face of 1/4 in. diameter as shown in Fig. 2. A small target volume of 

about 1/8 cc favors sensi ti ve weight loss determinations. The tapered target 

is mounted in a tapered recess in the rotor arm and is drawn snug w:ith a draw 

screw tapped into the rear of the target. 

The rotor is spun wi thin a protective chamber by a variable speed, di

rectly connected, electric motor of 1 hp. The motor is a type commonly em

ployed in vacuum cleaners. An aUXiliary motor and blowe'r are employed for 

cooling the drive motor. The general assembly is shown in Fig. 3 in the closed 

condition used for testing and in Fig. 4 in the open position used. for chang

ing test specimens. 

The drive system is patterned after systems successfully employed with 

ultra ... centrifuges [13J. The drive shaft is a 1/8 in. diameter stainless steel 

tube gripped by collets mounted on the motor shaft and on the rotor. The tube 

provides flexible coupling which permits the rotor to find its own center of 

rotation without elaborate dynamic balance procedures. This also permits a. 

very smooth high-speed operation even after loss of target mater3.al. This 

stability is quite important for photographic purposes. It has been found 

possible to superimpose nearly 4000 exposures on a single film without loss 

in desirable sharpness of the target or drop. 
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The equipment'was adjusted so that the center of the sample face would 

impact a liquid drop on each revolution. Fo'ur test speeds were arbitrarily 

selected at 500, 750, 1000, and 1250 fps. 

A simple measure of weight loss as affected by exposure time was made 

by' stopping the apparatus periodically and removing and weighing the sample. 

It was possible to watch the progress of the erosion visually with a small 

telescope. This was of great help in establishing the increment of exposure 

time in a test run. 

IV. PRELIMINARY FINDINGS 

The four materials w.hich were exposed to weight loss damage tests have 

physical properties briefly s'unnnari!Zoed as follows: 

. aluminum type 1100F annealed, ultimate strength 13,000 
psi, Brin. hard 23 

cast iron "as cast" 

stainless steel type 430, annealed, ultimate strength 
70,500 psi, Brin. hard 152 

Stainless steel type 304 cold drawn, annealed, ulti
mate strength 90,000 to 125,000 psi 

A graphical sUlllIllary of the weight loss tests on these four materials 

is shown in Fig. 5. 

The general character of the damage inflicted on a test specimen is 

shown in photographs taken at the completion of a test series. Figure buns'news 

for the aluminum alloy in part (a) the results at 500 fps. Part (b) shows the 

results for 750 fps and part (c) for 1000 fps. The photos demonstrate plastic 

fJ.ow with considerable uplift deformation at the edge of t,he impact region. 

Part (a) shows impact positioning fairly well confined whereas part (b) shows 

Sotne wandering of impact around a deep central hole. Part (c) again shows a 

condition of some wandering about the deep central hole and additionally shows 

a large area of secondary erosion by spray following the initial impacting. 

V:isual studies of the impacting droplet indicate that with a smooth surface 

the droplet spreads slightly radially on the target face and then rebounds in 

a spray which moves radially outward and away from the face. This spray evi

dently moves fast enough so that it clears the target sweep path without again 

striking the target. However, as shown in Fig. 6(0) the spray rebounding from 

a highly roughened surface moving at 1000 fps does make a second damaging im

pact. 
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The half hour. impact tests on the :type 430.stainless steel failed to 

show any weight loss with an impact velooity of 500fps but. yielded the data 

of Fig. 5 at 750 and 1000 fps, The phot,Os of .~ig, 7.1?40W. a verysJ-ight evi-. 

dence of plB:sti,c deformation. It is noteworthy that the last points on ~he 

weight loss curve of Fi.g. 5 fpr a velocity ,of 1000 fps showed ,a punching 

through of the target speoimen w.hioh was approximately 1/16 in. thiok at the .. , ' .' .. . 

impaotpoint. It is interesting to note that the diameter of ,the large outer 

end of this hole as shown in Fig. 7(b) is approximately the d~amElter. of" the 

impaoting droplets (0.047 in.). 

The impaot tests on the type 304 stainless steel were run at 1000 and 

1250 fps with weight loss results' as shown in Fig. 5. Photographs of these 

speoimens are n()t 'inoluded but have a oonsiderable resemblanoe to those of 

the 430 stainless steel show.n in Fig. 7.' The ma,jor differenoe" between, the 

304 and 430 alloys in Fig. 5 is the sUbstantial "incubation" or delay time, 

before weight loss, oocur,S :wi th the 304 alloy. 

Thiruvengadam and Preiser [16J outlined four zones of cavitati<;m dam

age, based on.'vibrato:ry tests, which also seem applicable' to impaot :9rosion 

damage. These zones w.hich are evaluated in 'terms of weight loss per unit of 

time are described as: 

Zone 1. i.An incubation or no weight loss zone., In 
cavitation tests with a vibratory apparatus this w~s 
show.n to depend on amplitude for a given frequenoy. 

Zone 2. AcoumUlation zone. A zone in which the ener
gy absorption rate,increases: with time resulting in 
increasing loss of material with increasing test dur-
ation. ' ," . 

