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CAVITATION DAMAGE OF METALS 

1. In troduc tien 

Cavitation is a well known hydraulic phenomenon which 

may be associated with its destructive effects in hydraulic turbines 

and diesel cooling systems, although its advantages have been 

utilized in numerous ultrasonic deviees such as flaw detectors, 

cleaning baths, and navigational echo- sounders. It should be 

emphasized that cavitation refer s to the formation and collapse of 

vaprur bub.les, while cavitation damage refers to the destruction 

of the guiding surface at the point of bubble collapse. 

This thesis presents additional experimental evidence 

of the role of corrosion attack in accelerated cavitation tests with 

a magnetostriction apparatus, with particular emphasis on the 

effects of the metal properties and the liquid characte.ristics which 

can' be correlated to field experience in hydrau lie turbines and 

diesel engines. The suppression of mild cavitation attack in tap 

water and sea water by cathodic protection has been investigated 

and a possible explanation is given. 
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2. Cavitation is the Cause 

Cavitation can be described as a hydro-d~ic phenomenon 

which relates to the formation and collapse of vapour bubbles in a 

flowing liquid. These bubbles form in regions where the local 

pressure is reduced below the vapour pressure at that temperature; 

and conversely, these bubbles start to collapse as soon as the local 

pressure increases above the vapour pressure. The formation of 

cavitation bubbles at vapour pressure conditions is common and it 

i:mplies that water has no tensile strength, while the breaking 

strength of water between its molecular layers has been estimated 

by Frenkel (25) at 150,000 psi. 

Cavitation can be compared to boiling, but one major difference 

should be noted. In boiling, heat is being added continuously to a 

liquid at the vapour pressure in equilibrium with the existing 

temperature; whil~ in cavitation, the thermodynamic condition is 

one of constant total heat and the bubbles form when the local 

pressure is reduced below the vapour pressure. 

The fields of shipbuilding and hydraulic engineering have been 

traditionally concerned with cavitation, but recently, the role of 

cavitation has been extended to the medical field, with speculations 

concerning bullet wounds, brain concussions and diver's benda. 

2 



2A. Inception of Cavitation and Nuclei 

Cavitation occurs in tap water and commercial distilled 

water with no appreciable sign of tensile strength, which 

Eisenberg (46) attributes to the presence of nuclei containing 

vapour or undissolved gases, and these nuclei are always present 

in ordinary liquida and in crevices in the bounding surfaces. Knapp 

(52) demonstrated that even air- saturated tap water, when 

"denucleated" by prior application of large pressures, exhibited 

considerable tensile strength. 

Thus , the inception of cavitation is attributed to the presence 

of nuclei or weak spots, which allow vapour cavities to form if the 

local pressure is reduced below the vapour pressure of the liquid 

3 

at that temperature. Supplementary factors associated with the 

inception of cavitation are surface active or wetting agents, impuriti~s, 

air content, turbulence and pressure gradients in the boundary layera 

of flow. 

2B. Types of Cavitation 

Since there is no hydro-dynamical difference between the 

boiling of a liquid and cavitation in a flowing liquid, cavitation is 

often referred to as "cold boiling". However, this paper is 

restricted to cavitation only. Eisenberg (46) has classified the 

general characteristics of cavitàtion into four types: 
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2B. a) Transient bubbles are defined to be small individual bubbles 

which grow, sometimes oscillate, and eventually collapse and 

disappear. An expanding spherical hubble is essentially stable, 

but a collapsing hubble is generally unstable. The rate of 

cavitation attack. in a flowing liquid is velocity dependent on the 

transport of transient bubbles to the affected area, as reported 

by Knapp (50), 

b) Steady-State cavities are defined to be large smooth 

stationary voids, whose free boundary is a flow streamline, and 

whose average envelope does not vary with time. Naval architects 

may refer to steady-state cavities on propellers as sheet or vortex 

cavitation. At the boundary of wakes behind a dise or a cylinder, 

many so-called steady state cavities have been reported, but the 

average envelope of these vortex cavities does not define a free 

streamline flow. 

c) Non'-Stationary cavities are usually associated with the entry 

of a mis sile from air into water or the entry of an accelerating 

missile from a submerged launcher. 

~) Supercavitation refera to fully cavitating hydrofoil sections ,. 
which can attain very high operating speeds without inordinately 

high power requirements, and they operate with a stable flow 

configuration. Free streamline theory can be applied to a 



ZB. d) (Cont'd.) 

sùpercavitating flow when the separation points are defined by 

the sharp leading and trailing edges of the hydrofoil. 

ZC. The Cavitation Number 11 K 11 

The cavitation number "K" is used to indicate the degree 

of cavitation or the tendency to cavitate in a flowing liquid. 

K = Pe - Pv 
y2 

Pz-

where Pe = pressure in the undisturbed liquid 

Pv = vapour pressure of the liquid at that temperature 

V = relative velocity between the body and the liquid 

p = density of the liquid 

The physical significance of the cavitation nutnber nKn is 

very important: the nwnerator (Pe - Pv) is the net pressure 
vz 

acting to collapse the cavity, and the denominator ( /' _ ) is 
2 

the velocity pressure available to induce the formation and 

growth of the cavity. Usually the cavitation nwnber 11 K 11 is 

referred to a particular stage in cavitation, such as incipient 

cavitation when the first hubble has appeared, or supercavitation 

when a fully developed cavitating flow has been reached. 

5 



3. Cavitation Damage is the Effect 

Cavitation-damage can usually be distinguished as a 

localized, honeycomb-type of pitting, substantially free of 

corrosion products. The boundary around the pitted area is 

well defined1; though irregular in outline, and often includes 

streaks of "temper blueing" which confirm the presence of 

plastic deformation. 

Cavitation damage is undoubtedly the most spectacular 

and easily identified of the deleterious effects of cavitation, 

but other important effects noticed in hydraulic machinery are 

6 

a decrease in efficiency, a reduction in power output, sorne 

occurrences of large bu;'t unsteady vibrations, and al ways present 

is the noise which may go unnoticed in a large power house; but 

in submarines, cavitating propellers are avoided at ali cost so that 

echo-sounders have less chan~e of detecting any acoustic dtsturb

ances in the water. 

3A. Mechanism of Cavitation Damage 

The mechanism of cavitation damage can be considered as 

the mechanical indentation of a metal surface at the point of 

cavitation hubble collapse, in the presence of severa! possible 

chemical reactions, as suggested by Evans (23) who wrote: 

"Cavitation erosion is a conjoint action of mechanical-chemical 

effects., where the film of oxide that would usually stifle the 

initial rapid rate of corrosion is continually torn off by collapsing 



3A. (Cont'd.) 

bubbles, and the chemical corrosion attack continues at the initial 

rapid rate instead of stifling itself. Thus, cavitation erosion is 

Il},echanical in the sense that oxidized metal is being continually 

torn away, but chemical in the sense that the metal is continually 

reforming the oxide film which has be en torn off". 

3B. Chemical Effects of Cavitation Attack. 

7 

The chemical effects of cavitation attack were suggested in a 

completely realistic manner by Wheeler (42) who wrote: ''· The 

essential characteristics are namely the combination of repeated, 

severe distur.bance of atoms in the lattice with the opportunity for 

chemical reaction with water vapour and oxygen created by elevated 

temperatùres due to the conversion of work into heat, and the 

development of local electrolytic cells due to deformation. " 

Taylor (44) has postulated that the release of dissolved gases 

such as oxygen at the reduced local pres sures according to Henry' s 

law and the dissociation of water into extremely reactive ions such 

as the hydroxyl group could account for the complete mechanism 

of cavitation attack. 

3C. Mechanical Effects of Cavitation Attack 

The mechanical effects of cavitation attack were reported 

by Knapp and Hollander (29), who traced the growth, collapse 

and rebound o.fcavitatiori bubbles with hl_gn spe"ed photog!ap.hy. 

Later Knapp (45) considered the intensity of cavitation attack 

on soft aluminium where a "blow by blow" damage mechanism 

was clearly established. The separate, distinct impact force at 
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3C (Cont'd.) 
the collapse of a cavitation hubble produces a stress concentration on 

a very small area, and plastic deformation and strain hardening occurs if 

the severity of cavitation produces a mean shearing stress greater than 

the yield strength of the metal. 

3C. a) Initial Attack of Cavitation 

The collapse of a cavitation hubble near a metal surface produces a 

distinct concentrated impact t :orcè bf extremèly short duration. (Knapp _ 

estimated less than a milli-second) on an area smaller than the crystal 

size of most metals. Each separate impact force produces a stress 

concentration Wl.ich may cause an initial slip movement of the lattice 

structure if the mean shearing stress exceeds the yield strength of the 

metal. The initial slip movement will begin in the direction of the impact 

force along a preferred slip plane in the lattice structure with the lowest 

critical shearing stress. The crystal under the impact force will develop 

the fir st slip plane but adjacent crystals will develop inclined slip planes 

in their own preferred directions as they tend to correct the plastic 

deformation Olf locâl indentation in the small area directly under the 

collapse of the ca-vitation hubble. 

3C. b) Etc-hing of Grain Boundaries 

The local shearing stress generated at the collapse of a cavitation 

hubble produces an initial slip movement which will progress until it 

is arrested by interference with adjacent inclined slip planes. Since 

the atomic arrangement at grain boundai-ies m~y be discOl:l't:bluOUJ, a 

dislocation or vacancy in the lattice will permit excessive slip movement 

in that p~ane, which can lead to fracture of small particles which appear 

to be extruded from the intersection of the inclined planes. "Etching" is 
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3C (b cont'd.) 

applied to the loss of small particles by fracture at grain boundaries 

which visibly define the grain, and Wheeler (42) (54) and Shalnev (43) 

have both reported etching of metals by accelerated cavitation. 

c) Propagation of Attack 

Sorne plastic deformation including "etching" of the grain bound

aries by the loss of small fragments, can occur without any appreciable 

loss of weight of the test specimen. But under severe cavitation, with 

mean shearing stresses at the indentations far greater than the yield 

strength of the metal, repeated and widespread slip at individual 

indentations will overlap and the honeycomb type of pitting will result. 

Cavitation damage will proceed as a mechanical action similar to fatigue, 

but it will be accornpanied and perhaps accelerated by electro-chemical 

action between the metal crystals in the plastically deformed area, see 

(42) and (46). 

4. Description of the Magnetostriction Apparatus 

The need for rapid evaluation of rn etals : resistance to cavitation 

damage has prompted the commercial application of the magnetostriction 

effect under controllable and reproducible conditions. The magneto

striction effect is a broad term applied to ferro-magnetic materials 

which exhibit a change in physical dimensio,ns when subjected to a 

magnetic field, or conversely, a change in magnetic properties occurs 

when the physical dimensions are altered by an external force. The most 

significant change is the "Joule effect" or the change of length along the 

axis of the applied magnetic field when the field is varied. Nickel 

contracta in length at a decreasin1 rate in an increasing magnetic field 

until a maximum or saturation value is reached. 



