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PREFACE 

The revised edition of the Handbook of Cavitation Erosion is 

an outgrowth of several years of research sponsored by the Office 

of Naval Research. Technical Contract administration was provided 

by Mr. Stanley W. Doroff as scientific officer of the ONR Fluid 

Dynamics Program. 

A. Thiruvengadam, formerly Head, Materials Sciences Division 

of HYDRONAUTICS, Incorporated, was primarily responsible for the 

complete revision of the Handbook. Significant contributions to 

the revised edition were made by P. Eisenberg, V. E. Johnson, Jr., 

and A. F. Conn of HYDRONAUTICS, Incorporated. 

More recent data relating to the physical properties, 

corrosion-erosion modeling and adhesion strength of coatings were 

generated at the Ocean Engineering Laboratory, Institute of Ocean 

Science and Engineering, The Catholic University of America under 

contract number NOOOU-67-A-O377-C008-NR-O62-436. Additional data 

on the erosion resistance of polymers and other non-metallic coat¬ 

ings were developed by the Non-Metallics Division of the Naval Ship 

Research and Development Center, Annapolis Laboratory by G. Bohlander, 

H. S. Preiser, and A. Buffalo. 

An attempt has been made to include all points of view empha¬ 

sizing the practical considerations relevant to the design and 

material selection process. 
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of Starboard Propeller Blade (Suction Face) 
(Lichtman [132]) 

Figure 12-2 - PC(H)-1 Adhesion Separation of Neoprene Coating 
Occurring During May 1963 Trials 

Figure 12-3 - USNS AMERICAN EXPLORER (T-AO 165) Pressure Faces 
of Neoprene Coated Propeller (Viewed From Port 
Side) After Service (Lichtman [132]) 

Figure 12-1* - USS STORMES (DD780) Port Propeller, SBR Inlay, 
Blade 3 (DSR 39505) (Lichtman [132]) 

Figure 12-5 - USS STORMES (DD780) Starboard Propeller, Neoprene 
Inlay (DSR 39516) (Lichtman [132]) 
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notation 

A constant of proportionality 

Area of erosion 

Cavitation interval 

Minimum pressure coefficient 

Energy absorbed by the material 

Intensity of cavitation damage 

Number of cavities 

Pulse ratio 

Power absorbed by the material 

Maximum radius of the bubble 

Strain energy of the material up to fracture 

Static interval 

Free stream velocity 

Separated streamline velocity 

Peripheral velocity of a vortex 

Constant of proportionality 

Characteristic dimension 

Frequency of shedding of cavities 

Acceleration due to gravity 

Average depth of erosion 

Length of the cavity 

Ambient (local) pressure 
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Partial pressure of gas inside the cavitation bubble 

Free stream pressure 

Vapor pressure of the liquid 

Critical pressure 

Radius of the bubble 

Critical radius 

Duration of test 

Local velocity 

Incremental volume loss due to cavitation damage 

Surface tension of the liquid-vapor interface 

Circulation 

Relative length of cavity 

Density of liquid 

The above list of symbols is only a 

selection of those used in this Hand¬ 

book. In each chapter specific defini¬ 

tions are given for the symbols used 

within that chapter. 
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X. INTRODUCTION 

With the advent of high speed naval craft, 

ronellers high performance pumps and turbines, and the require 

III1 r Vfll cates in piping .stems, - 

tatlon and cavitation erosion to vital components has Incre 

;hl8 problem Is now regarded as an Important design and operational 

-onslderation. Recent experiences with full scale .^ms show 

that in some cases even the most resistant material was severely 

relit operational periods (1). This has motivated sev- 

rmiu ators to conduct basic studies with the objective of 

eventually developing prediction and protection --- - 

»ethods would aid engineers In dealing with and, to the e 

possible, overcoming the problem of cavitation «oslon 

mg modeling techniques to scale cavitation erosion by mean, o^ 

laboratory tests seems feasible. There are many problem 

solved, however, before any acceptable modeling technique Is es¬ 

tablished. One is the relation between the resistance o 

material used in the laboratory model and that used ^proto¬ 

type system. The second Is P'°^“ ^"««»tion is being 
the cavitation environment. While continu 

paid to these aspects, much new Information has been generate 

since the publication of the first edition of this handbook 

It is now possible to aid the practical engineer with his 

qesiji and material selection problems In a quantitative manner. 

Plaure 1-1 shows the various engineering aspects of t s p 

.a seen by the designer. The design and material 
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draws information from basic research and screening tests. Basic 

research on bubble growth and collapse, material erosion and en¬ 

vironmental interaction has generated much needed fundamental 

knowledge. The relative resistance of many materials has also 

been catalogued using one of several screening tests. Tests com¬ 

monly used include: (1) the vibratory test, (2) the rotating disk 

test, (3) the venturi test, and (t) the jet-impact test. Basic 

research combined with screening tests has led to several useful 

protection techniques which Include the use of more resistant ma¬ 

terials (inlays, overlays, and elastomeric coatings), and the 

cathodic protection and air injection methods. These protection 

techniques are successful in some instances but not so useful in 

other cases. If erosion is serious at the designed operating con¬ 

ditions, operational requirements such as capacity, power, and 

speed might be reduced. However, if the design is hopeless in 

terms of erosion Intensity, then redesign is generally recommended. 

During redesign one would correct obvious mistakes, avoid 

cavitation if at all possible, and provide air vents at problem 

areas. It would be highly desirable to verify the redesign (or 

a preliminary design) with the help of a model test before costly 

manufacture is initiated. Such model tests would hopefully lead 

to the necessary modifications to a design so that the erosion in¬ 

tensity levels are within the capability of the candidate material. 

Attempts to develop such modeling techniques are currently under¬ 

way. The objective of this revised edition of the Handbook of 

Cavitation Erosion is to describe these developments in a clear 

and practical manner which will be useable to designers. 

D 
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DEFINITION OF CAVITATION, ITS CAUSE AND EFFECTS 

In most engineering contexts, cavitation is defined as the 

process of formation of the vapor phase of a liquid when it is 

subjected to reduced pressures at constant ambient temperature (2). 

In general, a liquid is said to cavitate when vapor bubbles are ob¬ 

served to form and grow as a consequence of pressure reduction. 

When the phase transition is a result of pressure change by hydro- 

dynamic means, a two-phase flow composed of a liquid and its vapor 

is called a cavitating flow. While these definitions imply a dis¬ 

tinction between phase transitions associated with reduction of 

pressure, on the one hand, and addition of heat (i.e., boiling), on 

the other, heat-transfer effects may play an important role in 

many cases of cavitating liquids. Such effects are especially of 

importance in liquids near their boiling points. From \ purely 

physical-chemical point of view, of course, no distinction need be 

made between boiling and cavitation, at least insofar as the ques¬ 

tion of inception is concerned, and many of the basic physical 

ideas regarding inception, vapor mass transfer, and condensation 

apply equally (3). 

The phenomenon of cavitation produces many effects such as: 

(a) damage to boundary materials; 

(b) changes in hydrodynamic forces; 

(c) vibration and noise. 

A very important effect is the problem of cavitation erosion. 

At the turn of the century, efforts to improve the performance of 

marine propellers and hydraulic turbines were handicapped by the 
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severe damage caused by cavitation. In fact, an underlying motive 

for directing so much attention to the general phenomenon of cavi¬ 

tation was to understand the nature and extent of the resultant 

erosion to materials of construction. During the past fifty years, 

since the first systematic investigations were initiated by the 

Admiralty Sub-Committee (4), several significant advances have been 

made toward the understanding of the problems associated with this 

phenomenon of cavitation erosion. 

HISTORICAL BACKGROUND 

The possibility of the occurrence of cavitation due to pressure 

changes in a flowing liquid was recognized by Euler as early as 

1754 (5). Reynolds (6), in the last decade of the nineteenth cen¬ 

tury, produced and observed cavitation in a glass venturi tube at 

room temperature. These dates indicate the early sporadic interest 

in the problem. However, because of its classical scientific inter¬ 

est and the many sided practical aspects of cavitation damage ef¬ 

fects in various fields of endeavor, prominent names such as 

Rayleigh (7), Parsons (M, Ackeret (8), FWettinger (9), and Hunsaker 

(10), among others, were associated with this problem right from the 

turn of the century. Following the work of these early pioneers, 

several investigators have been devoting major effort to study the 

details of this fascinating phenomenon over the past fifty years. 

This handbook summarizes the major contributions of these investiga¬ 

tions . 
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BACKGROUND 

Several review articles on cavitation damage have been pub¬ 

lished over the past twenty-five years, each paper summarizing the 

significant contributions and progress made up to that time. The 

more comprehensive critiques were made by Nowotony (11) and 

Beeching (12) in 19*2, Godfrey (13) in 1959, and Eisenberg (1*) in 

1963. However, these articles were necessarily brief because of 

their limited scope. In recent years, the rising demand for ma¬ 

chines capable of operation at still higher speeds and reduced 

pressures has brought into focus -he need for engineering informa¬ 

tion on the causes and alleviatloi of cavitation erosion. Despite 

the increased interest and need i.i this area, there existed an in¬ 

formation gap among the scientist, the designer and the operator 

which prevents the effective use of available knowledge on cavita¬ 

tion erosion phenomena. To meet this requirement the First Edition 

of the Handbook of Cavitation Damage was prepared for the U. S. 

Office of Naval Research in March 1965 as HYDRONAUTICS Technical 

Report 233-8. Since then many developments have taken place in 

this field. The purpose of this revised edition is to increase 

the usefulness of the Handbook by incorporating this new informa¬ 

tion about cavitation erosion. 

This technical manual attempts to provide, in digested form, 

the most significant advances toward the solution of problems as¬ 

sociated with cavitation erosion damage. In order to reach a wide 

audience in the scientific community, the scope of this manual in¬ 

cludes a state-of-the-art summary, a critical review of the problem 
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for those in research, and practical information for use by designers 

and operators. 

SPECIFIC CAVITATION PROBLEMS OF THE U. S. NAVY 

Cavitation erosion is of critical concern to the Navy. It im¬ 

poses severe limits to the design and operation of ships and other 

naval machinery components. Specifically, the erosion of propellers 

can reach catastrophic proportions in some cases, as discussed in 

Chapter X. With the advent of higher speed ships, this problem of 

cavitation erosion is of major concern. Apart from erosion to ship 

propellers, hull areas and appendages, many other ship components 

suffer from the effects of cavitation. A few examples can be cited: 

diesel engine cylinder liner erosion; damage to acoustic communica¬ 

tion and detection devices; damage to pump impellers and casings; 

and erosion of valves and piping sections. The primary aim of this 

handbook is to assist the scientific and technical personnel of the 

U. S. Navy in understanding and solving cavitation erosion problems 

so that the knowledge can be applied toward maintaining the fleet 

at its optimum performance level. 
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II. cavitation inception 

BASIC PRINCIPLES 

The basic principles of cavitation Inception may be demon¬ 

strated by a simple example of the flow through a Venturi as shown 

in Figure 2-1. For an ideal case, the velocity and pressure In 

the throat are controlled by the continuity and Bernoulli equations. 

It is easily seen that the absolute pressure In the throat depen s 

on upstream velocity and pressure, and the area ratio of the -en ur.. 

For example, the wrong selection of a large area ratio to han le a 

given flow rate may reduce the throat pressure below the vapor pres¬ 

sure. This may result In the formation of vapor bubbles at the 

throat, giving rise to the Inception of cavitation. Although t e 

above simple example demonstrates the conditions for cavitation 

caption, the phenomenon of cavitation Inception Is much more com¬ 

plex. Several additional factors such as the nuclei sise an 

trlbutlon, the surface tension, boundary layer effects and 

thermodynamic Influences are all Important in the understanding 

of the overall phenomenon of cavitation inception. Many contem- 

porary Investigators such as Plesset (15), Holl (16), Ripkin <17 -o), 

and Johnson (3) among others have made notable contributions to this 

understanding. The author has attempted to draw upon this wea i 

of Information; the discussion here Is substantially based on 

writings of Johnson (3) because of Its simplicity and engineering 

usability. 
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Generally, cavitation inception in hydraulic systems occurs in 

three broad categories as follows: 

1. unseparated flows, 

2. separated flows, and 

3. liquids undergoing strong vortex motions. 

UNSEPARATED FLOWS 

In Figure 2-2 is shown a streamlined body of which the curva¬ 

tures are sufficiently mild to permit nearly ideal flow; that is, 

flow without boundary layer separation. The pressure distribution 

on this body, as obtained from potential flow theory, would be ex¬ 

pected to be in good agreement with experimental measurements if 

the boundary layer displacement thickness is small compared with 

the body diameter. This condition is usually met if the Reynolds 

number is sufficiently high to produce a fully developed turbulent 

boundary layer. For a given body shape, the magnitude of the pres¬ 

sure reduction at the location of minimum pressure can be written 

as a certain percentage of the total dynamic pressure, ¿pV*, 

Pmin " po Cp,mir.^pV* [2-1] 

in which is known as the minimum pressure coefficient. The 

value of is not appreciably influenced by pQ or V if the 

boundary layer satisfies the conditions previously described. In 

engineering designs, it is generally assumed that cavitation incep¬ 

tion occurs when pmin becomes equal to the vapor pressure of the 

liquid. However, it will be helpful to discuss briefly the 
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physical nature and conditions surrounding the Inception of in¬ 

dividual cavities which eventually expand and retain their ident¬ 

ity during a complex history of growth and collapse; or some- 

plmes coalesce and form a very large, more or less steady cavity. 

The Role of Nuclei 

In an absolutely pure liquid (all of its constituents in 

the liquid state) the only way of creating a cavity is by frac¬ 

turing the liquid; that is, by producing tensile stresses to 

overcome the molecular cohesive forces. These stresses theoret¬ 

ically may be of the order of several thousand atmospheres. 

However, experience shows that the critical pressures at which 

a cavity forms are of the order of a few atmospheres in ordin¬ 

ary engineering liquids. In order to understand the Inception 

of cavitation, it is very helpful to examine the conditions for 

static stability of a spherical gas volume surrounded by a 

liquid. Although cavitation is a dynamic phenomenon, the tas;-, 

principles of inception will be revealed by such a static 

analysis. 

As seen in Figure 2-3, the forces acting on the inside 

of the bubble are those due to the partial pressure of the gas, 

p , and the partial pressure of the liquid vapor, pv (3). At 

the interface (the surface of the bubble) is the surface ten¬ 

sion force Firry; where r is the bubble radius and y is the 

surface tension force per unit length. The surface tension 

force per unit cross sectional area of the bubble is therefore 

2irry/irr* or 2y/r. The term 2-y/r is often referred to as the 

-.tension pressure. It should be noted that this surface 
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tension pressure tends to collapse the spherical bubble. Outside 

the bubble is the ambient fluid pressure, p. For static equilib¬ 

rium the following equation must be satisfied. 