Zone 3. Attenuation zone. The rate of we:i-ght loss 
reaQhes apeak value and begins to <:iecrease. This 
zone is reported to be characterized by the formation 
of isolated deep craters on the surface ,of the test 
material indicat~ng that the attenuation of energy. 
absorption is associated with the influence of the 
craters on the bubble collapse process. 

Zone 4. Steady state zone. The rate of weight loss. 
reaches a constant,value. 

These four zones are nQt directly identified in the accumulated weight 

loss type of plotting used in Fig. 5 but can be distinguished in an alternate 

plotting using weight loss per unit time. An alternate plot 6f this type for 

data relating to the 304 and 430 stainless steel is shown in Fig. 8. The 

plotting of Fig. 8 serves to show the same general form as weight loss data 
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from other types of facilities as summarized by Thiruvengadam and Preiser [16J. 

However, despite this similarity there is reason to question their use of zone 

4 damage rates as the most useful index of a material's resistance. Actually, 

only the time or rate values of zone 1 and zone 2 are directly associated with 

the material characteristics whereas the values of zones 3 and 4 additionally 

involve the overriding influence of the progressive cratering. Since the lo

cal cratering environment differs for each type of test facility and for every 

prototype application, there is little reason to believe that zone 4 evalua

tions will be meaningful in an absolute sense. In consequence this suggests 

that future impact damage or cavitation damage tests should give prime empha

sis to damage values relating to zones 1 and 2. 

There is some indication in the limited test data of Fig. 5 that mean .. 

ingful damage evaluations can be derived from zone 1 for an impact type of 

facility. This is based on the fact that the facility can produce controlled 

impact conditions which are subject to a fairly rational analysis of the re

sulting loading and that controlled numbers of load cycling can be applied. 

In short, this concept is one of fatigue failure in w.hich some combination of 

stress value and cycles of application determines the failure. 

This concept is given some substance if the data of Fig. 5 for the 304 

stainless steel are converted to values of stress and cycles of stress. The 

cycles of stress to failure may be evaluated by assuming that failure occurs 

w:he~8--the~ho:cizontaLli~presenting~one_l intersects the sloping line 

representing zone 2. For the 304 stainless with an impact velocity of 1000 

fps the intercept occurs at a time equivalent to 8.6 x 104 cycles and for a 

velocity of 1250 fps at 1.7 x 104 cycles. 

The value of the peak impact pressure stress may be roughly approxi

mated by the expression p = a.pcv employed many years ago by Ackeret and 

deHaller and given more recent consideration by Engels [17J. In this expres .. 

sion a. is an arbitrary constant which approximates and is assumed to be 

unity, p is the water density or 1.94, c is the acoustic velocity which 

is assumed as 4800 fps, and v is the relative velocity of impact. With this 

the v value of 1000 fps yields p = 32 x 103 psi and the v value· of 1250 

fps yields p = 40 x 103 psi. The equivalent value for the no damage test 

which was run at v = 750 fps yields p = 24.2 x 103 psi. 
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The foregoing stress-cycles values are plotted in Fig. 9 together with 

longitudinal fatigue failure test values for an annealed 304 stainless steel 

as given in Ref. [18J. The relative agreement of these different types of 

test data may perhaps be fortuitous but is nevertheless encouraging in a pre

liminary experiment. 

V. CONCLUSIONS 

The equipment developed under this contract has shown a capability of 

eroding many typical structural materials by impact of a small liquid drop. 

It has the capability of repetitive impact on a small area of sample material 

under precise control of droplet mass and velocity. 

The pattern of weight loss damage in tests with the impact facili;ty 

shows a distinct similarity to weight loss values obtained from cavitation 

type test facilities. 

Limited tests with ductite materials show marked deformation prior to 

loss of weight. More detailed tests with this apparatus can serve to more 

clearly define the transition" from plastic flow to actual loss of material 

and the extent to which plastic flow may occur in the "incubation" period of 

narder materials. 

The "incubation" period as defined earlier in this report and as evi

denced in the tests with a self-hardening material has been shown to be are ... 

giori capable of refined study with this type of apparatus. This is a partic

-ularly important region, for it serves to define the conditions under which 

a desirable type of material may be expected to fail. Preliminary findings 

indicate that failure represented by the limit of "incubation" may be rather 

directly associated with the better known fatigue failure properties of the 

lnaterial. 
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Fig. 1 - The Rotor Assembly 

1 . 

Figo 2 - A Mounted Test Specimen at the Rotor Tip 



Figo 3 - The Impact Damage Facility - Housing Chamber Closed Fig. 4 - The Impact Damage Facil ity - Housing Chamber Open 
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Fig. 5 - Weight Loss Damage for Various Materials and Exposures 
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(0) Velocity = 500 fps, Time = 30 min (b) Velocity = 750 fps, Time = 20 min 

(c) Velocity = 1000 fps, Time = 6 min 

Figo 6 - Impact Damage, Aluminum Alloy 1100 F Annealed 
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(a) Velocity = 750 fps, Exposure Time = 24 min 

(b) Velocity = 1000 fps, Exposure Time = 27 min 

Fig. 7 - Impact Damage, Stainless Steel Type 430 Annealed 
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