4. ( Cont'd.) eo. 

The magnetostriction apparatus consists of a high frequency 

oscillator which produces~a resonant longitudinal vibration of a 

nickel tube at its natural frequency by 8Ubjecting it to an alternating 

magne tic field. ln the a~parattl-s used by this au thor, the nickel tube 

vibrates at 6, 500 cycles per second and each end has a total maximum 

amplitude of . 0034 inches. The test button which is 5/8 inch diameter, 

is screwed into the lower end of the tube. The test button is irnmersed 

1/8 inch in the test liquid ( usually distilled water, e~cept whe_re noted) 

which is maintained at a constant temperature by a water bath. The 

tube is cooled by a water spray on the inner wall, and a vaçuum 

aspirator removes the excess wate-r from thebottom of the tube. The 

vibration amplitude is calibrated for sorne indicated output :from the 

resistance strain gauge which is cemented on the vibrating nickel 

tube. 

Figure 1 is a diagrammatic sketch of the magnetostriction 

apparatus, and the nickel. tube assembly is shown in Figure 2. A 

complete description of the ASME Standard Procedure for the 

Vibratory Cavitation Test can be found in Appendix II. 

A table of mechanical properties of ali metals tested is included 

for reference, and is shown in figure 42. 

The test results sho;wn are the average of three buttons for 

each material. 
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13. 

5. High Speed Photography of Cavitation Bubbles 

A Fastax Camera which takes up to 8, 000 pictures each 

second on 16 mm film has been used to photograph the cavitation 

bubbles on the test butten as it oscillates up and down in distilled 

water at 6, 500 cycles per second. The film is pulled past the aperture 

in a continuous motion and a rotating priam exposes each frame in turn. A 

Goose Control unit provides the regulation of the camera speed, besides a 

remote· control operation and synchronization of the camera with an event 

being studied. The Goose unit acts as a time delay mechanism to limit the 

camera voltage to 130 volts during the first. 070 seconds, and then releases 

the higher voltage. necessary to obtain the higher pic ture rate. This time 

delay action prevents tearing of the film perforations by the sprocket 

during the initial period of high starting torque. The central area on the 

test butten where the cavitation bubbles oscillate is the low pressure zone 

during the upward motion of the vibrating nickel tube, and the size of this 

central bubble pattern corresponds to the size of the damage pattern in all 

cases. 

Figure 3 shows the arrangement of the Faatax camera for 

photographing cavitation bubbles. The star- shaped bubble pattern on the 

vibrating test butten is shown in Figure 4 which may be related to a third 
•, 

order radial vibration of the test butten, as reported by Field (55). The 

film taken at 4700 frames per second appears to be near the peak of the 

amplitudé cycle, while the films at 6500 and 8000 frames per second 

appear to show intermediate points along the amplitude cycle. 
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5. (Cont'd.) 

High speed photographe of the cavitation bubbles at various vibration 

amplitudes indicate in Figure 5 that only one central hubble forms at the 

low amplitude. With increasing amplitude, a continuous formation of small 

bubbles grows from the outer edge of the test bu.tton and these bubbles 

enlarge as they move radially to the central mass of oscillating bubbles. 

Aluminium test buttons in Figure 6 illustrate the appearance of the 

test surface before and after testing. 

6. Intensity of Cavitation Attack 

The mechanism of cavitation inception under measurable and 

reproducible conditions which are suitable for ·observation has been studied 

most sucees sfully by Knapp (45 ), who correlated the measured his tory of 

an actua-1 vapeur hubble to the classical analysis of Rayleigh (7). The 

collapse of a spherical hubble in an incompressi'Qle liquid was considered 

assùming isothermal compression, and negleeting viseosity and surface 

tension. The excellent .agreement of the experimental resulta with the 
~ê 

theoretical postUlates confirmed that the kinet.ic energy oL hubble collapse 

was absorbed elastically in the water and given back largely undiminished 

in the rebound effects. The intensity of cavitation attack at various flow 

velocities has been reported by Knapp (50), Figure 7 illustrates that the 

vibration amplitude in this a tudy has an effect similar to flow velocity, 

since both vibration amplitude and flowvelocity show a threshold valué 

of the metal' s resistance, below which no metal is removed despite some 

plastic deformation, but above w~ the rate of metal removal increases 

rapidly with increased cavitation intensity. 
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7. Effect of Metal Properties 

Many attempts have been made to correlate the resistance 

of a metal to cavitation erosion with sorne physical property, such 

as the tensile strength, but the local variations in cast metals have 

always disrupted comparisons that are valid for sorne rolled metals. 

If the weight !osses after 2 hours for cast ductile iron and rolled stainless 

steel type 420, as shown in Figure 8, were taken as the important criteria, 

one might conclude that these two metals have similar resistance to 

cavitation damage. 

However, the presence of the incubation period for the stainless 

steel, or the time interval during which considerable plastic deformation 

of the test surface takes place without any apparent weight loss, confirms 

field experience that this rolled stainless steel will operate indefinitely 

in mild cavitation conditions or for about 1 year in severe cavitation 

conditions without suffering any cavitation damage. Thus, the incubation 

period is important where no dimensional change due to cavitation damage 

can be tolerated, such as in seal rings for pumps. 

7A. Effect of Corrosion Fatigue Limit 

One of the most useful results which applies only to rolled metals, 

is the determination of the incubation period, which can be converted 

into the number of cycles of accelerated cavitation attack necessary to 

develop corrosion fatigue in the central pitted area of the test button. 

Figure 9 suggest that the incubation time for rolled metals is 

proportional to the corrosion-fatigue limit. 
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7B. Effect of Metal Hardness 

For homogeneous metals like rolled stainless steel 420 and heat

treatable cast steel, as well as for similar types of bronzes shown 

in figure 10, the loss of weight due to cavitation attack is inversely 

proportional to the hardness. 

7C. Effects of Metallurgical Structure 

It is well known that ferritic structure in metals has inferior 

mechanical properties compared to pearlitic structure in carbon 

steel, or compared to martensitic and austenitic structure in stainless 

steel. Figures 11 and 12 confirm the low resistance of ferritic metal

lurgical structure to cavitation attack. 
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7D. Effect of Stress Relieving. 

Large steel castings are stress relieved before machining to 

rem ove internai stresses which could dis tort fini shed surfaces of 

ma ting components. Figure 13 indic at es that stress relieving of 

cast steel ASTM A-27 grade 70-36 improves its resistance to 

cavitation attack, although no appreciable change in hardnes s 

was noted. 

27. 

Cast ductile iron at 256 Brinell hardness has a pearlitic matrix 

which was transformed to a ferri tic matrix at 162 Brinell hardnes s 

by stress relieving. The ferritic structure has a much lower 

resistance to cavitation attack as shown in Figure 13. 

7E. Effect of Peening 

Users of hydraulic machinery are aware that peening of steel 

castings and welded stainless steel overlays will improve the l"eSist

ance to cavitation attack as a result of the work hardening. Figure 14 

shows the small improvement in resistance that resulta from peening 

the se rn etals. 
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8. Effect of Liquid Characteristics 

BA. Effect of Temperature 

30. 

The effect of the temperature of the test liquid has been reported 

by Novotny (18), who compared various liquida on the basis of 

separate properties such as vapeur pressure, viscosity and surface 

tension. But a cavitation parameter for temperature must combine 

all three properties of the liquid, 

Figure 15 shows the typical effects of the liquid temperature, where 

the weight loss increases sharply above 60°F for water and above 200°F 

for 1ubricating oil, as a consequence of the increasing vapeur pressures. 

The effect of the liquid temperature should be related to the test pressure, 

since the vapeur pressure increases with higher temperatures, while the 

viscosity and the surface tension decrease, as shown in Figure 16, A 

suggested cavitation parameter for temperature effects in water is 

illustrated in Figure 17, and this parameter has be en used sucees sfully 

for water cooling systems.in Dominion -Alco diesel engines. 

SB. Effect of Pressure 

The effect of the pressure on the test liquid must be related to the 

difference between the test pressure and the vapour pressure, s~nce 

this difference governs the formation or collapse of the cavitatfon 

bubble s. Figure 18 shows typical pres sure effects for the cast iron 

used in diesel liners, where the maximum weight lo$s occurs at 

about 1 psig, presumably due to the large number of small bubbles 

that occur at this pressure. 
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SC. Effect of Chemica1 Additives 

The mechanism of corrosion protection and cavitation 

prevention afforded by small amounts of chemica1 additives such 

as the buffered chrom~te and the organic compound Na1co D-1595 

as shown in Figure 19, has not been clearly defined. 

However, Dr. J. I. Bregman of the Armour Research 

Foundation has sent a private communication with the following 

information about Nalco D-1595. 

"The ideal role of an inhibitor in a system subject to 

c·avitation erosion wou1d appear to be that ·o! mïnimizing thè 

contribution of chemical corrosion to the erosion and also of 

inter fe ring with the erosive action of the collapse of large bubbles. 

It reduces the surface tension of the liquid, and the inhibitor protects 

by means of tough organic film formation. It might also be postülated 

that the resilient nature of the film might "cushion'' the attack on the 

surface from the shock waves due to the collapse of the bubbles. 11 

8D. Effect ef N:j.trogen Atmosphere 

An inert gas such as nitrogen was considered as a poseible 

atmosphere above water, which might reduce any chemical corrosion 

attack and thus decrease the cavitation damage. A nitrogen 

atmosphere above water decreases the maximum cavitation dam":ge 

leve! by about half that for air near atmospheric pressure as sh~vvn 

in Figure 20, and an e;mpirical curve for nitrogen based on the ail' 

atmosphere has been established, which is related to the greater 

solubility of air in water than nitrogen. 
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BE. Cathodic Protection and Cavitation 

The suppression of mild cavitation attack by cathodic 

protection was demonstrated by Petracchi (32) in a venturi tube, 

and by Krenn (31) in a hydraulic turbine. The accelerated 

cavitation apparatus was fitted with a cathodic protection arrange

ment as shown in Figure 21. However, only tests in Montreal tap 

water and Halifax sea water are included in this thesis, since the 

resistance of the commercial distilled water was too large to show 

any effect of the cathodic protection. 

a) Cathodic Protection and Cavitation in Tap Water 

It was found that the weight loss of cast steel as a result 

38. 

of erœion by cavitation is greater in tap water than in distilled water 

as shown in Figure 22, but cathodic protection increases slightly the 

incubation time and decreases slightly the weight los s. However, an 

increase in the impressed current up to . 060 amps did not increase the 

protection. These results agree with Petracchi (32) that at small 

cavitation intensities, cathodic protection could suppress cavitation 

erosion. Anodic current applied in addition to accelerated cavitation 

eliminates the incubation period and increases the weight loss as 

shown incurve 1 of figure 22, which agrees with Wheeler (4'2), who 

studied fer rous materials in chloride solutions. 
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BE. (Cont•d. ) 

b) Cathodic Protection and Cavitation in Sea Water 

The suppression of accelerated cavitation effects of cast steel 

in sea water by cathodic protection has caused sorne investigators to 

' tonclude that cavitation attack is of an electro-chemical nature. 