Pv + Pg - P + ^ [2-2] 

Now if it is assumed that the temperature and weight of the gas in 

the bubble remains constant as the surrounding fluid pressure is 

reduced, then the pressure, p , for a given weight of gas will vary 
O 

inversely with the volume of the gas bubble; that is p * A/r3, 

where A is proportional to the number of molecules or to the weight 

of the gas and r is the radius of the sphere. With the above sub- 
». 

stitution. Equation [2-2] may be written as y 

P " Pv = r* ’ ^r" [2-3] 

Now since r = rQ at the free stream pressure, pQ, the value of 

thr constant A in terms of the ambient nuclei size and pressure is 

A = (P0 - Pv + f1)»'! [2-*] 
o 

Consequently Equation [2-3] becomes (in terms of bubble 

diameter rather than radius) 
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Defining the Weber number as W = pU^ dQ/7 and the vapor cavi 

tation number as - (po - , Equation [2-5] may also be 

written as 

[2-6] 

Value of the parameter (p - PV)/(PQ - Pv) for various values 

of o^W as calculated from Equation [2-6] are presented in Figure 

2-4. Since the assumptions leading to Equation [2-6] do not allow 

for additional gas to diffuse into the bubble. Figure 2-4 illustrates 

that for large values of ovW all bubbles simply follow a simple iso¬ 

thermal expansion as the pressure is reduced. 

The important point to note in Figure 2-4 is that for more 

reasonable values of ovW the curves have a minimum and thus the 

well-known instability or cavitation inception occurs. The critical 

point for inception in terms of the parameter ovW may be determined 

as 

[2-7a] 

critical 

[2-7b] 
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Since the parameter p* - pv is a measure of the inaccuracy 

which results when cavitation inception is assumed to occur at 

the vapor pressure, the foregoing results may be used to deter¬ 

mine the magnitude of inaccuracy (scale effect) which may exist 

in practical situations. Figure 2-5 is presented in order to 

demonstrate the variety of observable conditions for cavitation 

Inception which may occur in practical tests. In Figure 2-5, it 

is assumed that a linearly decreasing pressure exists as a bubble 

moves from left to right through the pressure field. It is as¬ 

sumed that the true minimum pressure coefficient is .2 and that 

the observed vapor incipient cavitation number will be .2 if in- 
p - p 

ception occurs at -——2- = 0, that is, at the vertical dashed 
po " pv 

line. Bubbles of initial diameters, .0001, .001, .01, and .05 

inches are allowed to pass through the field at free stream ve¬ 

locities corresponding to 30, 60, and 120 fps. The effect of 

speed on the deviations in inception are caused by the variations 

In ovW. It should be remembered that the analysis is quasi¬ 

steady. The dashed horizontal lines mean that the bubble entering 

the field is not visible to the naked eye without special light¬ 

ing. The dots and circles indicate actual bubble sizes except 

that shaded or black circles indicate that space is not available 

to show the actual bubble size. The location of instability or 

cavitation inception is denoted by the starlike symbols. The 

large velocity scale effect on the .001 inch diameter nucleus 

should be noted. It should also be noted that the .01 inch diam¬ 

eter nucleus has only a small deviation from inception at the 
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vapor pressure and then only at the lowest speed. It Is also 

important to observe that the largest bubble, although always 

reaching its point of true instability at the vapor pressure, 

has a large observable growth prior to reaching the vapor pres¬ 

sure. Such large bubbles in the flow may be responsible for 

scale effects in an abnormal sense. 

Another important relationship which may be obtained from 

a static analysis of gas and vapor filled bubbles is the condi¬ 

tions under which a bubble may grow by gaseous diffusion. Al¬ 

though such growth is very slow, it is a process whereby gas 

bubbles of macroscopic size can be generated ánd later become 

unstable at only moderate subpressures. As first stated by 

Strasberg (19) the condition for bubble growth by gaseous diffu¬ 

sion is simply that the gas within the bubble be in contact with 

external fluid whose gas partial pressure is greater than that 

of the gas within the bubble. It can then be shown that the 

equation defining the inception of gaseous diffusion is 

[2-8] 
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where 

Pc is the critical fluid pressure for incipient gas diffusion 

and 

ps 
Pe = ^» where p is the fluid gas saturation pressure. 

po " pv s 

The conditions for incipient gaseous diffusion as computed 

from Equation [2-8] and the conditions for cavitation inception 

(bubble instability) as computed from Equations [2-7] are presented 

in Figure 2-6. The important point to note from Figure 2-6 is that 

although the nuclei in an ambient saturated solution may be almost 

microscopic in size (say .0001 inches), if these bubbles later come 

to reside in small separated zones along a ship hull where they may 

be subjected to adequately low sub-ambient pressure, they will grow 

by gaseous diffusion and can later enter the propeller region with 

a greatly increased size (several thousandths of an inch). Ripken 

and Killen (18) suggest that bubble growth through diffusion within 

the boundary xayer of ships or the pipe walls of a conduit or water 

tunnel will always supply numerous spherical gas bubbles of the 

order of .001 inch or larger. They have developed an acoustic 

instrument for determining the size distribution of gas bubbles in 

water and used it to measure the bubble population in the wake of 

ships and in water tunnels. 

The foregoing discussion on the role of nuclei in cavitation 

inception indicates that the pressure at )#hich cavitation starts 

need not necessarily be the vapor pressure. For a given size 
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nucleus in the fluid, there is a critical pressure, p*, that will 

cause nuclei instability and thus cavitation. By establishing 

p in Equation [2-1] as equal to p*, the hydrodynamic conditions 
*min 
for cavitation inception are established as 

[2-9] 

Thus, if the critical pressure, p*, and the minimum pressure- 

coefficients, C . are known or can be found either experi- 
p ,mln 

mentally or theoretically, then Equation [2-9] gives the relation¬ 

ship between the ambient pressure and the stream velocity for which 

cavitation will commence. Equation [2-9] may be written as 

P*-P„+P -P, 
= C 

p,min 
[2-10] 

As was discussed previously it is a reasonable assumption 

that relatively large nuclei will be present in river or sea water 

and thus the value of p# is nearly equal to the vapor pressure. 

Also, for full serle bodies on which cavitation may be expected, 

the value of Vo is usually high. Thus the term 
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can often be neglected and Equation [2-10] replaced by 

pv • po 
ipV2o Cp,min [2-11] 

The negative of the left side of Equation [2-11] is known as 

the incipient cavitation parameter, c^. This parameter is now uni¬ 

versally used for correlating the characteristics of cavitating 

flows. The value of the parameter 

P - P *o *v 

at any condition other than inception is simply denoted without 

the subscript o. Thus, 

po " pv 

0 = Tpv5^ t2-12> 

and 

P - P 

°i = <at Option) * - cp>mln [2-13] 

It should be recognized that Equation [2-13] will not be ade¬ 

quate for small models tested in water which has not been espe¬ 

cially treated for the removal of nuclei so that the critical 

pressure is significantly below the vapor pressure. 
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There is considerable experimental evidence for the use of the 

equations and parameters examined herein when the assumptions that 

are made are justified. That is, the flow must be a good approxi¬ 

mation to potential flow with no boundary layer separation and 

P* - Pv 

must be negligible. Obviously, if the flow is separated, Cpjinln 

(alone) has little significance as to the location of magnitude 

of the true minimum pressure in the flow, and if 

P* - Pv 

is not negligible, then alone cannot be expected to define the 

conditions for inception. 

SEPARATED FLOWS 

If the flow about a body is decelerated too rapidly, the 

boundary layer separates and the pressure distribution along the 

boundary is no longer a true indication of the minimum pressure 

in the field. Two examples of separated flow are shown schemat¬ 

ically in Figure 2-7. If it is again assumed that 
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ls negligible, cavitation will be incipient when is the negative 

of the minimum pressure coefficient in the flow field, the 

barred symbol being used to distinguish from the minimum pressure 

coefficient at the boundary, Cp>mln. No exact method of obtaining 

7 in terms of the measured*boundary pressure is known. How- 

ever^an examination of the flow field with some assumptions as to 

its character will permit an approximation to the relationship be¬ 

tween Ü and C . Because boundary layer separation usually 

occurs soon after the minimum pressure is reached, the velocity 

along the separated streamline, vg, can be approximated from the 

minimum boundary pressure and the Bernoulli equation as 

V = V(1 - C ). If it is further assumed that the separated 

zone may be represented by a forced vortex (rotational) of which 

the peripheral velocity v cannot exceed vg; the minimum pressure 

in the flow field will exist at the core of this rotational vortex 

and will be given by the approximate equation 

^p,min 2 Cp^in 

-1 [2-14] 

Thus, 

öl (separated flow)max = 1 - 2 Cpjmln 12-15 

Equation [2-15] gives an approximate upper bound to the value 

of the incipient cavitation index. Actually, the rotational veloc 

ity of the vortex is reduced because of shear at the boundary 
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between the main stream and the separation bubble. If v Is taken 

as a-v In which a « 1, o as given by Equation [2-15] can be mod 
s x 

ified to a form such as 

For the case of a two-dimensional offset in uniform flow, with 

the offset away from flow, Cp>mln = 0 and, therefore, from Equation 

[2-16], o = a. Data obtained in the water tunnel at the U. S. 

WaterwaysiExperimental Station on such an offset with varying depth 

is shown in Figure 2-8. In these tests the tunnel water is known 

to contain large numbers of nuclei with sizes such that the crit¬ 

ical pressure is essentially the vapor pressure. Note that ap¬ 

proaches unity as the Reynolds number increases. This particular 

configuration thus has a critical Reynolds number of approximately 

5 X 105. that is, model tests on offsets conducted above such a 

Reynolds number will produce approximately the correct minimum 

pressure coefficient in the flow field. Furthermore, if the crit¬ 

ical pressure in the model condition is not significantly different 

from that of the full scale, then scale effects on cavitation in¬ 

ception should not be expected if the model tests are conducted at 

a Reynolds number greater than the "critical. 

Further evidence of the existence of a "critical" Reynolds 

number and verification of Equation [2-14] is illustrated in Figure 

2-9. These results for the incipient cavitation number of a sharp 

edged disc as influenced by the Reynolds number are reported in 
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Reference (20). Again, the "critical" Reynolds number for this 

configuration is approximately ^ x 105 (probably coincidental). 

The dashed line is the maximum value of the incipient cavitation 

index predicted by Equation [2-14] using the measured value of the 

minimum boundary pressure coefficient of -0.44. The predicted 

maximum inception coefficient of 1.88 is in good agreement with 

the measured asymptotic value of 2.0. The critical pressure of 

the model fluid in these experiments is not known. Obviously, 

the true "critical" Reynolds number for cavitation inception tests 

is also dependent on a knowledge of the true critical pressure. 

In summary, the incipient cavitation number for streamlined 

bodies with unseparated boundary layers may be approximated by 

-C , if nuclei size effect may be neglected. However, the in- 
p,min 

cipient cavitation number cavitation occurring in separated regions 

is usually greater than -0^ mln. The degree to which ö1»"Cp min 

depends on the degree of separation and the Reynolds number but the 

value of o. may be roughly approximated by Equation [2-15]. 
1 ,max 

TIP VORTEX CAVITATION 

Another example of cavitation occurring away from the boundary 

itself and which is particularly important in naval hydrodynamics 

is tip vortex cavitation. As illustrated in Figure 2-10, the mini¬ 

mum pressure coefficient in the tip vortex depends (for a given 

loading) on the size of the rotational core of the vortex. Exten¬ 

sive tests carried out by McCormick on tip vortex cavitation (21) 

show that the core size is highly dependent on the characteristics 
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of the pressure face boundary layer In the blade tip region. 

Figure 2-11 Illustrates that roughening the suction surface of 

the blade had no Influence on cavitation Inception In the tip 

vortex for positive angles of attack, but at negative angles of 

attack when the roughness was on the pressure face, the rough¬ 

ness tends to increase the core sise and consequently reduce the 

incipient cavitation number. Thus, reproducing the full scale 

tip vortex minimum pressure coefficient In a model Is difficult 

and highly Reynolds number dependent. It is not likely that a 

"critical" Reynolds number exists for such a flow. Basic theor¬ 

etical and experimental research of the tip vortex flow field 

should be given very high priority. 

Another point related to the tip vortex problem which has 

been noticed by most experimenters, for example, McCormick (21) 

and Bindel (22) is that gas bubbles move to the vortex core oe- 

cause of the strong pressure gradients which exist. These bubbles 

collect in the core regardless of the ambient pressure conditions, 

and look very much as If the core is cavitatlng. Thus, as will 

be discussed In the following section, Insuring numerous gas bub¬ 

bles in the test water In order to establish a critical pressure 

near vapor pressure may confuse the tip vortex inception problem. 

SCALE EFFECTS 

The foregoing discussion based on static equilibrium con¬ 

ditions for a bubble will of course be modified by dynamic 

considerations. However, it was shown in Reference (23) that the 
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static conditions are quite adequate in most practical cases. 

Furthermore, it is well Known that cavitation can and will occur 

in the absence of spherical gas bubbles; that is, the nucleus 

may be a gas particle trapped in a crevice of a foreign particle 

or of the boundary material itself. However, it is suggested 

that the critical pressure of such crevice nuclei is very low 

compared with that of the numerous free gas bubbles which exist 

in most practical situations, for example, all photographs of 

full scale ship propeller cavitation show that the water enter¬ 

ing the propeller is almost milky white with bubbles. If we 

operate our water tunnels so as to insure water relatively clear 

of bubbles in the test section, we should not be surprised when 

model cavitation data does not agree with those obtained full 

scale. 

The magnitude of the scale effects to be expected in water 

tunnel ca- itation tests is illustrated in Figure 2-12. The or¬ 

dinate in Figure 2-12 is the ratio of the difference between the 

ambient pressure and the true critical pressure of the fluid to 

that of the difference between the ambient and the vapor pres¬ 

sure; it is thus a direct measure of the error to be expected 

when observed cavitation inception is assumed to occur at the 

vapor pressure. The abscissa in Figure 2-12 is the size of bub¬ 

bles existing in the ambient fluid. In the figure pQ - pv is 1.2 

atmospheres; that is, approximately the value 10 feet below the 

sea surface. The lower curve denoted Ur = 1 is assumed to repre¬ 

sent full scale conditions and the other curves represent the 
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same configuration tested in a reduced pressure facility at lower 

than full scale speeds. The cross hatching on the Ur = 1 curve 

denotes that free gaseous bubbles from .0005 to .002 inches are 

presumed to be plentiful in full scale. It is very important to 

note that, in the full scale condition very little error results 

by assuming that the critical pressure for inception is the vapor 

pressure. If we assume that the water tunnel water also has free 

gaseous bubbles in the range of .0005 to .002 inches and we oper¬ 

ate at less than full scale speed the error can be extremely 

large I The use of resorbers to try and drive even smaller bub¬ 

bles into solution is obviously a mistake if we wish to avoid 

scaling problems. Figure 2-12 illustrates that if we want to re¬ 

duce the scale effect due to nuclei size we should try and insure 

the presence of bubbles of approximately .01 inches in diameter, 

particularly if the model velocity is less than full scale as is 

generally the case. 

Ripken and Killen (18) have shown that the well-known scale 

effects of the type shown in Figure 2-13 are largely eliminated 

if large enough nuclei are present in the fluid. For example, 

as shown in Figure 2-14, the incipient cavitation index of a 1.5 

caliber ogive will increase toward the expected -Cpiinin value if 

the free gas content is sufficiently high, in fact the measured 

cavitation index will exceed -Cpimin if bubbles with too large a 

diameter are entrained in the fluid. These results are certainly 

not surprising in view of the foregoing analysis. 
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What is surprising is that more use is not made of the 

understanding of bubble instability which has been in existence 

for at least twenty years. We cannot hope to solve model scale 

effect problems unless we know the true critical pressure of the 

test water. A very intense effort should be made to develop a 

reliable instrument for determining the size and distribution of 

gas bubbles in the tunnel water — blindly measuring total air 

content in the hope that it may somewhow be useful is of course 

not correct. A gross measurement of undissolved air content is 

not much better. There is some merit in operating very similar 

models at the same air content if qualitative results at standard 

conditions are sought. 
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XIX. effects of cavitation 

OCCURENCE OF CAVITATION 

In Chapter II, the factors governing the inception of cavi- 

tatlon and how one might be able to avoid cavitation in new de¬ 

signs were discussed. This involves both experimental and 

analytical considerations. It is the overall objective of the 

designer to avoid inception of cavitation whenever possible. 

However, it is difficult to design a system which is completely 

free of cavitation because of practical reasons such as the lim¬ 

itations imposed by size, economic, and manufacturing constraints. 

When cavitation occurs, because of such unavoidable limitations, 

the hydrodynamic performance of the system may deteriorate, unac¬ 

ceptable levels of noise and vibration may be produced, and above 

all the materials used in the system may be eroded, frequently 

leading to costly repairs or replacements. In this chapter we 

shall discuss some of the typical effects of cavitation in 

various systems. 

EFFECT ON THE DRAG AND LIFT FORCES OF HYDROFOILS 

One of the effects of cavitation is to increase drag and 

decrease lift on hydrofoils. The cavitation characteristics of 

a number of foil sections have been reported in several references 

including Morgan (24). Figure 3-1 shows typical lift and drag 

coefficients as functions of cavitation number for the Walchner 

Profile - 7 hydrofoil at an angle of attack of 4 degrees. Since 
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the lift decreases and drag increases due to cavitation of non- 

cavitating hydrofoils, the lift-drag ratio decreases significantly, 

and severely degrades the performance characteristics of the system. 

MARINE PROPELLERS 

Cavitation is an important problem in marine propellers. The 

various effects of cavitation on the performance of propellers are 

fully described by Morgan (24) among others. The important param¬ 

eters governing the performance of marine propellers are: 

Thrust - coefficient 

Torque - coefficient 

Advance coefficient 

Propeller efficienty 

Cavitation parameter 

- T 
T pnsD« ’ 

kQ 
Q 

pn 

> 

(defined 
in Chap 
ter II) 
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where 

T = propeller thrust 

p = density of liquid 

n = rate of revolution 

D = propeller diameter 

Q = propeller torque 

V = speed of advance 
A 

Figure 3-2 shows the effects of cavitation on the performance 

characteristics of a typical propeller (24). As the advance co¬ 

efficient increases (higher speeds) the cavitation parameter 

decreases, producing increasingly severe cavitation. The torque 

coefficient and the thrust coefficient decrease with a decrease 

in cavitation parameter. Such deterioration in performance makes 

the phenomenon of cavitation an important consideration in the 

design of marine propellers. These effects have led to the in¬ 

vention of super cavitating propellers (25). Such propellers 

are specifically designed to operate with fully developed cavi¬ 

tation and yet produce the designed thrust, torque, and efficiency. 

However, material problems such as cavitation erosion, corrosion 

fatigue, hydrogen embrittlement and stress corrosion cracking 

still plague these new propeller designs. 

PUMPS AND HYDRAULIC TURBINES 

The influence of cavitation on the performance of turboma¬ 

chinery is a very important consideration. Figure 3-3 shows the 
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decrease in head developed by an axial flow pump as the cavitation 

in the pump increases. The efficiency of pumps decreases in a 

similar manner. The parameter governing the degree of cavitation 

in pumps is the absolute positive suction head above vapor pres¬ 

sure (26). The minimum pressures and hence the cavitation char¬ 

acteristics are related to this suction pressure, HSV: 

H 
« sv 
0 = -yS" 

2g 

As the net positive suction head decreases, the severity of cavi¬ 

tation increases. These effects are reviewed by Wislicenus (26) 

and by Wood and Whippen (27). 

Similar effects are also noticed in hydraulic turbines. 

Figure 3-iJ shows the deterioration in performance of hydraulic 

turbines in terms of water flow (28). The efficiency and power 

are typically affected as shown in Figure 3-5 (29). 

In addition to such effects on hydrodynamic performance, 

unacceptable noise levels may be produced by cavitating hydraulic 

machinery. For example, 3-6 shows the noise characteristics for 

cavitating impellers tested in water (27). 

CONTROL DEVICES 

Cavitation effects in hydraulic control devices such as 

needle valves, gates, sluice entrances, fuel injection nozzles 

and butterfly valves are well known (30, 31). The discharge 
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through valves is greatly affected by cavitation as shown in 

Figure 3-7. Vibration, noise, and material erosion are also pro¬ 

duced by cavitation. 

Figure 3-8 shows the typical influence of cavitation on the 

coefficient of discharge of mouthpices. It is interesting to 

note the hysteresis effect caused by cavitation and the result¬ 

ing decrease in the coefficient of discharge (32). 

OTHER DEVICES 

There are many other components and devices such as deisel 

liners, aircraft engines, sonar domes. Jet nozzles, and bearings 

that are affected by cavitation. The following chapters outline 

the mechanics of this phenomenon and how one might protect these 

systems in service. 
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IV. DYNAMICS OF CAVITIES 

As described in the earlier chapters, it is clear that the 

phenomenon of cavitation is undesirable from the point of view of 

hydrodynamic performance, mechanical vibrations, noise pollution 

and material erosion. In high-speed liquid flow systems this 

phenomenon imposes a serious limitation. The avoidance and mini¬ 

mization of this problem depends upon an understanding of the 

various complex aspects of the phenomenon of cavitation, which 

involves the formation, growth and collapse of cavitation bubbles. 

A group of cavitation bubbles are called cavities. There are many 

types of cavities observed in practice. The terminology describ¬ 

ing the types of cavities is vast, and sometimes confusing. The 

following classification, based on a rational application of 

hydrodynamic principles, is mainly due to Eisenberg (2, 14). 

TYPES OF CAVITATION 

To illustrate the "types" of cavitation that may occur, it 

will be sufficient to consider the phenomena from an elementary 

point of view. In steady, irrotational flow of an incompressible 

fluid, the pressure equation may be written (neglecting effects 

of gravitational acceleration): 

P = P0 + èpíV2 - V2) [4-1] 
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where 

p = the local pressure, 

_ free stream pressure, 
^o 
V = the local velocity, 

Y - free stream velocity, and 

p = the mass density of the fluid. referred 
P 4+ -Mnff flows the pressures must be rererr 

In dealing with cavitating flows, tn P 

to the absolute scale. 

Familiar examples of cavitation in flows which obey Equation 

n, 11 on individual streamlines are shown in Figures 

; ; ^ «.». ». “ • T. " 
tien; as the flow proceeds through the constrlcted ..^ o 

apeed is increased and the pressure ln the 

regi;n; t- ;rr rr“ on 
center. gu e propeller models. In Figure 4-2 a 
the suction side cavlty exl8ts near the tip, while in 

fully-developed, or ste y , dlscrete bubbles 

Figure 4-3, cavitation has occurred in the fom 
4 «o ^f low oressure and collapse as xney p* 

which grow in «gions »f P ^ eventually disappear; cavl- 

Into high pressure regio «transient” and we shall 
, f latter type may be termed transient 

tation of this latt" oavltatlon ln connection with the 

be mainly concerne fluld dynamics of transient 

mechanism of cavitation erosion. subsequent 

and steady cavities will be discussed in detail 

aer+,ion • 
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Another type of flow in which low pressures occur is the 

vortex flow associated with lifting surfaces as in hydraulic 

machines. The equation of motion for a simple vortex approxi 

mating such real flows is 

= — [4-2] 
pòr r 

which on integration and evaluation at the center of the vortex 

gives the pressure 

i 

where 

p = the pressure at the center of the vortex, 
c 
P= the circulation (related to the lift of the blades 

on a propeller, for example), 

r = the radial distance from the center of the vortex, and 

r = the radius of the vortex core. 
i 

Here, again, the pressure may fall to very low values depending 

upon the strength of the vortex. In the case of lifting sur¬ 

faces, the conditions in the tip vortices, whose strengths are 

related to the lift distribution, may be described approximately 

by Equation [4-3]. An example of such a flow is shown in Figure 

4-4, in which the tip vortices of a model propeller are clearly 

delineated. 
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Finally, in Fig«« “-5 1= shom the cavlttttlCm 0l0Ud Pr°‘ 

. d ln the acoustic field of a barium titanate transducer n 

dUCe , .t a frequency of about 20,000 cycles per sec- 

a ris photographs have a magnification of 17 and are sil- 

°h ttes taKen with a xenon sparK having a duration of about 

houettes de3crlption of the barium titanate apparatus, 

i microsecon . for produclns accelerated cavlta- 

developed by A. T. Ell ( ) laboratory methods 

tion erosion, will be found in the sectio 

for accelerated damage experiments. 

To complete the picture of the role of the hydrodynamics of 

such flows in the damage process, we will first examine some - 
such flows m »t-ansient" cavitation bubbles and 
tails of the dynamics of the transie 
t nod ”steady'’ cavities in terms of the 

rnoinr:;':: associated ««h d^. m -—-.. 

DÏHAMICS OF "TRANSIENT" CAVITATION BUBBLES 

To understand the origin of the theories and evlAence th^ 

Ion is associated with mechanical effects, it 

cavitation erosion ^ Assures that might be generated in 

necessary to exam ne ^ ^ lg theoretlcally possible 

a cavitating flow. s ’ lre(i for local failure 

to produce pressures many times tha 

of metals; however, a number of of mlgnltude 

fiuids that r: .e —1 
... thus account g que8Uoned in the past. We will trace 
damage hypothesis . out ^ varlou8 

;:r r run” !L„ ». --—— 
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Spherlcal Collapse 

Tne motions and pressures associated with the collapse of 

a spherical cavitation bubble have been treated in varying detail 

by a number of writers. The classical solution for a perfectly 

empty cavity was first given by Rayleigh (7); for an incompres¬ 

sible fluid the pressures at final collapse become infinite, and 

a number of modifications and refinements to the theory have been 

carried out to investigate the effect of the properties of real 

fluids. Surface tension tends to increase the rate of collapse; 

viscous effects, compressibility effects, and the effects of en¬ 

trained air (or vapor which cannot dissolve rapidly enough to 

follow the collapsing bubble walls and therefore acts as a perm¬ 

anent gas) all tend to slow down the motion (Figure 4-6) and, 

hence, to reduce the maximum attainable pressures. Such studies 

have been made by Flynn (34), Trilling (35), Gilmore (36), and 

Poritsky (37), to cite only a few who have considered some of 

these aspects. (A more exhaustive bibliography will be found in 

Reference 38.) An intensive review of bubble dynamics was made 

by Plesset (15), Hickling and Plesset (39). Ivany and Hammitt 

(40), and Noltingk and Neppiras (23) have more recently discussed 

these effects at great length. 

Because of the extreme complexity of the behavior of cavita¬ 

tion bubbles, it is not possible to state unequivocally either 

the maximum pressures developed or the pressure history during 

the motion and collapse of such bubbles. Many estimates have 

been made — with as many answers as estimates depending upon 
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the initial assumptions concerning the influence of the properties 

of the liquid and the contents of the bubbles. Such estimates 

range from pressures that are too low for damage because a high 

air content was assumed to be present in the bubbles (but with 

the accompanying high temperatures associated with the compres¬ 

sion of the gas) to values that are more than sufficient for 

stressing materials beyond their yield points. Such computations 

will be found in papers starting with Rayleigh (7) and proceeding 

through many variations by Ackeret (8, 39), Silver (U), and 

Beeching (12), among others, to the more modern refinements of 

the authors cited above (33, 3*. 35, 36). For spherical bubbles, 

results based on the Rayleigh model but including surface tension 

effects (as worked out by Beeching, for example) give pressures 

of the order of hundreds of tons per square inch. This result 

may be compared with Silver's analysis which gives pressures of 

the order of tens of tons per square inch when the velocity of 

bubble collapse is assumed to be limited by the rate at which 

the vapor phase can be condensed. These pressures are sufficient 

to account for fatigue failure of most metals. On the other 

hand. Ackeret, assuming that the vapor of air in a bubble obeys 

a polytropic equation of state, found maximum pressures of the 

order of only tens of atmospheres with an accompanying tempera¬ 

ture rise in the gas of the order of thousands of degrees Centi¬ 

grade. Such high temperatures were attributed to causing 

luminescence (42) in cavitation regions due to the possible 

dissociation of the gas when heated during compression. 
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While all of the results cited above refer to spherical 

bubbles, it is known that most bubbles do not collapse spheri¬ 

cally because of impressed pressure gradients and instabilities 

that arise for a number of reasons. The important point is that 

the pressures developed under non-spherical collapse may be orders 

of magnitude less than those mentioned above. Attempts to di¬ 

rectly measure the actual pressures in cavitated regions have 

been fraught with difficulty since the rise of pressure to its 

maximum value occurs in a time of the order of a microsecond and 

over a very small area. Instrumentation in early experiments 

lacked sufficient resolution to obtain results consistent with 

the theoretical computations and usually gave pressures that 

were only of the order of a few tons per square inch (^3, 44, 

45, and 46). Consequently, adherents of the mechanical damage 

hypothesis inferred from experiments on actual damage of mate¬ 

rials that the pressures must indeed be high enough for failure 

to occur either by direct stressing or fatigue. 