However, Figure 23 shows that the current density necessary to fully 

protect cast steel in sea water is about 3 amps per square inch which 

puts the equipment into a hydrogen generator category. 

It is felt that the suppression of cavitation effects is due 

mainly to the formation of hydrogen bubbles cushioning the cavitation 

hubble collapses. This cushioning effect of hydrogen bubbles may be 

compared to the cushioning effect of injected air in hydraulic turbines. 

9. Cavitation Damage in Hydraulic Turbines 

Hydraulic turbines utilize the change of momentum of water 

as accomplished by the guiding surface of the runner blades. The 

shape of these blades is designed for specifie operating conditions 

where the velocity of the water is continuous across the flow area, 

and cavitation is avoided by maintaining the local pressure at critical 

areas above the vapour pressure of the water. Since most hydraulic 

machinery does not operate at the design condition, Figures 24 and 25 

show severe cavitation damage which may occur in field installations. 
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9A. Rolled and Cast Metals 

The usual hydraulic turbine is composed of rolled and cast 

metals, whose resistance to cavitation attack is indicated in Figure 26 

and 27. The heles on the periphery of the test buttons are made by the 

Rockwell hardness tester. 

9B. Welded and Plated Metals 

For severe cavitation conditions, welded overlays at the 

criti:cal areas of cast steel runners are practical, see Figure 28. 

Plated metals on cast steel .s·eal rings have be en used occasionally, 

and figure 29 shows the advantage of hard chromium plating, which is 

much harder than the nickel plate. 

9C. Relative Intensities of Cavitation Attack 

Field experience with hydraulic turbines ha$ provided three 

relative intensities of cavitation attack which have been based on the 

·observed damages to the original cast steel runner, mild steel welded 

overlay and stainles s steel welded overlay. 

1. miner pitting on the original cast steel runner 

2. severe pitting on the original cast steel runner 

but miner pitting on the mild steel welded overlay 

3. severe pitting on the original cast steel runner and 

mild steel welded overlay but miner pitting on the 

stainless steel welded overlay . 

... A miner pitted condition of a metal after one year of 
•••. >0 

operation can be compared to the length of the incubation period for 

the same metal during an accelerated laboratory test, as shown in 

Figure 30. 
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9D. Welded Stainless Steel Overlays 

A cast steel runner with a welded stainless steel overlay on the 

critical areas is common practice, see Figure 30, since field 

repairs can be done in the turbine pit with a minimum of time out 

of operation. 

Stainless steel deposited by manual welding using stick electrodes 

3/16 inch diameter require only one pass to provide sufficient metal 

for the 1/8 inch finished overlay thic~ess. Certified manual welding 

deposits stainles s steel E 308 with analysed alloy contents of about 17o/o · 

chrorriium and 9o/o nickel, and it deposits stainless steel E 301 with 

about 16o/o chromium and 6o/o nickel as shown in Figure 31. 

1 O. Cavitation Damage in Diesel Engines 

The modern diesel engine, especially for the competitive market 

in transportation facilities, has a water-cooling system which is 

designed to operate at increased but stabilized cavitation levels, and 

this requires higher liquid pressure and chemical additions to min

imize the formation of cavitation bubbles . These chemical additions 

include corrosion inhibitors to prevent initial chemical pitting, 

detergents to eliminate foaming, and wetting agents to provide an 

adhering liquid film on the metal by .depressing the surface tension 

at the liquid-metal interface. The recent design trends toward higher 

speed and increased thermal and mechanicalloading in diesel engines 

has intensified the degree of cavitation damage. 
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10. (Cont'd.) 

Three instances of cavitation damage in diesel engines which have been 

corrected after extensive research are shown in Figure 32:-

1) water-cooled cylinder liners, see Figure 34 and 35 

2) water-cooled nozzle sleeves, see Figure 37 

3) oil-lubricated connecting rod bearings, see Figure 39 

lOA. Water-Cooled Cylinder Liners 

Cavitation combined with corrosion in the water cooling system of 

diesel engines has caused uriu:Stlal da:mage on the water side of alloy cast 

iron cylinder liners. The pitted areas have the typical honey-combed 

appearance of cavitation damage and they appear free of corrosion 

products. It had been usual to consider the interna! wear as the major 

problem in cylinder liners, but chronV.uinJ. p.Iatirig bas extended the s-ervice 

life of the internai bore considerably. In sorne older diesel engines, 

( 

· the ctylinder liner erosion was traced to _UI,lusually high water velocities 

at convergent-divergent water passages, where the locations of the 

water inlet and outlet were primary factors. The recent serious 

increase in cylinder liner erosion could ndt be attributed to a flow 

condition, and further investigation r~ealed the presence of a major 

vibration problem. A vibration ana lysis revealed that the pulsating 

vibratory forces from the piston side thrust were creating a forced 

vibration of the cylinder wall, similar to the ringing of a bell. The 

resonant vibration r eaches .a max imum amplitude at the middle of 

the water jacket, where the cylinder liner gets the least support from 

the engine block. 
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lOA. (Cont'd.) 

The worst pitted area is located on the water side of the liner 

exactly where the "side slap" of the piston takes place during the 

power stroke, which is 90 degrees from the crankshaft axis. The 

circumference of the liner vibrates with four nodes at 45 degrees 

from the crankshaft axis as shawn in Figure 33, and as expected, 

th.e pitted areas occur between the nades, see Figure 34. The side 

thrust from the piston distorts the liner into an oval shape, and the 

elastic properties of the cast iron permits the liner to vibrate 

alternately along the major axis and then the miner axis of the dis

torted elliptical shape. Figure 19 shows the advantage of chemical 

additives such as buffered chromate and Nalco D-1595 for diesel 

cooling water. 

1 OB Water- Cooled Nozzle Sleeves 

Cavitation damage on the water side of bronze nozzle sleeves 

was noticed first in the Rocky Mountains where maintenance shops 

service diesel locomotives at 4, 000 feet elevation above sea leve!. 

The nozzle sleeve is made of highly cavitation- resistant aluminium 

bronze, and is rolled into the cast iron cylinder head at each end. 

The eroded area appeared in a band around the sleeve on the dis

charge side of an annular flow passage where the re was a c onvergent

divergent flow condition, see Figure 36. 

Since the reduction of the atmospheric pressure at 4, 000 feet 

elevation is about 1 O%, the 'cavitation problem was solved by 

increasing the back pressure in the pump return line by 5 psi. On 

new diesel engines, the flow passage around the nozzle sleeve is 

corr ected, and the increased back pressure in the pump re turn lin e 
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1 OB. (Cont 'd . ) 

is still recommended for diesel locomotives operating in the mountains. 

1 OC. Oil-lubricated Connec ting .Rod Bearings 

In a reciprocating piston, there is a maximum side thrust on the 

crank pin bearing during the power stroke, which may cause oil 

separation on the un1oaded side of the bearing, see Figure 38 . The 

cavitation bubb1es form in the low pressure zone at oil separation, 

and the bubbles collapse when the piston passes bottom dead-centre. 

The test resulta show that the rate of cavitation attack is nominal as 

long as the temperature of the lubricating oil is below 200°F, but the 

rate of cavitation attack increases rapidly above 200°F, see Figure 15, 

which may be attributed to the increase in the vapeur pressure with 

higher temperature. 

11. Validity of Accelerated Cavitation Tests 

The validity of accelerated cavitation tests of two hours duration 

has been questioned by Speller and LaQue (37) in relation to cavitation 

damage occurring in diesel liners as illustrated in Figure 34, since 

their laboratory tests at 76°F 'did not show the beneficiai effects of (a) 

chemical additives or (b) austenitic cast iron which were indicated by 

their field tests. However, accelerated cavitation tests at the oper-

ating conditions of 170°F and 20 psig have confirmed the optimum 

concentration of chemical additives shown in Figure 19. The advant-

age of austenitic cast iron at 356 BHN is shown in Figure 40. Figure 

41 confirma field experience that Ni.resist cast iron cylinder liners 

at 145 BHN hardnes s are superior to the typical liner iron at 180BHN. 
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11. Validity of Acce1erated Cavitation Tests 

The v~~i-~~ty of acce1erated cavitation tests for the deter-

mination of the resistance of mate~ials to cavitation damage was 

reported at the ASME 1956 Cavitation Symposium (48); and the 

order of relative resistance of various materials is the same 

regardless of the type of machine used. Field performance correlates 

well with the laboratory test results. 

The magnetostrictive - vibratory method has been recommended 

by the ASME (51), since the ease of parameter measurement and 

control permits excellent reproducibllity of test result s at â·· -r _elatf:y_eiy :. 

lo'\t i-nitial cost. 

12. Summary of Results 

The test results sh.o~n are...the average of three buttons for each 

material, and the total varia.ti<>n in weight loss between the buttons is 

usually less than S%; the ·-results may be .sum.m.arized as follows: 

1. The corrosion-fatigue limit of a rolled metal i,s an indication 

of its resistance to cavitation attack. 

2. The hardness of a heat-treatable metal is an indication of 

its resistance to cavitation attack. 

3. A ferritic metallurgical structure in carbon and stainless 

steels has a low resistance to cavitation-attack. 

4. The cavitation parameter KT as shown in Figure 17 is an 

empirical exp res sion for the cavitation attack in water at 

various temperatures. 
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TRADE NAt:.! OR 1 TENSILE ' COMPOSITION 67 METAL CONDITION CP!:OIFIOATIOH . STRENGTH PERCENT 

ALUMINUM ROLLED 2 so 13,500 PSI AL/ 99.5 
C/3.5 Si/2.5 MN/0.6 Ni/1.0 . 

DUCTILE IRON CAST A 339 90,000 MG/.06 P/0.1 S/,02 
CR/13 C/,15 P/,07 S/.07 

ST'AINLESS STEEL ROLLED 420 16!5,000 ZR/0.6 M0/0,6 

YELLOW BRASS ROLLED B 16 5~.000 CU/62 ZN/~ PB/3 

CARBON STEEL ROLLED 1020 7~ 000 C/0,2 MN/OS P/,04 S/,05 

STAINLESS STEEL ROLLED 410 75,000 CR/12~ C/.15 Si/1.0 

. STAINLE SS STEEL ROLLED 302 85,000 CR/18 Ni/8 C/.08 
CU/83 SN/5 PB/5 

RED BRONZE CAST B 62 34,000 ZN/5 Ni/1 P/.02 
CU/88 SN/9 PB/0.1 

ADMIRALTY BRONZE CAST B 143 45,000 ZN/2 Ni/1 P/.02 

PMG BRONZE CAST 80·20 40,000 CU/80 ZN/16 Si/4 
CU/85 FE/3.5 AL/11 

ALUMINUM BRONZE CAST Bl48 77,000 MN/ 0.2 Ni/2.5 
C/0.3 MN/0.6 Pl.œ 

CARBON STEEL CAST A 27 70,000 .S/.06 Si/0.5 
FERRITE 100•1• 

WROUGHT IRON CAST 1005 40,000 FE /99.9 C/,OfS P/.07 -
FERRITE 50"11. PEARUTE 50"11. 