More recently, experiments have been made with equipment 

capable of response sufficiently rapid to enable the measure¬ 

ment of pressures during single bubble collapse, and with some 

degree of confidence that the above difficulties could be avoided 

or at least accounted for. Measurements by Vennard and Lomax 

(47) showed maximum pressures as high as 30,000 atmospheres, but 

the methods used in data reduction have been subject to criticism. 

Sutton (43) using a photoelastic technique, reported stresses as 

high as 200,000 pounds per square inch in CR-39, a thermosetting 

O 
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polymer of allyldiglycol carbonate, which was used as the photo- 

elastic specimen. Careful measurements under controlled condi¬ 

tions by Jones (44, 14) (subsequently confirmed in an independent 

set of experiments [45, 14]) resulted in peak pressures of at 

least 12,000 atmospheres. All of these experiments were carried 

out in deaerated water (although the actual entrained air in the 

collapsing cavity is not known, of course). In general, the 

pressures In both aerated and deaerated water are so high that 

shock waves should be formed, and Mundry and Guth (46) have suc¬ 

cessfully taken Schlieren photographs of the radiated shock waves 

associated with collapsing cavities. The obvious conclusion from 

these results is that collapsing cavities of the type discussed 

here can develop pressures sufficiently high for mechanically 

produced damage to materials. In fact, the question that should 

be at the forefront of investigations concerning cavitation damage 

is that of the importance of non-mechanical mechanisms and of the 

interaction of mechanical with other mechanisms, and this view is 

beginning to permeate much of the research now in progress. 

Nonspherlcal Collapse 

Recent attention has been directed toward an understanding 

of nonspherlcal collapse. However, interest in the formation of 

liquid jets arising out of nonspherlcal collapse may be traced 

to early investigators. For example, Eisenberg (2, 48) as early 

as 1950, hypothesized the formation of liquid jets caused by the 

"unsymmetrical collapse of cavitation bubbles in a pressure 
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gradient.” Kornfeld and Suvorov (49) and Naude and Ellis (50) 

observed experimentally the formation of such Jets during the 

later stages of bubble collapse. Naude and Ellis (50) photo¬ 

graphed such Jets and the indentations caused by these Jets. 

Hancox and Brunton (51) and Thiruvengadam et al. (52) have shown 

that multiple impacts by water Jets can cause erosion even at 

impact speeds in the range of 100 fps. More recently, Benjamin 

and Ellis (53), Tulin (54), Mitchell and Hammitt (55), and 

Plesset and Chapman (56) have all contributed to the understanding 

of the Jet impact mechanism. It is interesting to note that the 

theoretical prediction of the microJet formation in front of the 

primary Jet (Figure 4-7) is very similar to the experimental 

"Monroe Jet" observations of Bov-den and Brunton (57). 

HYDRODYNAMICS OF "STEADY" CAVITIES 

It is characteristic of some cavitating flows that the cavity 

appears as a large, smooth, stationary surface. Such cavities 

often appear to be filled only with vapor or air (or both). On 

the other hand, a cavitating region made up entirely of small, 

transient cavities may exhibit the properties of a "steady" cavity 

in that the average envelope of such a region does not vary with 

time. In large cavities of this type, the liquid flows along the 

boundary of the cavity and re-enters at the downstream end. De¬ 

pending on a number of factors not yet completely understood, the 

re-entering fluid may fill the cavity completely and cause it to 

collapse, whereupon the cycle of growth, filling, and collapse 
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reoccurs. When the velocities are high enough, and presumably 

when the rate of entrainment of the re-entering liquid becomes^ 

great enough, the entrained liquid is swept out of the "cavity" 

region, the re-entrant jet has insufficient momentum to refill 

the cavity, and the cavity then remains essentially filled only 

with vapor and air diffused from the proximate liquid. The re¬ 

entrant jet still appears but is dissipated before it can fill 

the cavity again. Under these conditions, the trailing end of 

the cavity exhibits quite an unstable motion leading to oscil¬ 

lating forces that are of rather low frequency and certainly not 

of sufficient magnitude to cause damage in the sense considered 

here. Such oscillations may, however, induce rather severe vi¬ 

brations in adjacent structures. 

An illustration of such cavities is shown in Figure 4-8i 

here a cavity is formed behind a disk supported from the down¬ 

stream side. In this photograph, taken at a high frame rate, 

the very rough appearance of the cavity wall is seen clearly. 

A number of small, "transient” cavities may be seen traveling 

along the boundary of the cavity wall. The appearance is char¬ 

acteristic of cavities in which the re-entrant liquid still can 

fill the cavitating region and cause oscillations of the type 

described above. Such cavities have been studied by Eisenberg 

and Pond (58), Shal'nev (59), and Knapp (60). These investiga¬ 

tors among others describe the cavity shapes, cavity dimensions 

and the unsteady behavior of some of these so-called "steady" 

cavities. 
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y# review of cavitation erosion mechanisms 

The history of the evolution of thoughts on the mechanisms 

of cavitation erosion is very interesting. Although Reynolds 

(6) was the first to conduct laboratory experiments on cavita¬ 

tion in a Venturi tube, the first critical investigation of the 

mechanism of erosion was initiated by the Cavitation Subcommittee 

appointed by the British Admiralty in 1915 (M- Since their mo’ 

tivation came from the erosion of ship propellers in seawater, 

they were preoccupied with the corrosive influence of seawater 

on propeller materials. However, the calculations of Cook (4) 

and Rayleigh (7) greatly influenced some of the members of the 

Committee who believed that the mechanism of erosion was prim¬ 

arily mechanical deformation and fracture of material particles 

from the surface. The very same controversy (whether corrosion 

or erosion) still persists even today. Table 5-1 gives the 

various mechanisms proposed since the early work of the Admiralty 

Committee (6l). 

The water-hammer pressure theory, as it was called in those 

days, was based on the calculations of Cook (4) and Rayleigh 

(7), who computed the magnitude of the collapse pressures on the 

surface of the material. FSettlnger (9) in Germany showed that 

even glass could be eroded by cavitation bubbles, de Haller (62) 

built a Jet impact machine and produced erosion similar to cavi¬ 

tation erosion by the direct Impact of water on the material. 

The first attempt to measure the high pressures predicted by 

Rayleigh was made by de Haller himself. He was able to record 
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300 atmospheres by means of piezo-electric pressure transducers. 

Then Boettcher (63) suggested the idea of surface fatigue and re¬ 

peated stressing. Beeching (12) realized the importance of cor¬ 

rosive environments in such repeated stressing and suggested the 

influence of a mechanism similar to that of corrosion fatigue as 

it is called today. 

The mechanical theory itself had many variations. For ex¬ 

ample, Poulter (64) thought that high pressure liquid may pene¬ 

trate into the pores of the material and tear microscopic particles 

from the surface. He argued that even the most perfect material 

contained microscopic pores. Knapp (65) conducted some experiments 

with soft annealed aluminum, observed individual spherical dents 

and determined through high speed photography that only one bubble 

in every 30,000 produced a dent. 

Metallographie observations by Kerr (66), Mousson (67), 

Nowotny (11), Rheinghans (68), Leith (69), Plesset and Ellis (70), 

Gould (71), Woodford (72), and Price (73), among others, indicate 

that different materials exhibit different microstructural changes 

depending on the material arid the intensity of erosion of their 

experiment. Some of these observations are noted in the following 

chapters where they are pertinent. 

In the year 1948, Petracchi (74) observed that cathodic pro¬ 

tection reduced erosion significantly. He explained this with a 

mechanism of electro-chemical corrosion produced from the electric 

current generated by the localized strains resulting from the col¬ 

lapse of bubbles. Since then Wheeler (75), Plesset (76), Preiser 
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and Tytell (77), Nechleba (78) and Waring, et al (79), among others, 

have observed similar effects. Wheeler (80) noted that cavitation 

erosion in corrosive liquids takes place in two parts. The first 

part was dissolved in the test liquid in the form of soluble cor¬ 

rosion products and the second part remained as undissolved eroded 

particles. He showed that the cathodic protection stops only the 

corrosive part of the erosion. 

There is another school of thought which attributes the cor¬ 

rosion to the chemical activity of the gasses caused either by 

high temperatures or by electric discharges taking place in the 

'atmosphere1 of the cavities at the moment of formation (8l). 

Plesset and Ellis (70) conducted some experiments using chemically 

inert toluene with a chemically inert helium atmosphere and pro¬ 

duced erosion on several materials in a short exposure period. 

They also used the x-ray diffraction technique to locate the plas¬ 

tic deformation occurring on the metals tested. However, Wheeler 

(75) did notice an increased rate of erosion in salt water after 

a prolonged exposure as compared to the toluene experiments. The 

present consensus among contemporary investigators is that cor¬ 

rosion does play an active role in corrosive environments and 

contributes to the mechanical erosion process. 

Another school of thought believes that the erosion is caused 

by the melting of the metal due to the very localized high temper¬ 

atures produced by the adiabatic compression of the bubble. 

Wislicenus (26) noted that the "most promising explanation is that 

based on the simple thermodynamic consideration that the high 

.) 
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impact pressure may lead locally to very high temperatures. Al¬ 

though the impact pressures may not be sufficient to destroy the 

material at room temperature, they may very well cause such des¬ 

truction at the high temperature produced by the impact." To 

support this viéw, he cited the use of 18/8 Cr. steel; this steel 

exhibits good cavitation erosion resistance as well as high tem¬ 

perature strength. Crewdson (82) thought that the major part of 

the energy available for the erosion was stored in the bubbles 

and not in the surrounding water. Cavitation bubbles filled with 

water vapor may be compressed adaibatically in a field of water 

and at its maximufn compression, the bubble may contain highly 

superheated steam at substantial pressure. Such superheated 

steam would attack the metal surface. In any case, the resulting 

temperature gradients in the metals attacked may produce thermo¬ 

electric effects leading to electrolytic attack, especially in 

corrosive liquids. Thus, mechanical action combined with chemi¬ 

cal and thermal effects lead to the erosion process in practical 

environments. 
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VI. EXPERIMENTAL FACILITIES AND TECHNIQUES 

EXPERIMENTAL FACILITIES 

The experimental facilities that have been used for investi¬ 

gations of cavitation erosion may be grouped into two categories: 

those that depend on inducing low pressures as a result of high 

velocities in flowing liquids or motion through a stationary 

liquid; and those that produce cavitation by means of local, 

periodic accelerations in an otherwise stationary liquid. The 

first group includes devices such as venturi tubes and rotating 

discs while the second depend on alternating pressure fields such 

as are produced by acoustic or other acceleration producing de¬ 

vices. In addition to such equipment, other types of "impact" 

producing devices used in the past include liquid jets impinging 

on specimens and single shock waves in a bar in contact with the 

liquid. 

The relative merits of these equipment will be evident from 

their description. The question of the relations between the re¬ 

sults in different devices and extrapolation of results from one 

to another, as well as to field conditions, will be considered in 

connection with the discussion of methods of analysis. 

Venturi Tubes 

Venturi sections were among the first flow devices used in 

the study of cavitation erosion. These are simply convergent- 

divergent nozzles of the type shown in Figure 4-1. Such Venturi 

1) 
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a -art of a closed system In which the liquid is 
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However, as in the field, measurable damage proceeds at rates 

that require long periods of exposure (sometimes of the order of 

hours as in the tests reported by Mousson). Consequently, em¬ 

phasis on laboratory equipment has been directed coward simpler 

methods of producing more rapid and reproducible data. 

Cavitation Tunnels 

Cavitation damage tests have also been performed in large 

cavitation tunnels which operate on principles similar to the 

venturi section described above. However, these may take a num¬ 

ber of different forms including closed sections in which the 

section flows full (as in the case above), open sections in which 

a high speed jet discharges into a water-filled section maintained 

at low ambient pressure, and free jets in which a high speed jet 

discharges into an evacuated space. It is beyond the scope of 

our discussion to describe the details of such tunnels and the 

methods whereby they are operated and controlled. It is only 

necessary to point out that for cavitation erosion tests, the 

test specimen is mounted on a body of revolution or a hydrofoil, 

on which cavitation is produced by the combination of high tun¬ 

nel speeds, lovr ambient pressures, and high velocities induced 

on the test body as a result of its particular shape. Descrip¬ 

tions of some typical cavitation tunnels will be found in Refer¬ 

ences (83) and (84), and a description of cavitation damage 
experiments carried out in recent years in such a tunnel in 

Reference (60). 
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Such tunnels are seldom used for erosion tests because of 

the expense of operation, the relatively complicated procedures 

required in installing experiments, and the length of time they 

must operate to obtain measurable weight loss. 

However, specialized water tunnels have been constructed 

to perform certain experiments. One such example is the high 

speed water tunnel that has been specifically designed and built 

for cavitation erosion studies. These studies include the re¬ 

sponse of elastomeric coatings to cavitation bubble collapse and 

adhesion failures under the combined action of hydrodynamic forces 

and bubble collapse impacts. 

Although considerable effort has been made to screen elas¬ 

tomeric coatings for applications in hydrofoils, practically no 

basic research has been initiated with the primary objective of 

studying bubble collapse dynamics and how these affect the coat¬ 

ing response and cause adhesion failures. This situation has 

led to apparent anomalies in which some coating systems behave 

extremely well during laboratory screening tests conducted at 

relatively higher velocities but fail rapidly in field applica¬ 

tions at much lower velocities. 

Recently, a high speed water tunnel has been used to study 

the response of coatings on actual hydrofoils (85). The facility 

consists of a test section, a contraction, a diffuser, and a pump 

as shown in Figure 6-1. The size of the test section is 2 by 3 

by i8 in. with a maximum speed capability of 90 knots (46 m/s, 
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150 fps). Since this is a closed loop system, the pressure can 

be varied from 0 to 200 psig independent of velocity. The en¬ 

tire test section is made of plexiglas so that the cavity forma¬ 

tion, collapse, and coating failure phenomenon can be photographed 

with a high speed movie camera. Typical coating failures produced 

in this facility are shown in Figure 6-2. 

Rotating Disks 

A device that has been used in recent years for studies of 

cavitation erosion is a rotating disk on which cavitation is in¬ 

duced in a separated flow regime. We have already discussed how 

cavitation occurs in such regions in connection with inception 

of cavitation. Basically, such devices consist of a disk with 

holes at the periphery, rotated at high speeds in a chamber in 

which the ambient pressure can be controlled. Because of the un¬ 

stable flow within the hole, a separated region is formed and a 

cavitating wake is shed downstream of the opening. The test 

specimen is placed in this wake so that the cavitating zone col¬ 

lapses at the position of the specimen. Such devices have been 

used and described by Rasmussen (86) and by Lichtman, et al (87). 

A sketch of the disk used by Rasmussen is shown in Figure 6-3. 

The test chamber is normally designed with fixed stilling vanes 

on either side of the disk to damp the induced circulation of 

the liquid. Rotation speeds as high as 3200 rpm have been used 

(87) with a disk 12-inches in diameter. Figure 6-4 shows an 

overall view of this apparatus (87). 
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Rotatlng Foil Apparatus 

Although the vibratory cavitation facility Is a compact and 

convenient tool for the study of basic erosion processes and the 

screening of materials, It Is difficult to relate the results to 

hydrodynamic systems such as hydrofoils or propellers. For this 

reason a new facility called the rotating foil apparatus has been 

developed, based on the Idea of rotating a cavltatlng body in a 

relatively stationary liquid. Rasmussen (86) was the first to 

develop the rotating disk facility, which was further Improved 

by Lichtman, et al (87) and Thlruvengadam (61). Cavitation ero¬ 

sion was produced in the wake of a circular hole drilled In a 

disk rotated in a stationary liquid. The flow pattern behind 

the hole was so complex that a basic understanding of the phe¬ 

nomena involved seemed difficult; thus, the idea of attaching 

two symmetrical hydrofoils at diametrically opposed locations 

on a rotating disk was initiated. Since then much effort has 

been devoted toward developing this facility Into a scientific 

apparatus. A detailed description of this apparatus as well as 

its calibration Is given in Reference (88). 

Briefly, the apparatus (Figure 6-5) consists of a cylindri¬ 

cal steel chamber capable of withstanding Internal pressures up 

to 215 psia, and an 18-ln. diameter, 7/8-in. thick rotating disk 

mounted between two variable-height stilling vane assemblies 

separated from the chamber wall by an adjustable gap ring 

(Figure 6-5a and 6-5b). The drive system consists of a 50-hp 

electric motor, pulleys, a timing drive belt, and a 90-deg gear 
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box. The foil speed can be varied by suitable combinations of 

the pulleys. Temperature of the test liquid in the chamber is 

controlled by means of a plate coil heat exchanger which is 

affixed to the chamber's removable cover. Some additional con¬ 

trol is provided by a cooling jacket that surrounds the chamber. 

The effectiveness of the stilling vanes in stopping the rotation 

of the liquid within the chamber was verified by actual pitot 

tube measurements. The core velocity was less than 6 percent 

of the foil velocity (88). 

Typical erosion produced on a hydrofoil in this apparatus 

is shown in Figure 6-6. The equipment has been used extensively 

in our studies on the effect of velocity, pressure, and size of 

the foil on cavitation erosion. A maximum speed of 200 ft/s has 

been achieved. 

Careful observations and analysis of results indicate that 

secondary flows caused by centrifugal forces affect the bubble 

collapse pattern. There are also restraints on the model size 

and weight due to structural strength requirements and geometri¬ 

cal confines. 

High Velocity Cavitating Water Jet Apparatus 

In order to explore the possibilities of harnessing the 

destructive forces of cavitation erosion in ocean engineering 

applications, a high speed cavitating Jet facility has been de¬ 

veloped (Figure 6-7). A positive displacement pump driven by a 

100-hp motor delivers 80 gpm at 2000 psi to a £-in. nozzle. 
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producing a cavitating jet of water at velocities close to 500 

fps. The velocity can be controlled by means of a bypass valve. 

A 30-in. diameter by 7-ft resorber system is used to remove the 

free bubbles in the water before it re-enters the pump. Low gas 

content is important for effective erosion. Figure 6-8 shows 

the severe erosion produced on various materials. This facility 

is useful in screening materials quickly and in optimizing vari¬ 

ous techniques of drilling on different materials under water (89). 

Hydraulic Jets 

Although the impact of water drops is not a cavitation damage 

testing device, the use of such impact tests was important in 

early examinations of the mechanism of cavitation damage and is 

therefore mentioned here. In order to examine the question of 

whether the mechanism of cavitation damage was associated with 

mechanical erosion, de Haller (62) ran experiments in which small 

rods, fastened to the periphery of a wheel rotating at a high 

rate of speed, were passed through a high speed water jet. While 

he could not account for the pressures thought necessary for such 

damage in either type of experiment, and was puzzled by the fact 

that damage was observed in all cases as long as enough impacts 

were sustained, he did conclude that the damage in a cavitation 

test is of the same nature as that observed in the drop impact 

tests. Thus, as was discussed earlier, he came to the view that 

cavitation damage is primarily mechanical in nature. 
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Vibrating Cavltatloi Erosion Apparatus 

The expensive and time consuming experiments that result 

with the types of equipment discussed so far have led to the 

development of laboratory devices for simpler experiments. Of 

these, the most important has been the vibrating apparatus, 

which is still the most widely used device and therefore merits 

rather detailed description. This apparatus possesses the at¬ 

tributes of compactness, precise control, comparatively low in¬ 

itial cost, and economy of operation. 

The observation that cavitation is produced at the end of 

a piston vibrating in liquids was effectively used to screen 

cavitation erosion resistant materials in the laboratory as 

early as 1932 (90). In this apparatus, the test specimen is 

vibrated along its longitudinal axis in a test liquid. Figure 

6-9. The test parameters include the frequency, the eunplitude, 

the size of the specimen, the size of the liquid container, and 

the depth of immersion of the test specimen. 

Basically, the apparatus consists of either a laminated 

nickel stack or a piezo-electric transducer that produces the 

vibrations (Figure 6-9). The strain is amplified by means of 

a specially designed transition component, known as a velocity 

transformer, which transmits the vibrations from the transducer 

to the test specimen. The other essential components of this 

equipment are an audio oscillator, an amplifier, and a stabilized 

power supply. The displacement amplitude is monitored by means 

of an oscilloscope display of the voltage developed by a pickup 

0 
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coil. The resonant frequency can be controlled by the length of 

the velocity transformer. Both exponential and double-cylinder 

velocity transformers have been used for these investigations. 

In 1955, the American Society of Mechanical Engineers 

standardized the test parameters (91); however, since then their 

test conditions have become obsolete. Plesset (92) used an ex¬ 

ponential horn to amplify the displacement amplitude following 

the work of Mason (93). Hammitt, et al (9M have recently re¬ 

ported on an interlaboratory test made under ASTM auspices. 

Based on this round robin testing, the ASTM has now adopted 

a new standard for the vibratory test method (95). Basic re¬ 

searchers may be inclined to vary all the parameters in this 

test method. However, an accepted standard procedure and stand¬ 

ard parameters would be very helpful in screening materials. 

Adherence to this method will permit a better understanding and 

correlation of the test results of various investigations. It 

would also help in establishing rational specifications and in 

procurement of materials. 

Figure 6-10 shows the important parameters of the vibratory 

teft facility as recommended in the 19?2 ASTM standard. The 

schematic and overall views of a typical piece of equipment are 

shown in Figures 6-9 and 6-11. A standard commercially available 

800 ml low form glass beaker is used to contain the test liquid. 

The test liquid is generally at least 600 ml of distilled water, 

meeting specifications for "non-referee reagent water" given by 

ASTM specification D1193 or other clearly defined distilled water. 
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A cooling bath or cooling coil will be necessary to main¬ 

tain the temperature of the test liquid at 72 ± 2 F. {2c. ±1 C). 

The test specimen diameter is 0.625 ± 0.002 in (15.88 ±0.05mm). 

The test surface should be machined plane and square to the 

transducer axis within an indicator reading of 0.001 in (0.127 mm). 

Unless otherwise required, the test surface is prepared and pol¬ 

ished according to the procedure outlined in the ASTM manual on 

fatigue testing. 

In order to check the operation of the machine periodically 

and to insure the accuracy of test procedure, it is recommended 

that commercially pure (99.93*) annealed nickel of hardness 

HRB 25 to HRB 30, such as the INC0 nickel 270 used in the ASTM 

round robin test (94), be tested from time to time. The approxi¬ 

mate range of test results to be expected for this material, under 

the conditions here specified, is shown in Figure 6-12 based on 

the results reported in the round robin test. 

A clean specimen is carefully weighed on an accurate and 

sensitive balance (0.1 mg accuracy and sensitivity) before the 

test. The specimen is immersed to a depth of at least one- 

eighth in. (3.2mm) and not more than one-half inch (12.7mm). A 

dummy test specimen should be vibrated in the test liquid for 

15 min before the liquid is used for testing a given material, 

in order to stabilize the gas content of the test liquid. The 

test may be conducted at normal atmospheric pressure on the free 

surface of the test liquid unless otherwise specified. 
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The frequency of oscillation of the test specimen is 

20 kHz ±1# (one kHz = 1000 cycles per second). The peak-to- 

peak displacement amplitude is 0.002 in. (0.051 mm). This amp¬ 

litude must be maintained throughout the test within ±5# toler¬ 

ance. Some sensor is provided to detect the displacement ampli¬ 

tude and is calibrated with a filar microscope or a photonic 

sensor. The amplitude is generally monitored within a tolerance 

of ±5$ throughout the test. 

The loss due to cavitation erosion may be periodically 

determined by interrupting the test at suitable intervals, 

removing, and carefully cleaning, drying, and weighing the 

specimen again. It is well known that the rate of mass loss 

varies with exposure time. The intervals between measurements 

must be such that a curve of cumulative mass loss versus cumu¬ 

lative exposure time can be established with reasonable accur¬ 

acy. The duration of these intervals, therefore, depends upon 

the test material and its erosion resistance, and cannot be 

rigorously specified in advance. (Suitable intervals may range 

from about 15 minutes for aluminum alloys, through 1 hour for 

pure nickel and 2 or 3 hours for 316 stainless steel, or 8 or 

10 hours for stellite 6b. This is only a rough guide.) 

It is recommended that the testing of each specimen shal^ 

be continued at least until the rate of erosion has reached a 

maximum and begins to diminish. It is also recommended that 

when several materials are to be compared, all materials be 

tested until they reach comparable mean depths of erosion. The 

mean depth of erosion, for the purpose of this test method, may 
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be calculated on the basis of the full area of the test surface 

of the specimen, even though generally a narrow annular region 

at the periphery of the test surface remains virtually undamaged. 

The specified area, based on the diameter of the test specimen is 

0.307 in2 (1.98 cm2). 

Fatigue failure of the threaded portion of the specimens 

made of relatively weaker materials may become a problem. Using 

a threaded stud made of stronger material such as titanium and 

reducing the mass of the specimen are recommended as possible 

remedies. Very careful cleaning and drying of specimens before 

each weighing is recommended. For porous (cast) materials, a 

vacuum desiccator may be used. The specimen must be tightly 

secured to the horn to ensure good energy transmission. Some 

experimenters use silicone grease while others rely on very good 

matching between mating surfaces. Heating of the horn and unus¬ 

ual noise are indications of either fatigue failure or improper 

tightening of the specimen. 

The report may contain the following for each material 

tested: available identification, specification, heat treatment, 

composition, and mechanical properties of the test material; 

mechanical properties listed include hardness, as measured on 

the specimen or the stock from which it came; method of prepar¬ 

ing test specimens and test surface, preferably including ini¬ 

tial surfp j roughness measurement. The number of specimens 

tested should be indicated, with a tabulation of cumulative mass 

losses, rate of loss, the corresponding cumulative exposure time 
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for each specimen; also cumulative mean depth of erosion versus 

cumulative exposure time for each specimen, and the rate of ero¬ 

sion versus cumulative exposure time are plotted. The specific 

details of the test liquid (distilled water for the standard) 

should also be given. 

Another type of acoustic field generator, operating at 

frequencies from 400 to 1000 kHz has been used in experiments 

by Lichtman, et al (87). This equipment produces a high-frequency 

vibration of a piezo-electric ceramic transducer bow comprising 

part of a liquid container. Cavitation is generated at the focal 

point in the coupling fluid. In spite of the higher powers used 

in this apparatus, the rate of damage is evidently much lower than 

that in the barium titanate system designed by Ellis (33). 

INTENSITY OF CAVITATION DAMAGE 

Early Notions of Intensity 

The term "intensity" has long been used in a vague sense by 

many previous investigators. It was characterized by the follow¬ 

ing measurements: 

(i) Weight loss 

(ii) Volume loss 

(iii) Number of pits produced 

(iv) Loss of radioactive coating materials. 

It was realized as early as 1935 by Schumb, et al (96) that 

weight loss can be a misleading parsuneter characterizing inten¬ 

sity since the strength and density can vary independently. In 
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spite of this fact, weight loss continues to be used for compar¬ 

ing various materials by many investigators, even to date. Knapp 

(97) proposed the method of measuring the number of pits per unit 

time per unit area on a given material to represent the "intensity 

or damage potential" of a particular device. However, this mea¬ 

sure can only represent the rate and density with which the bub¬ 

bles are collapsing and not the energy of collapse of the bubbles. 

The loss of radioactive coating materials is not generally favored 

because of its inherent procedural complexity and further it is 

only an indirect measure of weight loss. By far the best and 

simplest measure of the total energy absorbed by the material 

is the volume loss for a given material. However, the gross 

volume loss cannot represent the intensity because it would vary 

with size or area. 

All of the above discussions represent only the "output" 

intensity of erosion as experienced by the material. Evidently 

this "output" is related to the pressures produced and to tie 

rate at which such pressures are applied. Furthermore, these 

pressures are related to some "input" intensity which causes 

the bubbles to collapse and radiate these pressures. A succes¬ 

sful attempt has been made to formulate the definition of inten¬ 

sity of erosion based on the "output" parameters discussed above 

(98) . However, an important aspect is the effect of the test 

duration itself on the rate of damage. This effect will be 

fully discussed later in this handbook. Neglecting this effect 

for the moment, we may formulate a definition of intensity of 

erosion as follows: 

0 
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Present Definition of Intensity 

It is generally accepted that a portion of the total bubble 

collapse energy is absorbed by the test material causing final 

fracture and volume loss. The energy absorbed by the material, 

E , is given by 
cl 

E = AV*S 
a [6-1] e 

where, AV is the volume loss and Se is the strain energy which 

is defined as the energy absorbed per unit volume of the material 

up to complete fracture*. Hence, the power absorbed by the mate¬ 

rial is given by 

AV*S 
e 

[6-2] 

where, AV/At is the volume loss per unit time (rate). In order 

to take into consideration the effect of size of the system, the 

power absorbed per unit eroded area is defined as the intensity 

of cavitation erosion of the device (98). Then, 

A A ’At 
e e 

[6-3] 

*The logic behind using the strain energy and the limitations are 
discussed in detail in Chanter VII. 