: CARBON STEEL ROLLED 1040 7~,000 C/0.4 MN/0.8 P/.04 SI. 0~ 
; PEARUTE 100"11. 

CARBON STEEL ROLLED 10100 95,000 C/1.0 MN/0.4 P/.05 S/.05 

· ·STAINLESS STEEL ROLLED 430 65,000 . CR/16 C/.12 

CARBON STEEL WELD E 6012 C/.08 MN/.27 P/.02 S/.03 

STAINLESS STEEL WELD E 310 CR/2~ Ni/20 C/0.1 

STAINLESS STEEL . WELO E 308 CR/19 Ni/9 C/.07 

STAINLESS STEEL WELD E 301 CR/17 Ni/7 C/.1~ 

STAINLESS STEEL WELD STELLITE 6 C0/55 CR/35 W/6 FE/4 . 
IRON CAST A 48 60,000 Si/1.5 Ni/1.7 CR/0.3 M0/0.6 

IRON CAST NI-RESIST 30,000 Ni/21 CR/2.2 MG1.09 
CU/0.1 FEIO.S MG/0.8 MN/0.1 

ALUMINUM ROLLED 6068·0 15,000 Si/0.5 Ti /OJ5 ZN/0.1 CR/0.1 

ALUMINUM ROLLED 75 s 90,000 CU/L6 MG/2.5 ZN/~.6 CR/0.3 

MECHANICAL PROPERTIES OF METALS TESTED : 

FIGURE 4Z 



13. Discussion of the Star-Shaped Bubble Pattern 

The star- shaped hubble pattern on a vibrating test button as 

shown in Figure 4, has been the subject of so much oral and written 

discussion that the following three opinions are included for consider

ation: 

(a) The author has postulated that a third order radial vibration of 

the test button can explain the cyclic appearance of the star

shaped hubble pattern on soft aluminilm, since motion pictures 

give the impression that the bubbles nucleate at the star points, 

and then they enlarge as they move slowly inwards along a radial 

arm to the central oscillating cloud of bubbles. 

(b) Dr. M. S. Plesset of the California lnstitute of Technology has 

reported in the ASME Paper 59-A-170 ( see Appendix V) that the 

cavitation-hubble cloud should have an outward radial flow in the 

collapse portion of the cycle, which produces finger s of bubbles 

due to a Taylor instability, refer to (56) and (57). Dr. Plesset 

reported that a rimmed test button eliminated the star-shaped 

damage pattern by reducing the radial flow, but the author found 

little change with a rimmed button, see Appendix 1 V for the 

author's reply to-Dr.Plesset's written discussion bn the ASME 

Paper 59-A-52. 

(c) Dr. J. W. ,Daily of the Massachusetts Institute of Technology 

has suggested in a written communication that there is probably 

a very complicated combination of button vibration and induced 

liquid flow. 
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14. Conclusions 

1. The magnetostriction apparatus has provided a rapid evaluation of 

a metal' s resistance and a comparative scale for the selection of 

more resistant alloys for severe cavitation conditions. 

z~ The ASME standard test procedure has enabled research l~bor-

atories in various countries to compare their test data on a common 

ba sis. 

3. Welded stainless steel overlays form a thin, metallic barrier to 

cavitation attack, which is an economie solution for hydraulic 

turbines. 

4. Chemical additives in diesel cooling water increase the wetting 

action and form an adhering liquid-film barrier to cavitation attack, 

which is a suitable remedy for diesel engines. 

Recommendations for Future Research 

1. A theoretical study of the nucleation, growth and collapse of one 

cavitation hubble should be made at small vibration amplitudes on the 

magnetostriction apparatus, with a higher speed camera and an 

enormous light flash, similar to the apparatus used by Ellis (47). 

2. Cavitation effects in cryogenie liquids such as liquid oxygen, have 

been mentioned with regard to rocket fuel systems, and undoubtedly 

the accelerated cavitation machine could be adapted to stu.dy the 

cavitation resistance of materials suitable for this environment 

3 . The increase in cavitation attack due to water leaking into diesel 

lubrica t ing oil i s well known but the subject could be studied to 

advantage on an accelerated cavitation machine. 
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16. 

APPENDIX 1 

HISTORICAL NOTES ON CAVITATION DAMAGE 

The role of cavitation in hydrodynamics covers a broad field, 

including such effects as nuclei, cavity inception, model scale, 

boundary layera, hydrofoil performance, and cavitation damage. 

The author has segregated these historical notes on cavitation 

damage to enable readers to become familiar with the background 

of this rather obscure subject. 

79. 
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HISTORICAL NOT~S ON CAVITATION DAMAGE 

Euler ( 17 54) suggested the possibility of the occurrence of cavities in 

a flowing liquid at high velocities. 

Thomson ( 1887) who later became Lord Kelvin, predicted the 

theoretical conditions necessary for cavitation based on his study of 

flow patterns on walls and spheres. 

Barnaby (1897) conceived the term "cavitation" and he described a 

general theory of the formation of cavities in water which tended to become 

filled with water vapeur and air in solution. 

Reynolds ( 1901) reported the boiling of water in an open tube wh en the 

flow velocity -..>.ras increased sufficiently to decrease the local pressure in 

the liquid below the vapeur pressure at that temperature. He described 

the flow of water in a restricted tube and the appearance of cavitation 

bubbles downstream of the constriction as the critical velocity was 

exceeded. He noted the characteristic humming noise and he attributed 

it to the collapse of the bubbles. 

Ramsay ( 1912) suggested that cavitation damage resulted from 

electrolytic corrosion at the strain-hardened indentations where cavitation 

bubbles had collapsed on the metal surface, since the strained areas would 

become anodic to the s.urrounding unstrained metal. 

Allievi (1913) presented a general mathematical theory of water 

hammer which derived the maximum pressure rise due to acceleration 

of the flow. The water hammer effect or the storage of kinetic energy 

as elastic compression of the liquid can generate large local pressur~s. 



Rayleigh ( 1917) considered the collapse of a spherical cavity in an 

incompressible liquid, neglecting viscosity and surface tension, and 

assuming isothermal compression of the vapour hubble. He derived 

the equations for the velocity of the hubble surface as a function of the 

radius, and for the pressure distribution in the surrounding liquid. 

81. 

Par sons and Cook (1919) extended the Rayleigh equation and conducted 

tests which confirmed that large pressures are developed when cavities 

in water are suddenly collapsed. Parsons carried out further tests which 

indicated that cavitation erosion -was a mechanical proces s. 

Fottinger ( 1926) conducted many original tests on cavitation, including 

photographs of the formation and collapse of the se cavities. He 

proposed that the mechanical destruction process was predominant and 

any electro-chemical effects were minor. 

Richards and Loomis ( 1927} propo.sed sever al chemical effects including 

the disassociation of unstable molecules and the acceleration of the usual 

corrosion attack. 

Boyle, Taylor and Froman (1929) described sorne of the first magneto-

strictim experimenta to measure the energy intensity necessary to cause 

accelerated cavitation damage. 

Spannhake ( 1931) determined the frequency of cavitation hubble cc:>llapse in 

venturi tubes as a function of flow velocity and cavity leng~h. 

Myer s ( 1931) reported that cavitation damage on hydraulic turbines 

resulted from an electrolytic action of the impure water, stray electrical 

currents and the corrosive attack of atomic oxygen. 



Gaines (1932) developed the magnetostriction apparatus which 

utilized the resonant longitudinal vibration of a nickel rod. 

Kerr {1937) summarized ma.gnetoatriction tests on 80 materials 

in fresh water and sea water, for the Passamaquoddy tidal project. 

Schumb, Peter s and Milligan ( 1937) reported some of the fir st test 

data using the magnetostriction apparatus at Mass. Inst. of Tech., 

and the influence of liquid properties as related to the cavitation 

resistance of metals was discusaed. 

Peters and Rightm,ire (1938) rep.orted the effects of static pressure 

and temperature on accelerated cavitation damage. 

82. 

Novotny ( 1942) published a comprehensive study on the general effects 

of surface tension, viscosity, gas content, chemical solutions, 

temperature and pressure. 

Poulter( 1942) proposed that cavitation pitting resulted from high pressures 

at bubble collapse which caused p-enetration of the liquid into the grain 

structure, and the subsequent .b-reaking up of the surface after sudden 

release of the pressure. However, his tests showed that 5 minutes at the 

high pressure was necessary for liquid penetration into. them etal, while 

Knapp ha.$ e•timated the life cycle of a cavitation bubble at approximately 

. 003 seconds. Poulter repo.rted that i:ron cavitated in alcohol gave eroded 

particles of pure iron, but iron cavitated in water gave eroded particles 

of iron hydroxide. 

Silver ( 1941) considered the temperature ri se of. the VélR;Our due to 

work done on the bubble during. co.llapse, and he suggested that the latent 

heat of condensation of the vapour would slow down the bubble collapse, 

and thus re duce the local impact pres sure. 



83. 

Beeching ( 1942 and 1946) sugges.ted that vapour-filled bubbles would 

develop intense pres sures at collapse, while air filled bubbles would 

tend to cushion the pressure variations. He reported the definite 

occurrence of corrosion during accelerated cavitation and he concluded 

that the corrosion attack accelerated the mechanical erosion. 

Reiner (1943) · proposed that cavitation erosion results from metal 

fragments being torn out by a n-egative pressure, presumably liquid 

compressional waves initiated at hubble collapse. The theoretical 

tensile strength of water far exceeds the tensile strength of most metals, 

but experimental values of the tensile strength of water have been very 

small. 

Evans (1943) suggested that cavitation erosion was -a conjoint action of 

mechanical-chemical effects, where the film pf oxide that would usually 

stifle the initial rapid rate of corrosion is continually torn off by 

collapsing bubbles so that the chemical corrosion attack continues at the 

initial rapid rate instead of stifling itself. Thus, cavitation erosion is 

mechanical in t)le same sens-e that oxidized metal is being continually 

torn away, but c::hemical in the sense that the metal is continually reforming 

the oxide film which had been torn off. 

Kornfeld a nd Suvorov (1944) discussed the for ces of a ttraction and 

repulsion between cavitation bubb1es, and they conclude that the 

destructive action of cavitation is a mechanical mechanism. 

Frenkel fi rst •uggeste d that the gase s present in cavi tation bubbles 

can have a chemical influence on the deformed metal after a collapsing 

hubble ha s indented the rn etal surface. 



Josse and Bonnard ( 1947) reported that the hardness, grain structure 

or corrosion resïstance of tnetals could not be correlated to the 

cavitation resistance in a definite manner. 

84. 

Raven, Feiler and Jespersen (1947) compiled an annotated bibliography 

on cavitation which is a valuable reference. 