HYDRONAUTICS, Incorporated 

-6c- 

or. 

I 
At 

[6-4] 

where 

I is the intensity of cavitation erosion, 

A is the area of erosion, and 
e 

Ay = AV/A is the mean depth of erosion. 

The value of I can easily be computed if we know the aver¬ 

age depth of erosion per unit time and the energy absorbed by 

the unit volume of the material up to fracture by this type of 

loading. While the average depth of erosion per unit time can 

be accurately measured by actual test on a material, the value 

of S is not precisely known at present. This difficulty was 

overcome by using the strain-energy (area of the stress-strain 

diagram) obtained from a simple tensile test as a first approxi¬ 

mation (99) • 

Estimation of Intensities of Various Test Devices 

The value of the Intensity of cavitation erosion, I, for 

various test devices was estimated from the published data us¬ 

ing one of the five materials for which the strain energy values 

are known as given in Reference (98). At least one of these 

five materials has been used by each one of the investigators. 

Table 6-1 gives the value of the parameters used for computing 

the intensity of each equipment as published along with the 
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values of intensity in watts per square meter. The reason why 

these five materials were specifically used for this analysis 

is because the strain-energy for other materials used by various 

investigators has not been published. 

Comparison of Intensities of Various Devices 

Table 6-1 presents an interesting comparison of intensities 

of cavitation erosion of sixteen devices for which quantitative 

data have been published in the literature. It so happens that 

the device No. 1 (A.S.M.E. Standard Magnetostriction Device) is 

not only an arbitrarily defined standard device but it can also 

be considered as a unit intensity device since its Intensity is 

about one watt per square meter. It is a matter of coincidence 

that the intensity level of the rotating disk device (Device 

No. 16) used by Thiruvengadam (6l) is also approximately one 

watt/meter2. It can be seen from Table 6-1 that the most In¬ 

tense device so far used is the rotating disk device of Rasmussen 

(Device No. 14). This result shows that the so-called acceler¬ 

ated devices (vibratory apparatus) are not more intense than the 

rotating disk devices. Further it will be noted that the inten¬ 

sities of Device Nos. 8, 10 and 12 are just a tenth of the in¬ 

tensity of the A.S.M.E. Standard Magnetostriction Device (Device 

No. 1). 

There is a general feeling that the intensities of actual 

field systems would be very much lower that the intensity of 

vibratory devices. The present analysis shows that this 
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contention may not be a general case applied to field devices. 

The term "accelerated device" is rather misleading from this 

point of view. 

The second interesting result that emerges from the analysis 

is that the devices used by advocates of the chemical and electro- 

chemical damage mechanisms have possessed very low intensities. 

It is understandable why Petracchi (7^) attributed no weight loss 

to the mechanical part of the mechanism because the device used 

by him (Device No. 9) was one thousand times less intense than 

the standard A.S.M.E. device. Similarly, the device used by 

Wheeler (75) (Device No. 5) was 250 times less intense than the 

A.S.M.E. Standard Device. 

METHODS OF MEASUREMENT, ANALYSIS AND CORRELATION 

Some of the special methods that are of particular interest, 

especially in two respects, will be examined in detail* first, 

the question of stresses and damage actually induced by cavita¬ 

tion during both the incubation period and the post-incubation 

period when material losses occur; and, second, the question of 

the meaning of certain measurements in relation to the problems 

of comparison of one situation with another, and of extrapola¬ 

tion and prediction of damage rates for field installations from 

laboratory results. The latter problem is of interest also in 

determining whether imposed protective systems should be used 

and, if so, in deciding upon specifications for such systems, 

e.g., air injection. Consequently, it will be recognized that 
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the selection of some of the methods to be discussed in connec¬ 

tion with the first question was made on the basis of their 

relevancy to the second. 

Some Special Methods in Cavitation Erosion Experiment^ 

a. Weighing and pit counting 

The most widely used criterion of cavitation 

erosion is, of course, the rate at which material is removed 

from the test specimen. As mentioned previously, this rate of 

damage is clearly time dependent. While the rate of weight- 

loss can give some measure of the rate of erosion following the 

incubation period, very soft metals such as lead and pure alum¬ 

inum are pitted readily under cavitation attack long before ac¬ 

tual weight loss is observed. Consequently, some attempts have 

been made to characterize erosion and obtain an "index of 

erosion rate by counting the pits or depressions formed during 

this period. Some observations of this type are those of 

Knapp (97), who tested soft aluminum and compared the rate of 

formation of pits with the velocity of the fluid in his experi¬ 

ments. It is clear that this technique is applicable only to 

the very soft metals. Furthermore, to relate the rate of ero¬ 

sion on such materials to the damage rates on hard materials 

would obviously be a most formidable task. 

All of the attempts to characterize cavitation erosion for 

purposes of extrapolation and prediction must be related some¬ 

how to the "intensity" of the cavitation produced in the labora¬ 

tory and occurring in the field. These investigations have 



HYDRONAUTICS, Incorporated 

-64- :) 

generally sought to find a relation between weight loss (100, 87) 

or erosion rates (65, 101) and the flow velocity or the amplitude 

of vibration of magnetostriction oscillators and to discover a 

"threshold" for the onset of measurable loss. The details of 

such investigations and the significance of the observations will 

be discussed in Chapter VIII. 

b. Radioactive tracers 

Another method of measuring the intensity of cavi- 

taion erosion makes use of radioisotopes applied to a test sample 

or to a part of a machine in the region of cavitation. Details 

have been given by Rosenberg (102), who is evidently the first to 

develop a specific method, and by Kerr and Rosenberg (103). 

Rosenberg's method consists of using a radioactive paint prepared 

with 5 grams of radioactive arsenic (As 76), having a total ac¬ 

tivity of 750 mC, in a vehicle of Manila copal cement used as the 

base for a coating material. Other details of the composition 

of the final coating material, as well as of the techniques and 

precautions to be observed in actual application, are given in 

Reference 103. This development was motivated particularly by 

a need for a simple method to be used in field installations. 

To determine the effects of cavitation, the activity of the 

coating is measured as a function of time. The decrease in ac¬ 

tivity, corrected for the natural decay in radioactivity, is 

then taken as a measure of the cavitation intensity. An example 

of the data obtained by Rosenberg on turbine blades is shown in 
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Figure 6-13 in which the measured radioactivity in micro-curies 

per hour, used as the cavitation erosion index, is plotted as a 

function of the axial velocity at the runner. 

c. Electrical resistance change 

By measuring the change in electrical resistance 

of a material with change in physical dimensions as it is cor¬ 

roded or eroded, it is possible to obtain a measure of the rate 

of damage. Such methods have been in use for some time as de¬ 

tectors of chemical and electrochemical corrosion (104), and 

recently have been used (105) for measuring the weight loss in 

cavitation erosion. The method consists simply in measuring 

the change in electrical resistance of one arm of a bridge, which 

is the exposed specimen, as the specimen loses material. In the 

Instruments, now in use as corrosion detectors, an insulated 

arm is used as the reference and for temperature compensation. 

The successful application to weight loss detection in cavita¬ 

tion erosion should provide a more convenient and accurate method 

than weight loss measurements in field experiments. 

It would also be interesting to examine the use of such 

methods in determining the events during the incubation period. 

If the electrical properties of metals vary sufficiently with 

the amount of hardening and stress application, such changes 

may be detectable during an actual cavitation experiment and 

would give a measure of the rate of damage during the incuba¬ 

tion period. 
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d. Photoelastic methods 

The great difficulties associated with measure- 

ment of the pressures produced in a cavitating zone evident 

from our previous discussions, led Ellis (10 to su y 

possibilities of using photoelastic techniques to ^udy this 

question. The advantage of a successful photoe as cm 

lies in the fact that the actual stress produced would mea 

“red rather than an integrated pressure as obtained with stand- 

era piezo-electric transducers. Additionally, with 

use of high-speed photography, it might be possible to iden y 

the relations between bubble motions and position re a 

specimen and the resulting strain waves. Both the latter me 

surements «id the measurements and observations of the 

waves require ultra-high-speed photography and such P^ographl= 

methods have also been developed by Ellis, particularly In this 

connection. The principal feature which allows the very so 

exposure time in Ellis' system is a Kerr cell 

shutter with which he has obtained exposure times oT the =rd. 

of 10*7 second. Using a rotating mirror driven by an 

bine, he has obtained sequences of as many a. TOO pictures a 

aerate of a million frames per second. Details of ^ 

ment and of the principles of operation of the Kerr cell shutter, 

as well a. the lighting problems, will be found in Refe™"Ce ^ 

Of particular interest here is the development of the photoelas- 

tlc technique which was carried out in detail by Sutton ( 3 . 
Ellis and Fourney have increased this capability of Ü «111«. 

. j_ _ laser beam as a light source (107)# 
frames per second using a laser oeam as 
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The essential problem in developing a satisfactory photo¬ 

elastic technique arose from the little known dynamic charac¬ 

teristics of ordinary photoelastic materials. Consequently, the 

dynamic properties (Poisson's ratio, internal damping, stress 

wave speed) of a common photoelastic plastic CR-39j mentioned 

previously, were studied in some detail. CR-39 is a thermoset¬ 

ting polymer of allyl-diglycol carbonate; the method of manu¬ 

facture is described in Reference (^3). Sutton found that this 

plastic exhibits strain birefringence (rather than stress 

birefringence) and that its strain-optic constant is independent 

of the rate of loading. Consequently, together with the high 

speed photographic techniques previously developed, it was pos¬ 

sible to study the strain waves produced by cavitation. It was 

with this type of material that Sutton deduced that cavitation 

may produce stresses as high as 200,000 psi. It was estimated 

that the duration of the pressures in his experiments was about 

2 microseconds and the area affected by the cavitation pressure 

had a diameter of about 0.001 inch. Further development of such 

techniques will be useful in obtaining quantitative information 

on the input intensity of cavitation damage. 
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VII. PROPERTIES OF MATERIALS AND 
THEIR v^AVITATION EROSION RESISTANCE 

METALS 

It is now generally accepted that the bubble collapse energy 

produces indentations on the metal as shown in Figure 7-1. The 

indentations may be produced on the material either by shock 

waves (7) or by impingement of jets (14), Figure 4-7. The evi¬ 

dence in support of these methods of dent formation is abundant 
#1 

in the literature. In the absence of corrosion, it is quite 

reasonable to proceed on the assumption that these dents, formed 

by mechanical means, are the main cause of fracture and loss of 

metal. 

When such repeated, indenting forces or blows act upon a 

metallic surface, the material response would depend upon the 

intensity of impact as follows: 

i. There may not be any permanent deformation, even 

after a relatively long period of exposure (thresh¬ 

old of erosion); 

ii. The metal may deform after a certain number of 

repetitive blows (incubation of erosion); 

iii. A permanent deformation may develop at the onset 

of the first blow (single impact erosion); or 

iv. The metal may flow plastically as a result of high 

strain rates during the first blow itself or after 

a certain number of repetitions (high intensity of 

erosion) (108). 

) 
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These possibilities can be readily understood from Figure 

7_2, wn .ch shows schematically the variation Oi. the internal 

friction of metals with strain amplitude in the case of repeated 

loadings (109). The response of metals to a given spectrum of 

repeated strains can be qualitatively represented by an equiva¬ 

lent indentation fatigue diagram as shown in Figure 7-3. Ac¬ 

cordingly, the response of a metal to a cavitation erosion test 

is dependent upon the order of magnitude of the strain. In 

Figure 7-3 three regions have been designated to point out the 

possible material responses to indentations discussed previously. 

Photographs of the metallic surfaces which exhibited typical 

response in each region are also shown. 

With the above physical picture in mind, let us pose the 

question: What is the characteristic property of a metal that 

controls the eroded volume as a result of this mechanical 

process? Obviously this property must be in some way related 

to the energy absorbing capacity per unit volume of the metal 

up to fracture when subjected to the repeated overlapping in¬ 

dentations. At the present state of knowledge, there is no way 

to determine this quantity exactly. For this reason, several 

investigators have tried to correlato this quantity with most 

of the commonly known mechanical properties of metals. These 

correlations are discussed here in detail. 
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Mechanlcal Properties 

a. Hardness 

Hardness has been shown to be an important factor 

in cavitation erosion resistance. In general, materials with 

greater hardness, as measured by the Brinell hardness scale for 

example, have better resistance to damage than softer materials. 

However, certain materials do not fall into this general pattern; 

in Table 7-1 are shown the erosion rates of a series of cast 

stainless steels as determined by Rheingans (68), using a vibra¬ 

tory apparatus. The order of resistance generally follows the 

order of hardness except for a few cases. Another example of 

the correlation of erosion resistance with hardness is given in 

Table 7-2, abstracted from the results of Mousson (67) on mate¬ 

rials tested in a Venturi apparatus. The first four specimens 

in Table 7-2 basically have the ferritic type of grain structure, 

while the last three show an austenitic matrix. While the groups 

show correlation within themselves of increasing resistance with 

increasing hardness, there is clearly another factor which influ¬ 

ences the comparative losses between groups. This may be attri¬ 

buted to grain structure and cold working properties and will be 

discussed subsequently. 

As a final example of the role of hardness, the experiments 

of Plesset and Ellis (70) on a number of different materials may 

be cited. Their results are summarized in Table 7-3. The cri¬ 

terion of damage was the depth to which a small hole was drilled 

by a focused cavitation cloud such as that shown in Figure 4-5. 
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They point out, in addition, that nickel and brass show plastic 

deformation after a few seconds of exposure to cavitation, while 

a similar amount of deformation takes several minutes for vana¬ 

dium, approximately an hour for molybdenum, and several hours 

for tungsten. 

b. Work Hardening 

The original hardness of materials before cavitation 

attack does not in itself constitute a unique correlation param¬ 

eter although it may be overriding for many materials. There is 

clear evidence that resistance to erosion is dependent upon the 

ability of a metal to be work hardened under repeated impact. 

This is well illustrated by a comparison of stainless steels which 

shows the excellent properties of the austenitic steels. In Table 

7-4 are shown some results from tests by Mousson (67) in substan¬ 

tiation of this conclusion. Although the original hardness of 

the austenitic stainless (18-8 chromium-nickel) steel was lower 

than that of the stainless 17-percent chromium steel, the resis¬ 

tance of the former is far superior over the duration of the 

experiments. (These tests were made in Device No. 8, Table 6-1, 

at lower rates of damage than occurs in magnetrostriction oscil¬ 

lators.) The other austenitic stainless steels also exhibit 

similar beneficial effects of the work hardening properties of 

such metals. Mousson also measured the change in hardness of 

various metals after exposure to cavitation damage and found 

large increases in the zones of exposure (67) as would be ex¬ 

pected on the basis of our previous discussion of plastic defor¬ 

mation accompanying cavitation erosion. 
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c. Ultimate Tensile Strength 

It Is difficult to distinguish between the im- 

portanoe of tensile strength and hardness since these properties 

are usually closely correlated for most metals. In general, 

materials with high ultimate tensile strength tend to exhibit 

high resistance to cavitation erosion as indicated in Table 7-3 

for example. 