Knapp and Hollander ( 1948) used high-speed photography to trace the growth, 

collapse and rebound of cavitation bubbles, and their resulta agree remark

ably well with the Rayleigh equation. They concluded that the kinetic energy 

of bubble collapse is absorbed elastically in the water and given back largely 

undiminis·hed in the: 'rebound effects. 

Petracchi (1949) reported the suppression of mild cavitation in sea water by 

cathodic protection in a venturi tube, and he concluded that cavitation erosion 

is a chemical mechanism. 

Krenn ( 1949) proposed that cavitation erosion was an electrolytic action 

resulting from temperature gradients or heat flow between metal parts 

submerged in an electrolyte. 

Weyl and Marboe (1950) proposed that the formation of reactive unstable 

ions from the dis~ciation of the water at the indant ~f cavitation hubble 

collapse would cause cavitation pitting. 

Ei-senberg (1950, 1953, 1957) has summarized the physical phenomena 

comprising the field of cavitation, including the mathematical resulta 

available for their ana~ysis and representation. 

Rheingans (1950) presonted magnetostriction test resulta on many new 

materials for hydraulic machinery, and for various test liquida such as 

alkalis, acids, and oils. 



85. 

Noltingk and Neppiras ( 1950) developed equations to de scribe the motion 

of a gas-filled cavitation hubble in a liquid subjected to alternating pressure 

gradients, such as found in accelerated cavitation. 

Richardson ( 1950) summarized the available knowle~ge on cavitation and 

discussed the application of ultrasonic techniques. 

Grossman (1952) reported that shot peening on steel and brass reduced the 

weight loss due to accelerated cavitation attack. 

Crewdson (1953) extended Rayleigh' s equation for the assurnption of 

adiabatic compression of the vapour hubble, and he concluded that the super

reated steam softened the metal and the high pressure caused the metal 

deformation. 

Wheeler (1954) separated the eroded and corroded ~terials in an 

accelerated cavitation test, and he concluded that the weight loss due to the 

chemical attack was numerically additive to the weight loss due to 

accelerated cavitation. 

Shalnev ( 1954) proposed that the initial stage of cavitation erosion involves 

an electro-chemical attack due to the "balloelectric 11 potential of the 

cavitation bubbles. 

Taylor (1954) presented a mere realistic proposai for an instantaneous 

chemical attack due to the dissociation of water at the instant of 

cavitation hubble collapse. 

Knapp (1955) presented origin a l data about the type and intens ity of 

cavitation attack by studying the pitting pattern on alurninurn which 

revealed a "blow by blow" damage mechanism, and a variation of 

c avitation in t ensity with v e l ocity. 



86. 

Philosophical Library (1957)) published a volume containing 25 papers 

presented at the Symposium on Cavitation in Hydrodynamics held at 

Teddington, England, in September, 1955. 

Margulis, McGowan, and Leith (1957) reported accelerated cavitation 

test results which show the importance of testing at the operating conditions 

of the specifie example, such as 170°F and 20 psig for diesel water cooling 

systems. 

cavitation attack in a Francis turbine, and the pitting rate was similar at 
,:!·. 

the same flow velocity for aluminum test samples exposed in the turbine 

and in a water tunnel. 

Robinson, Holmes and Leith ( 1958) presented a standard test procedure at 

the request of the ASME Cavitation Committee for magnetostriction tests, 

which is comparable to the published works of Kerr and Rheingans. 

Knapp (1958) discussed the role of nuclei in cavitation and he suggested 

that a nucleus is a pocket of undissolved gas in a re-entrant crack in the 

surface of a solid particle. 

Leith (1959) reported that cavitation damage in diesel cooling systems 

can be reduced by controlling the dominant liquid characteristic 

(temperature, pressure, wettability) at a stabilized cavitation leve!, 

while the increased metal resistance of stainles s steel welded overlays 

is more practical for hydraulic turbines. 

Wheeler ( 1959) suggested that the mechanism of cavitation erosion 

involves the ejection of brittle strain-ha~dened oxide layers by a later 

blow releasing the stored elastic energy beneath the oxide layer. 



17. APPENDIX II 

ASME STANDARDIZED PROCEDURE FOR 

VIBRATORY-CAVITATION TESTS 

87. 

During the 1955 Cavitation Symposium, the Hydraulic 

Division of the American Society of Mechanical Engineers proposed 

the standardization of the vibratory-cavitation test; and an Ad Hoc 

Committee was established to determine the minimum apparatus 

required, and to specify a standard test procedure. The members of 

this committee were L. E. Robinson of Allia Chalmers ( Milwaukee), 

B. A. Holmes of Ontario Hydra (Toronto), and the author 1 W.C . Leith 

of Dominion Engineering (Montreal). 

SPECIFICATIONS OF THE ASME CAVITATION APPARATUS 

1. Nicke l tube transducer 

2. Frequency - 6500 eps 

3. Amplitude - • 0034 inche s 

4 . Fla t t est button 

5. Amplitude Indi cation - electric strain gage 

1 
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Progress Report on Standardization 
of the Vibratory-Cavitation_l.,est 

llv L. E. IWBINSON, 1 B. A. HOLMES, 2 AND W. C. LEITI-1' 

A description is given of the apparatus required for the 
accelerated testing of materials for relative resistance to 
cavitation damage by the magnetostrictive-vibratory 
method. Tentative standards of test conditions and test 
procedures are defined. 

1 N NOVJ•:MBJ•:Jt, l!l!ili, the first Seminar on CnviiJLtion Re~ist
ance Test.ing wnR held in conjunr.tion with the nnnuul meet
ing of t.he Sodet.y. For Uw lirst Lime, those adive in the 

fidd of eavitJLlion were given t.hc opportunity to discuss exhaus-
1 ivdy t.lw t~'chniqt"'" of cvahmtin~ rnaterial-m~ist.anee propcrtif'.~, 
:mtl t.o exdmnge views on the prohlems encount.ernd in t.hc vu.rious 
""'thnds of 1.1\Rt.in~. Jlnfot·e the seHsion was cndcd, Uwrc wu,.q 

:4(nlcm<'nt t.hat. t.lw vihratot·y nwt.lmd of ac:cdemted-c:avitn.tion 
t.c_•Rt.ing of rn:LU\I'ials oiTcrncl more tLdvant.ngcs to Uw inV(\Ht.igat.or 
than any ot.lter rnethod. The CIWl of parameter rnensurcmcnt 
and eont.rol inhenmt to the vibmtm·y method permit-• 11 reprorluci
hility Heldom oht.ained with ot.her techniqtteH. Tt"' short. test 
t.inw and low ~:ost., cornptlrcd to othcr methods, and Uw compad
ni'HH of t.hn apptLrtll.uR nn: advantageOIIH. Ftu'lhcr, tmd of gt·eu.l.eHt 
imporlanne, the: vibmtory-rnnt.hod, lahoratory test resull..• r.nrrc-

' lal.c weil wit.h t.he performnnr.c of tcst.<:d materiaiR in Uw field . 
During thn sc•min11r an Ad Hoc: Committ.ce Wl\.q 1Lppoint.<:cl to 
forrnu laiA! a Hnltedule of standtu·tl pmdiceR in the use of t.ltc vihm
IA>ry mel.hncl. The eomrnil.tee WtLH to det-ermine\ the minimum 

: apJmratus requirc:d to t.<:st matAll'ials hy the vihmt.<n·y methnd, 
and make tentative spccifir.al.ions nf sttmdat·d lc:st c·onditions 
and pl·oc·c:chll·c•s. 

The vihml.ot·.v nwthod r.an hn Jll't\l'l,ir.ed wit.h nn.r trallsdtH:!'t' 
whic·h prodc11:c:s 11 nH:dtnnic'ILI vihmt.io11 of sullidc:lltout.put.Pncrgy 
and pt•t·mil,~ dose: c:onl.rol of the' oul.pui,-PtH:r~y IPvPI. For pral'l.i
c·al l'!'l~'olls, t.l11: parlic'idar t.miiHdllt'l\1' must. prochll't! sullic·ipnl 
tlamr\~1' h.v r.avit.atinll at.I<Lck wit.hin a short. l<•st pc•riod l.o pPnuit. 
I'VIlllla.t.ion Wit.h a tillli\.IJ IJI'I'C 't'l1l.: L~f' nr I~I' I'CH'. 'J'lw t.r·:HtHdiii'CH' 

sltould IH: c·apahlc: of a pc•ak-to-pmk runplitudc: of susi, LiiiPd vi
hml-ioll of 0.00·1 i11. ill n !.Pst. liquid nt. a fn!qucmc:,l' of (i;i(){l c·ps 
± lOO <'pH. Jf t.l11• 1-mllsdcwc•t' is c•lc:c:t.romc:c:hallir.al , a powcr 
snpply of rtppro,icnal<:l_y fi00-Wt\l.t Olll.pllf, fs nll!'I 'HSal',l'. 

or t.ltt• 1 1':1 IIHIIIII'!'I'H whic·h have lu•c:n tric·cl 01' ofTt·r JtiiH.'ihilitiPH, 
f hl~ dt•ell'f)llH 'f ' h l\.llÎt•:t.I- JJl:I~IH'I.osl.r·ic~f.ÎVI~ t.,Y(H! or yj),ra.(.tU' Îl" l"(~f'IHll
llll'ndt•cJ fl,' poHHCHHin~ {,lw Vil'lllt:H or ( 1) I'IIIIIJI:Idii!'HH of app:u·aJ.IIs, 
(2) pn:c·isc: r.outrol, (3) I'Pi:LiiVI'I,Y low init-ial c:osl., 1U11I (4) t•c•ouomi
t•rd opPral.ion. 

1 BPH~>ar·c·h Lnhul'ltl.nri~>H, Allis-C ~ hnlnlt'r~ :\l:11111fnd.uring C!nmpaii.V, 
~lilwnnk<'<', \Vis. 

2 Ht.rudurnl HP~t·nn·h, ll vdr,- Eic•c·trit~ Powc•r C:ornmi~ion nf 
Onturin, Toront.u, ('anada. . 

3 ~ll·f'lmnind UPKt':trdt, Dominion En~-tÎIH'PrÎIIJ.t \Vorks Lt.d., 
~Jont.n•al , (lut•hf•c·, ( ~ UIIIula. 

C 'nul.rilmlt•cl h.v l.lw llydraulit· 1 >ivil"' ion for pr·Pst•llf at io11 af. I.IH' 
Ar111ual ~ l f•f'l.i ug, NPw York, N . Y ., Novf'rnlu·r :lfi :m, l!)!)fi, of Tnr·~ 
t\MJo:HrcAN ~oc·n·:1•r o F ~J .. :cJI!\Nit:t\1. I•:NtiiN .. :t-:rcH. 

N1Yn:: Hlult'ltH'Ili ~ aud npiuio11~ udvurH·c·d i11 papc•rs an• f.o hc • 
IIIHfc•n.;loofl a:-; Îlldividuaf f ' XIJI'f'S:••ÎOIIM or fhc· ir i\ltl.hors Hllfl llnl. fho:-;(' or 
liu· Htwit•l ,\ ' . ,\lalliiSf'rÎpt. fl'f'f•ivt·d n.L AH;\1 E ll f'adquarft'I'!'O, J\ugust. a, 
Jur,o. P:11wr No. !iH ~A-X!i . 

The magnci.<IHtric:tive-vihrat.<Jry ac:c:nlc:ral~:d t.<:st. haH hœ11 
IIHCd by many invcsl.igal.o~s, and c:onc:lnsivc c:orrdation l11~~ hc:cn 
1\stablished betwccn re.•istances 1.<1 c:avitat.ion d runage dnl<:rmi11cd 
h.v lahon~t.ory test and the pct·fonnanc:c of l.<!st.cd materiaiH Tn 
fic,ld npplientionH. 

The rœommcndc:d magnct.ostric:tivc: tmnsthwer iH a tube nf 
<:ommcrcially pure Gmdc-A niekd, 12 in. long, 6/ 8-in. diam witlc 
11 1j,,...in. wall thic!kti!!HH. The tuhe m:Lt.crinl iH ~Jwc:ifiml ~~~ colcl
dmwn and streRS-equnlized wil.h 11 h1l!'llness of Roc:kwc:ll 11\T 
no .)1\, This harclncllloq htLH heen fou nd to he the he.~t compromiHC• 
hctwccn magnetostriction and physicnl strength. The nic·kel 
t.uhe is uscd in the :LH-I~:mpr.red st:LI.<• and must not he ground, 
turned, or polished to size. 

A pt·cpared Kpccimr.n holder hnHhing of !mlf-hard hr:LHs is 
silver-soldered int.o the end of the tuhn with a minimum of hent
ing hy the hmzing tomh. The hushing weight should he hctwccn 
23.!'i a nd 24.0 gmms. An int.crnnl 7/u.-20 thrcad is m:u:hincd to a 
dcpl.h of •;, in. in the hushing to mnl.ù with the test spcc:imen, 
Fig. 1. 

The !.est Hfll'"immt iH machiru,c] fmm the m:Lt.crial in a single 
pin<'!' IVI'ighing 13.21\ ± 0 .21\ gnunH. Its test slll'fac:e iH t:ircular 
ntul 11:\t., 6/,-in . elia m. Tlw c:dgt•s of 1 he k~t Hlll'facn muHt he: 
HIJII:LI'e and unifol'mly ~harp withoul hun·H or impel'fedion~. 
'l'hl' HJII'<'i nwn lt:~' a 1/ ,-in. sltauk with a 7/, .--20 t.hrPad nmting 
with t.lwlmn~cftu,el'hn~hing, Fi~s. 2 and :1. 

Th<' transchu:c•t· i ~ stt:<JwtHit:tl Vl't'lic·all.v wit.h the: l~·st . spl'c:inwn 
a.t tho lowt•l' ('lltl. Tilt• Jlli !.:\.IIS nr ~uppcn·t ÏM a. thin ri~hl darup nt 
t.lw c·c:nl<•l' of ~mvit .. v of t.lw loruiPcl t.uhc:. The f'lamp '""·" he: or 
ltc:oprtmn nt' nf ncPI.al, Fi~ . ·1. l>nt·in~ osc:illal.inn U11• t.uhc• miiRI. 
nol. c·mnn in eonl:u·l. wit.h nt.lwr pal'!.• of t.llt' app:mLI.uH c:x~:npt. at 
ils p):UII' of SCI~)>I\nHion . 

Till' ln:ulc·d l.ransdtl!'l'l' t·:m he dl'iVI'n al. it.s l't'Rnnant fn•qnPn~,l' 
hy val'inus mt·:mH. A ltiglt-vnlt.agP l'll'c:l.l'llni~: JIIIW!'I' Hllpply ma,Y 
he: ust•c l. Thn lmnsduc:t•t· is m:ult• 11 pat·t. of a tank c•it·t·uit whif'h 
i" c:apni'ÏI-at.ivPiy 1-nnt:tl w t.lw n•sonaut Ol' ual.lll'al fn·qul\nc·y of 
t.he tmusdcu·c:l' IIHHI'mhly. 'l'lw powl'l'flll IIILI'mal ing magnet.ic, 
lit·lcl n:ctctin:cl i>< gt'lll'l'akcl hy a 1000-11 11'11 tft·iviug c•oil. ln 
OJII'I':IIiou, the: 1-mustluc·l'l' may lw clrivc•n in "l'lf-oRc:illat.inn al. 
n·~onan<'!' h,v c:ont.mlling t.lw poll't\1' "nppliPcl ln lhl' tank t•il'cllil. 
wit.lt a tlt :~at.ivP fc•t•tlh:u·k frnm au auxiliat',l' pic·k-up c·nil. A" an 
llilc;t'nal.ive, !lw 1-ntltsdllt'l'l' lllll,l' hP tll'ivPn hy 11 manuall.l' c•nn
t.rollt•d Pxl<-m:d audio nst•illal<>l' whic-lt i>< :ll ljusl.c,cf ln t.lll\ pn•tll\11'1'
minl'd rl'son:Lnl. fn•quc:nc·.r . 

l.nw-vnl t.agP, ltigh-c:lll'rt'nl. )11111'1'1' applit•cl lo a c•oi l of t·pfal.ivPI,V 
fpw l.ltl'ltH alsn <'IUt hl' IIRt•cl HIII'C'!'"sfull,1·. The• driving nt:t~tll'l-it: 
fil'id 1\lln l11• gi'IIC:I'IIIc:tf h,l' a t'OIIIIlllll-altll' Hll'ikh clriVI'II nt. a 1'011-
sl,utl. "l"'"d :tttcltlc•sigttt•cl lA> pmclnc•p !.111· l'l'"ouaut. ft·c•qltl'ltt'.l' . 
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Fro. 2 C:.\VITATION T>:ST s~>;C!Mf:N WrTII UNilERCUT 

The mngnel.ost.rictive chnrndcristic is temperature RCnsitive. 
The nickel tuhe must he maintnined nt a conslrlnt U!mpemt.urn 
weil helow ils eurie tcmpc•mt.ure throughout the test. Since 
the ccldy-current losscR in the nickel are high, considemhle cooling 
is rcquirecl. Usunlly, the tmnsducer tube is cooled intel'llally 
by n multiple-jet spmy of cold water agninst the inner wall. 
Tho coolnnt removes the heat of elcetrical loSilCs by gravity How 
down the tuhe wall and is removcd hy vacuum wpiration from 
the boU.om of the tuhe. The cooling system should be designcd 
to provide n <•onstant tube temperature and n constnnt lo!l(linJ!: 
of the tube with tl vihrntion-dnmping mrws of coolant thrOIIJ!:hout. 
the l.cHt. 

The Huid properties of the test liquid must he camfully con
t.rolled if the cavitation intcn•ity is to rcmain constant thi'Ough
out the !.est. For a particular liquid, this control may he 
oht,tined hy maintaining tl con~tnnt. liquid temperature. The 
test liquid container is placcd in n controlled tempering hnth 
which is rcgulated hy n tempcmture detector immcrsccl in t.lw 
l.<'.qf, liquid. \Vith simple apptlratus, temperature regulation t.n 
within a fraction of a degree can be ohtainecl. 

The tmnsdUPCI' must be cmlihratcd in vibmtion amplitude he
fore it is usml for U!sting. The c•alihmtion is nmcle with optie'ld 
diHplacement-meu.suring instrument.s and a stroboscopie lil(ht 
Mourc:e:. During opemüion, t.hc amplitude of vibration may he 
indicnterll'lcdl'ically hy stmin 11:11ges hondcd dir·cct.ly to th" t.ran~<
ducl!r tu hl! or Uw amplitnclo may ho nwastu·ed opt.ir.1~ll.v. 

The ma~~:net.o~trictivn tmn•ehu•er in vihmt.inn net., :u; 11 hil(h
int~msity sonnel gmwmUH', !'rl'ating a stmng sound fidel in the 
teRI. liqnid hclow the vilwat.ing t.cRl Rpedrnl!n. ltdll•c•.tcd ~onnd 
wavcs havi! :\ notil'eahl!! <'IT!!I'l on Uw intcnsity of e·nvilat.inn at 
Uw test surfa""· As 11 n~sn l t, the dulil'e nf the t<:st-liqnid l'nn
tainer shapl! and mat.e•rinl is a erif,i<'al fal'tor in IU"'dl!mkcl-fA•st 
n·snlt.~. Th!! "ontainc1· slulldd he small <'nongh ln penn if. '"'nnomi
e" LI r!'newal of the IA!st~liqnid sampl<', and it shonld he mad!! of 
l(lass tn allnw ronli rnml nh•ervat.ion nf f.h" spcdmen dnrinl( Uw 
IA•st.. AR a rnal.f.l!l' nf paRt nsal(e, a 1 hin-walll!d "ylinclrieal ve•ssd 
of pyrc•x l(i:I.'R, IIJllll'oxirnatA!Iy 3 1/,-in. di:unnnd wit.h a H11t hnt.tnrn, 
iR ,.,,,.nmrnencl<'•l. Th" IIJl)llll'llliiH is illnst.mt•'d in Fig. !i. 

Ae·"d"mt<•d-l'avif.a t inn te-st I'Oiulit.inns lm v<' lu•pn :ulopt<'d 
from the arhitrar.v e•xp.,rinwnta l "onelit.ions nf tho~ first. invo•st.i
l(atAII'li tn nsc t.lu~ vihmtnry nwthocl, l!nnsak.,r, l'i!IPrs, 1\:e•rr, and 
Hi~~:htmir., , 

To s t.:uuhmliw t.lw vihr:1tm·y :u"·e•l••mt.<'d c·avit.nt.ion-I'<'Hist:ull"' 
h •st. and maki! poH.'ihl!! th" "omparison nf re•snlts oht.:d n"d hy 
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FIO. 3 CAVITATION TP.ST s~f:CIMEN WrTHOUT lJNilf:RCIIT 

difTer<'nf. inv<'sf.igaf<lrs, we pmpose thal cnrtain conditions of 
IA!sl he sp!!eilil'lland ae<'<'fll<'d hy t.lw lield a.~ tentative standards. 
Thcse e•mulitinns indnclc t.lw freqne•rwy nf vihmtion, Uw ampli
tndl! of vihmtion, f.y pc of f<•st. liqnid, U!rnp.,mtnn• uf l.<!sf. liqnicl, 
atmnsplwric pl·essnn!, clcpt.h of sniHnurp:e•ne·e, ciPpth of f••st liqnicl, 
and the f.iml! nf test. 