In this connection, it is of interest to refer again to the 

results of Plesset and Ellis summarized in Table 7-3. It was 

noted that, in these experiments, plastic deformation appeared 

almost immediately in the soft specimens, nickel, brass, and 

pure titanium. These materials have ultimate tensile strengths 

on the order of 50,000 psir it may therefore be concluded that 

the stresses induced by cavitation in this apparatus were at 

least of this magnitude. Since, however, erosion developed very 

slowly for materials such as titanium 150-A and tungsten, which 

have ultimate tensile strengths of the order of 130,000 psi, it 

might be inferred that the cavitation-induced stresses were be¬ 

low this value for this case. 

d. Strain Energy 

The above discussion indicates that the attempts 

to relate erosion resistance with individual properties such as 

yield strength, ultimate strength, ultimate elongation, l-rdness 

and modulus of elasticity were not too successful. This Is 

mainly because it is possible to select several materials with 
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the same yield strength with different ultimate strengths or 

elongation or hardness or modulus. In such a case, a material 

with lower yield strength and hardness seems to erode less if 

it has higher ultimate strength and elongation. Such observa¬ 

tions showed that the erosive forces have to do more work to 

fracture the same volume of material because the material is 

capable of absorbing more energy before it fractures. Careful 

experimentation with different materials indicated that the 

strain energy of the material, as given by the area under the 

stress-strain curve up to fracture, may be more representative 

of the energy absorbing capacity of the material when exposed 

to erosion than some of the more conventional material proper¬ 

ties such as yield strength and ultimate strength (6l, 108). 

(See Figures 7-4 through 7-9.) 

A detailed investigation (110) showed the following cor¬ 

relation factors for each of the properties: 

Correlation 

Mechanical Property _Factor, r1_Figure 

Strain Energy 

Ultimate Strength 

Yield Strength 

Brinell Hardness 

Modulus of Elasticity 

Ultimate Elongation 

I 

' ■ . , ■ ' K 
' |if 

4 

0.91 

0.79 

0.65 

0.51 
0.49 

0.48 

7-4 

7-5 

7-6 

7-7 

7-8 

7-9 
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The correlation factor, r', for two variables, x and y, was 

calculated from the following formula: 

r' (?*)*]"[nyp - 

where 

n = the number of points in an x, y plane. 

According to this investigation, strain energy appeared to 

be the most significant parameter. Further evidence to support 

this finding came from the studies of Young and Johnston (111) 

on steel and some of the super alloys in liquid sodium at 800°F. 

as shown in Figure 7-10. However, one of the materials tested 

by them, Stellite 6b, did not agree with the strain energy cor¬ 

relations. More recently Gould (112, 113) and Woodford (72) have 

made some additional investigations on Stellite and found out 

that Stellite 6b undergoes a phase change as it is exposed to 

erosion. This effect, discussed below in detail, probably ac¬ 

counts for its anomalous behavior. 

e. Ultimate Resilience 

Hobbs (114) argued that a material can absorb the 

energy released by the collapsing cavity in three ways: 1) by 

elastic deformation, 2) by plastic deformation, and 3) by frac¬ 

ture. He investigated the relative contributions of these fac¬ 

tors and concluded that the ultimate resilience [expressed as 

^(tensile strength)8/elastic modulus)] correlated fairly with 
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thp erosion resistance of materials as shown in Figure 7-11. 

Hammitt, et al (115) have subsequently found some supporting 

evidence for Hobb's conclusion. 

f. Erosion Strength 

The foregoing disagreements and difficulties as¬ 

sociated with the attempts to correlate the erosion resistance 

with other mechanical properties become understandable from a 

review of similar attempts being made to relate the fatigue 

strength of materials with their mechanical characteristics 

(116). however, in many practical applications the designer 

needs some numerical value of a property that represents the 

erosion resistance of a material. In order to accomplish this 

object!*e, Thiruvengadam (108) suggested a concept of erosion 

strength and outlined a procedure to determine the erosion 

strength with the help of standard screening tests. 

The procedure to determine the erosion strength makes use 

of the definition of the intensity of erosion given by Equation 

[6-4]. For example, in a vibratory cavitation erosion test the 

intensity of erosion is given by the rec. procal of the slope of 

correlating line. Figure 7-4, divided by the eroded area, if we 

assume that the erosion strengths for these materials are iden¬ 

tically the same as their strain energies. The same group of 

materials, or one among this group, or an entirely new group 

such as the one used by Young and Johnston (111), Figure 7-10, 

may be used to determine the intensity of erosion of a given 
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test device under a set of test conditions. We may call this 

procedure the calibration of the test device, wherein we obtain 

the numerical value of the intensity of erosion of the screen¬ 

ing test. Once such a calibration is accomplished, the erosion 

strength of any material may be experimentally determined by 

measuring the rate of depth of erosion with this calibrated 

test device from Equation [6-4]. This procedure is feasible 

with any type of erosion, whether it is cavitation, liquid- 

impact, or solid-impact. It may even be extended to wear of 

materials due to friction. 

g. Relative Erosion Resistance 

Another approach to characterizing erosion resis¬ 

tance as a property in its own right is to compare the relative 

resistance of materials with a "standard" material. In the field 

of cavitation erosion, such attempts have been made over the 

years. For example, Beeching (12) during the period 1937 to 

1942 used a material called admiralty propeller bronze as a 

standard material and tabulated his "figure of merit" for 25 

alloys. More recently, Heymann (117, 118) has suggested a sim¬ 

ilar scale called "normalized erosion resistance" which is 

scaled relative to 18-8 stainless steel (170 DPH hardness) 

(Figure 7-12). This approach is quite useful in material se¬ 

lection for practical designs. 

However, the advantage of using an erosion strength scale 

(in preference to a figure of merit scale) is that the strength 
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(force per unit area) multiplied by the rate of depth of erosion 

(length per unit time) will give an intensity scale (power per 

unit area) which can be used in a chart such as the one shown in 

Figure 7-13. In addition, it may be helpful in theoretical de¬ 

velopments. In related fields such as metal cutting (119) and 

rock drilling (120), it is called specific work or energy (work 

required to remove a unit volume of material). 

Metallurgical Aspects 

The foregoing discussion highlighted the relation between 

mechanical properties of metals and their resistance to erosion. 

However, the mechanical properties as well as the resistance 

depend on the metallurgical structure of the metals and alloys. 

Both macroscopic aspects such as grain size, orientation and 

boundaries and microscopic factors such as the lattice struc¬ 

ture, phase distribution and phase transformation all play im¬ 

portant roles. Several investigators have noted the increase 

in erosion resistance with decreasing grain size (67, 11, 121). 

Mousson's (67) results (Table 7-5) show that nonferrous alloys 

(brasses), which have almost the same mechanical properties, 

hardness, yield strength and hardenability, possess consider¬ 

ably different erosion resistances. 

According to Mousson (67), inclusions in the form of impur¬ 

ities or undissolved alloy constituents tend to affect erosion 

resistance. Adding sulphur to a stainless steel to improve its 

machinability adversely affects its erosion resistance. Similar 
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effects were observed in forged stainless steels. Presence of 

free graphite is cited as one of the reasons for the poor ero¬ 

sion resistance of cast iron (67). Mousson observed increased 

resistance to damage (Table 7-6) by successive additions of 

molybdenum and nickel to chromium stainless steels. The primary 

effect was associated with decreasing grain sizes obtained with 

the addition of these alloying constituents. 

More recently, Gould (112, 113) used electron microscopy to 

follow the various stages of erosion. He found that the cobalt 

alloy Stellite 6b has a steady state rate of volume loss an 

order of magnitude less than many titanium- and iron-based alloys 

of comparable hardness. He attributed this result to the fact 

that Stellite 6b and other cobalt alloys undergo a stress-induced 

phase transformation during cavitation erosion. Although it was 

well known that the face centered cubic (fee) phase of stellite 

may transform to hexagonal closed pack (hep) the work of Gould 

demonstrated a close association between the progress of cavi¬ 

tation erosion and the phase transformation. Woodford (72) fol¬ 

lowed this investigation further and found that transformable 

(fee) alloys do have high erosion resistance relative to non- 

transformable (fee) alloys. However, he concluded that, although 

many erosion resistant materials undergo a surface transformation 

during erosion, there is a lack of correlation between erosion 

resistance and any simple quantitative measure of transformation. 

3 
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Criteria for the Threshold of Erosion 

' Boettcher (63) as early as 1936 realized the importance of 

surface fatigue due to repeated bubble collapse. Later Mueller 

(122) suggested the possibility of a threshold velocity of ero¬ 

sion for each material, similar to the fatigue limit. Beeching 

(12) understood the importance of corrosive environments in 

such repeated stressing and suggested the possibility of corro- 

* sion fatigue. It is becoming Increasingly common to observe a 

threshold parameter such as the threshold intensity of cavita¬ 

tion erosion, the threshold amplitude of oscillation, the 

threshold velocity of flow, the threshold impact velocity, and 

so forth, in erosion problems such as cavitation erosion, steam 

k erosion, rain erosion and sand erosion. 

An understanding of the threshold conditions wherein the 

impact stresses reach a limiting value just sufficient to 

i initiate detectable erosion is important in the selection of 

materials for erosion free systems. The difference between 

the prediction of threshold of erosion and erosion rate is 

! schematically illustrated in Figure 7-14. According to this 

figure one can arrive at two types of problems. The first one 

is the understanding of the threshold conditions wherein the 

impact stresses reach a limiting value Just sufficient to in¬ 

itiate detectable erosion either at the first blow or after 

repetitive blows. The second problem is the prediction of the 

amount of erosion if the erosive forces are above the threshold 

for the material. 

C 
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There have been some recent investigations twoard estab- 

1 lishing threshold criteria for designs (108, 52). In the case 

of liquid impact erosion, one could estimate the impact stresses 

on the material and relate these stresses to some material pro¬ 

perties. For example, the dynamic stress caused by a cylindri¬ 

cal liquid column impinging on a material produces a dynamic 

( stress (108), given by 

P| UI 

0l \ *JIl 
, pmCm 

\ where 

o = the impact stress, 

i - 1 
Uj = the impact velocity, 

^ = the density of liquid, 

c = the density of material, 
*m 

i C£ = soun(* sPee<^ in liQu-^> an<^ 

C = the sound speed in material, 
m 

For most practical cases of liquids and materials involved, the 

ratio P,c,/Pmcm is dmall, and may be neglected; In which case 

the impact stress becomes 

°i ~ p< c/ ui 
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T»Me 7-7 shows that the dynanic yield strength and the fatigue 

endurance limit of various materials are closely related to the 

threshold impact stress. More recently investigations by 

Thiruvengadam, et al (52), using a liquid Impact erosion facility 

and a high frequency fatigue technique (123, 12*) have shown that 

there is close correlation between the fatigue strength and cal¬ 

culated threshold impact stress. For example, Figure 7-15 shows 

the relationship between the impact velocity and number of im¬ 

pacts at which visible erosion is observed (52). The threshold 

impact stresses were calculated for each velocity for the data 

shown in Figure 7-15. The impact stresses were multiplied by a 

constant factor for each material (for example, by three for 

nickel) and plotted as a function of number of impacts in Figure 

7-16. In the seme figure, the high frequency fatigue stresses 

are also plotted as a function of number of cycles to failure. 

This lends support to the early speculations of Boettcher (63) 

and Mueller (122) that fatigue failure of the surface particles 

is the primary mechanism of erosion. This sort of correlation 

for candidate materials would provide engineering data for 

designs. 

in the case of cavitation erosion, an attempt was made to 

relate the threshold velocity of erosion in a rotating disk ap¬ 

paratus with the yield strength of materials (61) as shown in 

Figure 7-17. The ratio between the yield strength and the 

hydrodynamic pressure was found to be linearly proportional to 

the cavitation inception parameter (Figure 7-18). The relations p 

c 
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is easily understood from the analysis of hydrodynamic parameters 

discussed in the following chapter. 

More recently (125), the definition of intensity of erosion 

was used instead of the threshold velocity. Using a vibratory 

cavitation erosion apparatus, the intensity of erosion was deter¬ 

mined as a function of amplitude of vibration (126). In the 

steady state erosion period, the cavitation erosion is propor¬ 

tional to the square of the displacement amplitude. Furthermore, 

these experiments showed that there is a minimum displacement 

amplitude for each metal below which there will be no cavitation 

erosion. This minimum amplitude is called the threshold ampli¬ 

tude and the corresponding intensity of erosion is designated as 

the threshold intensity of erosion. The threshold Intensity of 

erosion for six metals is shown in Figure 7-19, as a function of 

the high frequency fatigue strength at one billion cycles. The 

datum for SAE 1020 steel shows the influence of corrosion on the 

threshold intensity of erosion. 

PROTECTIVE COATINGS 

Protection against cavitation erosion may be considered 

from several points of view: a) elimination of the problem at 

the source by hydrodynamic design --- model tests are important 

In this case; b) use of highly resistant materials in zones of 

expected cavitation attack; c) use of artificial means such as 

cathodic protection and air injection. In the past, several re¬ 

pair procedures and protection methods have been highly success¬ 

ful in some cases, while the same methods were not so successful 
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in other situations. An important example is the use of 

elastomeric coatings to protect marine systems against corrosion 

as well as cavitation erosion. 

The superior erosion resistance of elastomeric coatings is 

illustrated in Figures 7-20 and 7-21. In a rotating disk screen¬ 

ing test, common propeller materials such as manganese bronze, 

manganese nickel bronze and nickel aluminum bronze erode at a 

rate of about l/l6-inch in 72 hours at a speed of 150 fps (Figure 

7-20). This corresponds to an erosion rate of 8 ipy. At the 

same intensity of erosion of the rotating disk screening test, 

elastomeric coatings such as neoprene offer remarkable erosion 

resistance as shown in Figure 7-21. This figure shows the per¬ 

formance of neoprene coating at 150 fps after 72 hours of expo¬ 

sure in the rotating disk apparatus (127, 128). 