Thn fl'('!(ll!liW.Y of vihmt.inn is cli!lilwcl tn he fi!iOO ± 50 (e•ps). 
This is approximaf<'l.1· t.he n•smHtnt fl'e<tll<'n«',l' of ns.,illat.ion nf a 
ni<'kd t.nhe 12 ·in. in lengt.h, lwarinl( a rnass lnad of ahnnt. :lï v;nuus, 
and with tlw asscrnhly fn•dy snsp<'IHh•cl at t.lrn e•cntl!r nf l(l':tvit.y. 
Th" 1mt.ural fn•qiii!II<'.V r.an hl! mlin•t.••cl h~· var,vinv; the t.uho 
ll'np:t.h, tu hl! W<'ight, or hushinv; W!'ip;ht., ll'if h t lw HJH'rinwn we•ight. 
n•nmininJ( within t.lu~ t<Jienuu·ps giwn. A 12-in . nie·ke•l t uhe• 
wPighinv; IO!l p:mms shnnlcl have• a rnso1mnt. fn•qn<'lll',l. nf fir,oo 
e·ps wit hin 20 eye·.lc•s will' li it. iH lit !l'cl wit.h a 2:1.!i-J(ralll hn~hin~ 
and a 1 :.1.2fl-p:mm ~Jll'l'illll'll :lllcl t he t<>f.:lllc•ngt.h is 12.fi2;i in. 

For· Ht.ill ~t·coatPI' pn•t·iJo~inn of fl'eC(tti'IH',\' :u1jul"tnwnt., a NJU'f' ÏIIWil 
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CAVITATION MACHINE 

hushing may be fitted to >\ transducer tube longer than 12 in. and 
the natuml frequency adjusted to 6500 eps by progressive de-
creases in the tube length. · 

The amplitude of vibration is defined to be 0.00342 ± 0.00005 
in., peak to peak. This purticulnr amplitude is admittedly 
nrhitmry, but it has heen used in the majority of investigations 
sinr.e the inception of cavitation-resistance testing by the vibra
tory method. A decrellllC of the amplitude of vibration to O.OO)in. 
only decrc!LSes the 1188ayahlc damage to the test. specimen. An 
incrcase to 0.0035 in. or more does not make amplitude any more 
measumhle and tends to decrease the present margin between the 
opcmting strnsses and the fatigue li mit of the transducer. 

The IA•st liquid is detined to be frcsh distillcd water. This 
medium is most rcn.dily duplir.n.tcd and precludes secondary 
con·osion efTccts. 

The test-liquid tempemtmc is dcfined to he 76 F ± 1 deg F. 
The atmospheric preSRurc, ahove the test liquid, is tentatively 

ddined to he the prevailing barometric prcssm·c. It is mcognizcd 
t.lmt the total hydrostatic pressure involvr.<l in the cuvit•~tion in
dex, npplied to the vihmt.ory method, is prcdominant.ly the 
prPssur·e of Uw atmospherc nhove the test liquid and thal v:lrin.
tions in tlw rümosplwric pressure arc r~ccompanicd by variations 
in the r.avit.ation nttnek on the spncinwn. However, this correla
t ion lm., hcen quantifind cxpcrimcnt.ally and :\ eorrect.ion factor 
lms l"'"" dcr·ivrd hy which damage at any givcn prcHHlll'e mr\y be 
<'OIT<,dA•d to d:unagc at ~~ p:~rticul:u· prc"sln·e. By this mcanR, 
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test rc~ults obtaincd at varions baromct.ric prcsHures can he cnm'-
parcd nt a Hxed datumlevnl. 

The phne of the IA!st 'surfaec of tire specimmr is to he suhmergcd 
O. 125 in. bclow the quieRr.ent surface of the test liquid. It ha.~ 
been found tlmt., with amplitudes of vibration as small as 0.005 
in., at this depth of submergence the oseillating spceimen bcgins 
to draw air from nbovc the liquid surface down t.hc sides of the 
specimen to the c:witrüing test surface. The air flow is accom
pnnied by a chnrnctel"istic hissing sound which is qui te noticeable. 
However, at the 0.00342-in. amplitude of oscillation, the strcnm
ing of air from the liquid surface to the lower test face of the speci
men has not becn dctectcd. The practical reason for the slight 
immersion is to keep the interface bctwccn the specimen and 
holder bushing as far out of the liquid as possible. 

It is 8pecified that therc should. be 4.5 in. of· test liquid bcneath . 
the test surface of the specimen. This may be stated othcrwisc, 
that there 8hould be a distance of 4.5 in. from the sound-generat
ing surface to the bottom of the te8t-liquid container, as measurcd . 
along the extended axis of the transducer tube. 

The definition of this distance as a condition of testing is a. 
compromise between the ideal and the practical. Ideally, . in 
evaluating the resistance of materials to cavitation damage in
dependently of particular geometries and opemtional parameters, 
the experimenter would perform the vibratory accelerated teRt 
in an infinite volume of the test liquid. The nearcst approa.ch · 
to the ideal probably would be to movc the apparatus in a boat 
to the deepest part of one of the Great Lakes, and there carry 
out the desircd tests. Howcver, in the laboratory, a small volume 
of test liquid must be conttlined in a vesse! capable of absorbing 
only a part of the intense sound gencrated by the vibrating speci
men. The reflected sound waves cause measurable cavitation 
damnge and the geomctry of the test-liquid container must be 
kept constant to a void variations in resulta. 

Expcriment hr\S shown that a test-liquid depth of 4.5 in., or 
approximately one half the wave length of 6.5 kc sound in water 
at 76 F temperature, offers a desirable compromise. With this 
depth, the test resulta have a small standard deviation. The · 
effect of the sound field secms to be !cast at this depth, apparently 
as n rosult of the standing wave created in the liquid between 
specimen and container hottom. 

The remnining condition is the duration of the accelerated 
test. This is specitied to be 120 min divided into four test in
tervals of 30 min cnch. I t' is apparent that the specification of a · 
test timc is arbitrnry. Howcver, shorter test times of, sny, 90 
min limit obscrv1\tion of damage sustained by materials of higher 
resistance, wh ile test times of more than 120 min do not cspcciull_y 
incrense the cn.sc of mcn.surcmcnt but do incrcn.sc the test costs. 

TEST f'ROCf:DUIIES 

The conditions of test as Apeciticd define the recommendcd 
paru.meter adjustmcnts during the ac tuai test. There :ilso should 
he a standnrdizntion of procedures in prcparing for und pcrform
ing the test. The procedures rccommended later hn\"-J bcen 
cstnblished by experimenta with an extensive vnriety of materials. 

In the pnst two decades conBidcmblc work hns bccn done on 
the effcct of the nir content of 11 liquid on the incid!'ncc of r:witn
tion and the cavitation nttack on hydraulic mat.crials. Al
though the qtmntization is stillr~ "ubjcct of controvers:v, it sœms 
thal the :\ir content of a cnvit.ating liquid tends to cxert a pa!<
siv:~ting influm11:c on cavitation nU.:wk. 1 n the vihmtm·y test., 
a convcnicnt mcnns of st.abilizing t.lte air cont~mt of Uw t.cst 
liquid hr\S been t.o subject the liquid to the inl.cnsc smm<l fiPld 
genemted by a dummy spcdmci1 prior· to Uw t.inwd 1-l'"t.. This 
mcthod yiclds consist~'ntly rcproducihlc test. r<!sult.~, dPp<•ndPnt. 
on Uw lcngth or the prctest t.reatmcnt. OUwr invcst.ip:ators, 
variouHly, have treated the test liquid wit.h Jll'l'l.cst hoilinfl:, or 
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have ignorml t.hn cfTcefs of nir eont.1•nt.. Tlw difTermwcH h11t.ween 
datnllJl:C mnn.•llrl·d in t.he snveml Clk"'" are not cxtrmn11 1m1l nrc 
r~>F f.ricf.cll t.o t.hc firHt 30-min intervnl of test.. 

Howcvcr, sinre the e!Tects lll'll not univerl!lllly llJl:I'PI'd upon, it 
is of 1\Ôvnnf,'\gc t.o removc the question from the test. As n 
tentative ~tnnùnrd procedure, wc spccify Umt the te_at liq11id 
he boilcd for 15 min prior to the test propcr. 

White the tc.•t water is hcing prcpared, the specimen tniiRt he 
rcadieù for tcsting. It hM boen found that cavitation nttack 
tends to localir.e damage at Hllrfaec imperfections on the face of 
t.hc test specimen. A perceptible serateh within the area of 
most intenw attack often becomes a disproportionately large pit 
d11ring the vibmtory test .. 

It is rccognized that it is not possible to hring the test sur
fn.ce of ali types of material ton. mirror-polish superfinish. How
ever, the toRt Rurfaces of different specimens cn.n eMily be mark 
cqual in avcrn.ge finish, thuR supplying n. r.ommon reference level. 

The test surfooe of the specimen shonld be polished to a rough
nes.• of approximately 3 microinchcs roolrmean-square, using 
triplc-1.ero (000) emery pap<>r. 

· The physical and ehcmieal peculiaritics of many mnterials 
tekted by the vibrat.ory method erCJ\te an error in damagt) evn.lua
tion. Ir the test material is uniformly porous, during the test 
the spncimcn may absorba considerable amount of the test liquid, 
which is driven ùeep into the material by the nearly 8000 gravi
tics pen.k acceleration. Ai. the end of the first toRt interval, snch 
n. Rpecimen may rev!'.al an ootual increusc in mass, ùcspite visibly · 
extensive damn.ge and material Joss. Attempt.s to remove the 
nhsorbed liquid by the application of high hcnt may heighten the 
rate of oxiùation of sorne materials. H.emoval of the liquid hy 
l'hemical drying or slow heating adds much to the over-nll time 
requircd to complete the rt>.llistancc toRt. 

A further efTcct has been seen in the case of mctals which have 
~~ higher affinity for oxygen. White the specimen is being vi
hmted in the test, the material may oxidize hcavily on surfaces 
•md n.t grnin boundari!'-B in contact with the test liquid. If the 
material is I'Omcwhnt porous, the oxygen gaincù by chemil~al 
r.ombination du ring the test becomcs a noticeahle factor. 

By experimental trial, a prctest treatment Wl\8 found hy which 
materinls coulù he brought to a condition sufficiently stable that 
Hpmious phyHicul and chemicul effect.s would not detract from 
thl! 11rcciHion of damage meusurements. The test specimen is to 
IHl prooxidizcd by hoiling in a Hample of the tcNt. liquid for Rlmut 
l!i min, prior to the test. Whcn the specimcn is rcmovml from 
the boiling liquid, it xhould 1)('! placcd immedintely in a second 
Hlllnpl<J of cool test liquid and allowcd to sol\k long cnough for 
t.lw Hpecimen to return to the nmbicnt temperature. When cool 
the spcdmcm •lwnld he removcd from th11 liquid, 1md dried cnrc-

. fully on ali cxt...-im· Hurfuc"" wit.h 11 lintlcNR tiHSuc wntt<•d wit.h 
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Cl' rcap:nnt' al"'tonn. AH Hoon liA thn Hurfur"l moiHt.nrc iH remow!ll 
t.he Hprldmnn Hhould lm weighcd ami quiekly plal,~><l in thf' t.mns
dnccr for t.hc f<lHt. 

At t.ht• 1,nd of !'ach 30-min t<lHt inl<lrvnl thl! Hpc<dlllllll Hhould lm 
rcmovcd from thn trunHducer, surfacll-ùriml with Cl' 11lng<"''· 
ooetone on 11 lintlC88 tissue, and wcigheù at oncl!. AH Hnon aH it 
iH weighed the specimen should he r<>turnerl to the vit'n·ator. and 
the tc.~<t continucù. 

Ali wnight. measurement.s should he made to the nnare~t O. 1 
milligrn.m. 

SUMMARY 

To summarize: The magnetostrietive type of vibratory 
apparatus, whieh has a water-coolcd centrally Mnpported Jlll l'f! 

nickel tube aR a transducer, is recommendcd by the committee 
for accelerated cavitation-resistance testing. A teHt Hpeeimen 
having a ftat circular surface •/1-in. diam is suggeHtcd. The t.eRt 
liquid should be contained in a cylindricnl fta~bottomcd 'pyrex 
glass vCSI!el approximately 3'/rin. diam n.nd the container pln.ccd 
in a thermally regulated heat-exehangc bath for cont'rol or the 
tcR~Iiquid temperature. 

The following test r.onditions arc suggestoo as tent:tl.ive 
standards for vibratory, acceleratcd-cavitn.tion testing: 

Test frequency of 6500 ± 50 eps. 
Test amplitude of 0.00342 ± 0.00005 in. 
Test liquid, fresh distilled water. 
Test liquid temp11rature of 76 F ± 1 deg F. 
Test pressure, the prevailing barometric pm&~ure, with the 

test result.s to be corrected to a reference pressure. 
Submergence of test specimen of 0.125 in. 
Test-liquid depth of 4.5 in. below the tf'.st specimen. 
Test time of 120 min divided into four equal intervals. 

The following procedures are suggested as tentative Htn.nd:mls 
r or vibratory resistance tests: 

The distilled water should be prepared for test hy hoiling for 
15 min to reduce the air content t.o a minimum. 

A roolrmean-square roughnesR of three mir.roinches shonld he 
ohtained on the fln.t circular test surface of the specimen, using 
t.riplc-zero emery pa[JCr. 

The specimen should bP. stahilized in st.ate of oxidn.tion n.nd 
wnter content hy the following seqm~nce: Boil for 15 min in 
tfiRtillcd wnt.er, sonk lA> amhicnt !.<•mpcmt11re in distilled wakr, 
and surfru,l.~dr.v with CP rcngnnt. llCetonc immcdi•ttcly beforc• 
ear.h wcighing nnd tcsting. 

The specimen should he taken from the vihrntory 1\)lpnmt.us 
at the end of mwh 30-tnin intcrval of testing, surlar.c-dried, :md 
wcighed . Ali Wllight.s should he! tak1m· to t.he ne:m•st. •;,. milli
gmm. 
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18. APPENDIX III 

CAVITATION AND NUCLEATE BOILING 

The formation of the fir st va pour hubble during cavitation and 

nucleate boiling was studied during 1958, when Dr. T.D. Patten of 

Edinburgh University was a Visiting Research Fellow at McGill University. 

A special test button with an imbedded heater was made, so that cavitation 

or nucleate boiling could be studied separately or simultaneously. A 

standard flat test surface was tested first, and then conical and spherical 

test surfaces were tested. 

However, the formation of the first vapour hubble at given 

temperature and pressure conditions was not reproducible, and no definite 

correlation could be established between the pressure gradient required in 

cavitation and the temperature gradiènt required in rixi"cleate boiling. 

Future research is anticipated specifically related to electrode 

steam generators, where severe attack occurs on the electrode tip during 

arcing conditions at minimum electrode immersion. Submerged water 

spouts are directed on the tips of the electrodes to prevent the 

accumulation of steam bubbles and, hence, cavitation and nucleate boiling 

occur a1imultaneously. 
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1) A . S.M.E. paper 59-A 52 

"Sorne Corrosion Effects in Accelerated Cavitation Damage" 

by W. C. Leith and A. Lloyd Thompson. 

2) Discussion by Dr. M. S. Plesset 

Professor of Applied Mechanics 

California Institute of technology 

Pasedena, California. 

3) Reply by W. C. Leith 
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Discussion of Paper No. 59-A- 52, 11Some Corrosion Effects in 
Accelerated Cavitation Damage•• by W.C. Lei th and A. Lloyd Thompson. 

The authors have ascribed the star-shaped hubble pattern to 

the presence of radial vibrations of the test specimen. In the 

experimenta which I have reported, the star-shaped pattern did not 

appear to have this origin. My observations s howed that this pattern 

was not connected with the diameter or thickness of the specimen. I 

also found a random element in the number of rays in the star pattern. 

It must be admitted that the apparatus used by Leith and Thompson is 

different from mine so that their interpretation of tlie mechanism of 

the star formation may be correct. This point is of sorne importance 

since these star hubble patterns are associated with !ines of deep 

erosion of the test speCimen. My ·experience has bèen that the · 

formation of uneven cavitation damage is a source of inaccuracy in 

damage data. Such damage patterns make reproducible data dif;ficult 

to obtain. 

In the authors 1 discussion of the effect of metal properties 

they attach significance to th-e so-called incubation time. This time 

is considered by the authors to be a period during which there is no 

loss of weight. I believe that it is incorrect to describe the 

11incubation period11 as a period in which there is no los s of weight. 

In our experimenta we observe a weight loss immediately following 

exposure to cavitation. The initial rate of weight loss is less than 

that found after sorne exposure. The small initial rate increases 
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with exposure until a characteristic constant rate is obtained. 

The smaller initial rates of weight 1oss require greater 

accuracy for their observation. When the characteristic con-

stant rate of weight 1oss is obtained~ further damage can eventually 

lead again to a nonlinear region of weight loss. This excessive 

damage is often a cause of inaccuracy in measurements. 

A question may be raised regarding the data presented on 

cathodic protection. Figure 8 of the paper shows a greater weight 

1oss when anodic currents were applied to the specimen. The 

authors do not state whether these weight losses for the anodic case 

were corrected for 1oss of materia1 due to anodic current flow alone. 

Unless such a correction is made this curve is meaningless. 

In their consideration of temperature effects on cavitation 

damage the authors have found a result which has already been 

reported by A. S. Bebchuk~ Soviet Physics-Acoustics~ vol. 3~ P. 97 ~ 

1957 and vol. 3~ p. 395~ 1957. 

It app-ear s further in the au thors' consideration of 

temperature and pres sure effects that the author s have attempted 

to consider these separately. From a fundamental point of view 

this approach is very like1y not possible. There is certainly an 

important effect in cavitation damage of the amount of disso1ved 

gas~ and this amount is related both to temperature and pressure. 

MILTON S. PLESSET 
California Institute of Technology ~ Pasadena, Calif. 
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Reply to Dr. M. S. Plesset 

Dr. Plesset' s discussion emphasizes the divergence of 

opinion that exists between investigators who study different 

aspects of the same phenomenon. His most recent paper, 

59-A-170, which is contained in the Appendix V, describes a 

novel experimental procedure to study the effect of cathodic 

protection in cavitation damage. There is sorne doubt as to 

the accuracy and reproducibility of his amplitude indication, 

since a displacement pick-up coil has been replaced by the 

more accurate strain gauge indication in the commercial cavi

tation machine as sold by Allis-Chalmers. 

100. 

Dr. Plesset' s apparatus has a solid exponential horn 

transducer operating at a frequency of 14,200 eps with an 

amplitude of . 0020 inches, while the standardized A. S.M.E. 

apparatus has a nickel tube transducer operating at a frequency 

of 6, 500 eps with an amplitude of • 0034 inches. It would be 

interesting if Dr. Plesset could correlate his test results to the 

standardized A. S.M. E. test. 

Dr. Plesset has proposed that a rimmed test button will 

elimina te the star - shaped damage pattern by reducing the 

radial flow, Following this proposai, standard flat buttons 

a nd rimmed buttons of rolled aluminum with the same surface 

roughness were tested, The Plesset rimmed but ton has a 

similar damage pattern as shown in Figure 18, but the total 

w eight loss for a r immed button is about 1 Oo/o l ess than for a 
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flat butten, as shawn in Figure 19. These buttons were tested 

with the A. S.M.E. standard procedure, and the weight loss 

curves are definitely in the characteristic linear region, where 

accuracy and reproducibility are easily attained. It is suggested 

that the modulus of elasticity of the test butten may have sorne 

influence on the damage pattern, since a soft metal with a low 

modulus such as cast aluminum, shows a distinct star- shaped 

damage pattern, while a harder metal with a higher modulus such 

as cast aluminum bronze, shows a more uniform damage pattern 

as shawn in Figure 20. 

As stated on Page 2 in the paper, S.~-A52,the incubation period is 

found for rolled metals only, and the surface roughness for standard 

buttons is about 3 microinches. It is encouraging to note that 

Figure 29 in Dr. Plesset's paper, 59-A-170, shows an incubation 

period for stainless 17/7 steel. 

The 1ar ger weight los s with an anodic c urr ent as shown in 

Figure 8 has been corrected for the static corrosion loss, and 

this data agrees with the published works of Beeching.(21). 

The general effects of temperature were reported first by 

Kerr in 1937, but EJ.gure 10 refers to the specifie case of a diesel 

engine. The separate curves of temperature and pressure may 

not satisfy Dr. Plesset's fundamenta1 point of view, but they can 

be adjusted separately both in the laboratory and the engine, to 

show the desired relative effects. 
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A cavitation parameter of water for temperature has been 

established empirically which combines the effects of vapeur 

pressure, viscosity and surface tension, as shown in Figure 21. 

This cavitation parameter is extremely useful for cavitation 

prob1ems in water cooling systems. 

The literature on cavitation contains many conflicting 

observations on the effects of dis solved air, and it is certainly 

an important effect. However, a complete series of temperature 

and pressure curves show relative effects, which include the 

amount of dissolved air. 

WCL/fh.-

W. C. Leith 
Mechanical Research Engineer 

Dominion Engineering Works Limited 
Montreal, Canada. 
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ROLLED ALUMINUM 

ASME STANDARD FLAT BUTTON 

ROLLED ALUMINUM 

PLESSET RlMMED BUTTON 

EFFECT OF A 
PLESSET RIMMED BUTTON FIGURE 18 
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CAST ALUMINUM 

MOOULUS E • 10 X 10
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20. APPENDIX V 

A . S.M.E. paper 59-A.-170 

" On Cathodic Protection in Cavitation Damage•• 

by M. S. P1esset • 

.. 

SPECIFICATIONS OF THE PLESSE T CAVITATION APPARATUS 

1. Solid steel exponential horn transducer 

2. Fr e quency - 14,200 eps 

3. Amplitude - , 020 inches 

4. Rimmed test button 

S. Amplitude in dication - displacement pick-up c oil 