Although elastomeric coatings offer excellent resistance to 

erosion in a laboratory screening test, their success in service 

applications is rather limited. Some coating systems behaved 

extremely well in the screening test at relatively higher veloc¬ 

ities, whereas the same coating system failed rapidly in field 

applications at much lower velocities (Figure 7-22). Adhesion 

failure of these coatings in service is still a mysterious prob¬ 

lem. Considerable effort has been spent in screening elastomeric 

coatings for hydrofoil applications (128); however, further basic 

research is necessary to understand how these coatings respond 

to the dynamic pressures created by the cavitation bubble col¬ 

lapse and how they fail to adhere to the substrate. Understanding 
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of the mechanism of adhesion failures and the development of 

coating systems with adequate adhesion strength will eventually 

enhance the operating life of hydrodynamic systems to a great 

extent 

Mechanism of Cavitation Erosion in Viscoelastic Materials 

The behavior of the viscoelastic materials depends upon 

their response to the repeated dynamic indenting forces produced 

by the collapse energy of the cavitation bubbles and the cumula¬ 

tive absorption of this energy by the material in each cycle 

(Figure 7-23). Since the dynamic response of these materials 

is different from that of metais, the mode of damage in these 

materials needs some further explanation. The following mechan¬ 

ism was given by Chatten and Thiruvengadam (129) for viscoelastic 

materials. The initiation of failure in an elastomeric material 

may take place along the grain direction as shown in Figure 7-24 

in contrast to the dents produced in lead as shown in Figure 

7-25. Figures 7-26 and 7-27 further suggest that the propaga¬ 

tion of tear, due to continued accumulation of energy, may 

result in gross removal of relatively large pieces, especially 

if the adhesive bond to the substrate material is marginal. 

When the adhesive bond to the substrate is adequate, the mate¬ 

rial may be torn away in small particles. It appears that the 

energy of tear propagation is the primary factor controlling the 

mechanism of cavitation damage in viscoelastic materials. This 

hyp ''thesis is based on observations of cavitation damage of 

elastomeric coatings both in laboratory tests and in field 

trials on ships' underwater appendages. 
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Since the energy transfer to the viscoelastic material 

from the cavitation bubble collapse is a repeated process, the 

tearing mechanism may take place in either of two ways: (a) if 

the time for one cycle, i.e., the duration between two consecu¬ 

tive stress pulses, is less than the relaxation time of the 

material, then it behaves like a brittle material producing 

conchoidal fracture in some cases. Lichtman (130) photographed 

this type of failure in an epoxy-polysulfide compound. Figure 

7-27; (b) if, however, the time for one cycle is greater (lower 

frequency) than the relaxation time of the viscoelastic material, 

then the energy of collapse transmitted to the material is partly 

released (elastically) and partly dissipated and absorbed or con¬ 

ducted as heat. Still there always remains a residual strain 

energy and this strain energy will be accumulated in the material. 

When this accumulated energy exceeds the energy of tear propaga¬ 

tion, the material fails by tearing. 

Rheingans (68) tested a thiokol rubber compound using a 

magnetrostriction apparatus and showed that the compound exhib¬ 

ited high resistance to cavitation erosion. Kerr and Leith (131) 

conducted a few additional experiments with neoprene coatings. 

Extensive data on the relative resistance of viscoelastic coat¬ 

ing materials have been accumulated and published by the U. S. 

Navy Applied Science Laboratory (128, 87, 132). Coatings tested 

by Lichtman, et al, at the above laboratory include neoprene, 

urethane, polyurethane, polysulphide, polysiloxane, and Hypalon. 

These coatings have been classified into three orders of merit. 
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Table 7-8 shows the mechanical properties of the coatings possess¬ 

ing the first order of merit. Figure 7-28 shows a few typical 

coatings possessing the first order of merit performance. Sim¬ 

ilarly Tables 7-9 and 7-10 show the second and third order of 

merit coatings while Figures 7-29 and 7-30 show the typical per¬ 

formance of these types of coatings. 

Based on these investigations, elastomeric compounds may be 

screened as possible erosion resistant materials for service in 

a cavitating environment by evaluating their physical properties. 

Physical Properties 

a. Tear Strength 

To illustrate the relative importance of the 

various properties. Chatten and Thiruvengadam (129) tested six 

compounds specifically designed to exhibit some properties as 

maximum and some others as minimum. They found significant 

correlation between the tear strength of the polymer material 

and the volume loss due to cavitation erosion for two velocities. 

Figure 7-31. According to the mechanism outlined earlier, the 

energy absorbed by the material which produces the volume loss 

should be inversely proportional to the tear propagation energy; 

this was supported by data as shown in Figure 7-31. 

b. Strain Energy 

Further, it is known that the area under the 

stress-strain curve (strain energy or rupture energy) is propor¬ 

tional to the tear propagation energy (tear "strength”) required 
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to create the new surface (133). The tear propagation energy Is 

determined by twice the force necessary to Initiate tearing, 

divided by the film thickness and therefore has the dimension 

of energy per unit area (13^). The relationship between tear 

energy and the strain energy as experimentally obtained by 

Chatten and Thlruvengadam (129), for six compounds mentioned 

earlier (Figure 7-32). As In the case of metallic materials, 

the strain energy Is also a significant parameter for visco- 

elastic coatings. 

c. Ultimate Tensile Strength 

The correlation between ultimate tensile strength 

and the cavitation damage resistance of elastomers was found to 

be somewhat less significant (129). However, coatings with 

higher ultimate tensile strength generally exhibit better dam¬ 

age resistance. This same view is expressed by Llchtman and 

others (87). 

d. Ultimate Elongation 

No satisfactory correlation could be established 

between ultimate elongation and cavitation damage resistance 

(129). This finding is confirmed by Kallas and Lichtman (128), 
who cited the poor performance of the caulking type polysulfide. 

e. Elasticity and Hysteresis 

Chatten and Thiruvengadam (129) state that many 

elastomeric materials are much more resistant than metals even 

though they exhibit markedly lower strain energies. They 



HYDRONAUTICS, Incorporated 

-88- 

attribute this behavior to the viscoelastic nature of the former 

materials, particularly their resistance to the repeated dynamic 

indenting forces produced by the collapse energy, and by the 

lower rate of cumulative absorption of strain energy. Lichtman, 

et al (87), observed that the highly damage-resistant elastomeric 

coatings have generally low hysteresis as indicated by the almost 

complete recovery of these materials after hardness indentation 

tests. 

Dynamic Response and Adhesion Failure of Protective Coatings 

Although considerable effort has been spent in screening 

elastomeric coatings and in developing erosion resistant coatings 

that exhibit an order of magnitude superior erosion resistance 

in the laboratory test at relatively more severe erosion condi¬ 

tions, service applications of these coatings have not been very 

successful (127). The primary reason is that the adhesion fail¬ 

ure of the protective coatings precedes the erosion failure in 

many service applications (128). Some recent investigations on 

the phenomenon of adhesion failure of coatings have emphasized 

the importance of the dynamic response of elastomeric coatings, 

consisting of a coating, adhesive, and substrate. The collapse 

of a bubble on a layered medium (Figure 7-33) sets into action a 

complex sequence of stress wave propagation, reflection, and in¬ 

teraction. The study and understanding of these events, depicted 

schematically in Figure 7-33, was initiated by Thiruvengadam 

during the sixties and much progress has been made since then by 

Conn (135, 136, 137). As a result of these studies, fundamental 

understanding of the failure mechanisms has been achieved. 
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An apparatus called the split Hopkinson pressure bar was 

used to study several candidate coating materials. The technique 

is based on the measurement of the elastic strain waves trans¬ 

mitted through a system consisting of two long pressure bars 

which have a test specimen sandwiched between them. A schematic 

of this configuration is given in Figure 7-3^. A projectile im¬ 

pacts the first elastic bar, known as the input bar, creating 

the incident strain pulse, €-, Upon reaching the specimen, this 

incident pulse is partially reflected, as shown by €R in Figure 

7-3^. The second pressure bar, the output bar, receives a 

transmitted strain pulse, Each strain wave component is 

measured by strain gages placed fore and aft of the specimen. 

From the two strain-time histories recorded by these gages, the 

strain, stress and strain rate in the test specimen can be 

calculated. 

Assuming negligible radial inertia forces in the specimen, 

and with a small coefficient of friction between the faces of 

the specimen and load bars, it can be shown that the following 

relationships may be used: 

°8 “ i <ei - fR + V 
s 

£.=¾ / <fI + fR - fT> “ 
o 

f.-i;<fi + eR-£T> 
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where 

°s = average stress in specimen, 

tg = average strain in specimen, 

¿s = average strain rate in specimen, 
Ls = original length of specimen, 

Ag = original area of cross section of specimen, 

A = area of cross section of pressure bars, 

E = elastic modulus of pressure bars, 

cQ = elastic bar velocity in pressure bars, and 

t = time. 

In these equations all signs relating to tension, compression, 

and wave directions have been accounted for, so that absolute 

values of each strain wave component may be used. 

An overall view of the HYDRONAUTICS, Incorporated split 

Hopkinson pressure bar facility is shown in Figure 7-35. The 

components shown in this figure include the air gun with pres¬ 

sure chamber and barrel, the furnace chamber, twc oscilloscopes 

with their associated plug-in units for signal amplifications 

and integration, cameras, and the velocity measuring system con 

sisting of a photoelectric velocity measuring unit and time in¬ 

terval counter. A schematic of the apparatus is seen in Figure 

7-36. 

The air gun used to accelerate the cylindrical projectiles 

has a 104-in.-long barrel with a 0.4975-in.-bore diameter. 
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Operating pressures up to 100 psi may be used. A typical pro¬ 

jectile, made of either aluminum or titanium alloy, is 10-in. 

long, with a slightly rounded impact face to minimize undesir¬ 

able elastic vibrations in the pressure bars. The furnace cham¬ 

ber may be used to heat the specimen and pressure bars up to 

500°F. for measurement of dynamic property variations due to ele¬ 

vated temperature. Each set of pressure bars was made of the 

same material as the projectiles, either 7075-K3 aluminum alloy 

or TÍ-7A1-4MO titanium alloy. The pressure bars were 30-in. 

long and 0.500-in. in diameter. The bars were supported on 

pairs of teflon holders and could move freely in the axial di¬ 

rection. 

Strain versus time histories in the pressure bars were ob¬ 

tained from foil strain gages, mounted in pairs on each bar at 

positions 14-in. from the ends which contact the test specimen. 

The gages were placed in series to cancel voltage changes due 

to flexural strain components, and operated in a potentiometer- 

type dynamic circuit, with calibration provided by an electronic 

chopper and precision calibration resistors. 

Two Tektronix Type 56lA oscilloscopes were used to display 

the strain gage output signals. The test traces were photo¬ 

graphed with Type K-5 Oscillotron cameras with Polaroid film 

pack backs. The oscilloscopes were operated in the single 

sweep mode and were triggered externally when the projectile 

struck the input bar. 
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Making use of this apparatus. Conn and his coworkers (136, 

13?) have experimentally determined the stress-strain relation¬ 

ships at high strain rate compressive loadings for several 

elastomeric coating materials. Typical curves for the highly 

resistant coatings such as neoprene and polyurethane are shown 

in Figure 7-37. A few other materials commonly used in erosion 

research are also compared in Figure 7-38 (136). Such high 

strain rate data led to the realistic prediction of impact 

stresses encountered by different materials during raindrop 

collision (Figures 7-39 and 7-40). These investigations also 

highlighted the important role played by the dynamic impedance 

of different materials in erosion phenomenon; such a role was 

foreseen by Thiruvengadam as early as 1964. Conn (137) for the 

first time correlated several rain erosion screening test data 

with the dynamic stress data and the high frequency fatigue re¬ 

sults as shown in Figure 7-41. Figure 7-42 shows an experimen¬ 

tal demonstration of the applicability of the uniaxial stress, 

elastic-plastic stress wave theory to describe rain erosion 

observations. Morris (138) has tried to make calculations based 

on shock wave theory (uniaxial strain theory), which predicts 

stresses in a coated substrate that are larger than the stresses 

predicted for direct water impact on bare substrate. Conn’s 

work has shown that the use of shock wave theory may not lead 

to realistic understanding of practical failure problems at cur¬ 

rently encountered speeds whereas it may be useful at higher im¬ 

pact velocities. A practical and useful correlation between the 
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polyurethane materials has been made by Conn and Rudy (137) as 

shown in Figure 7-43. 

The investigations currently carried out by Conn and his 

coworkers. Springer and Baxi (139) and Engle and coworkers (140) 

would hopefully lead to meet the following primary long range 

objectives: 

a. To understand the dynamic response of the best 

available erosion resistant coatings and to learn the parameters 

that give rise to the resistance of the impact forces. 

b. To analyze the stress wave (shock wave) propaga¬ 

tion and reflection in a coating-adhesive-substrate system as 

a whole and to derive improved theories to predict the dynamic 

failures in practical coating systems. 

c. To predict the desirable parameters of any future 

coating systems and to guide the development of such coatings. 

Stability in a Marine Environment 

All the properties discussed above, including adhesion, 

tend to deteriorate in a marine environment. Hence, it is es¬ 

sential to understand the behavior of a coating system in a 

long term marine operation even if the coating system has been 

successful in a laboratory test. This aspect will be again em¬ 

phasized when we discuss service trials. 

C 
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Structural Plastics 

In spite of their high tensile strengths, the structural 

plastics (such as Fiberglas) behave poorly in terms of cavitation 

erosion resistance (141). Lichtman, et al (141), attribute this 

behavior to their very low ultimate elongation. One possible ex¬ 

ception is the case of pressure molded nylon which behaved as 

well as the elastomeric coatings. Table 7-11 shows the order of 

merit of a few structural plastics tested at the U. S. Navy Ap¬ 

plied Science Laboratory (132, 141) along with their mechanical 

properties. Figure 7-44 shows a pictorial rating of this order 

of merit. 

CERAMICS (POROUS VITREOUS AND CRYSTALLINE MATERIALS AND AGGRAGATES) 

One of the early experiments conducted by Föttinger (9) showed 

that even glass can be eroded by cavitation. This was used as a 

good argument against the purely electrochemical hypothesis of 

damage. However, it is only very recently that some systematic 

studies of cavitation damage on ceramic materials have been 

started. 

Concrete 

Price and Wallace (142) concluded that while compressive 

strength of concrete is the primary property representing cavi¬ 

tation erosion resistance, even the best concrete will not resist 

the forces of cavitation for prolonged periods. Thiruvengadam 

(143) also confirmed that the most significant property controlling 

cavitation damage was the compressive strength, Figure 7-45. How¬ 

ever, even concrete has a certain minimum intensity of damage below 
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which it will be strong enough to withstand the forces of bubble 

collapse. 

Stone 

It has been found that compressive strength of stones again 

is a significant property to represent cavitation damage resis¬ 

tance (143). Polishing the stones had a marked effect in reduc¬ 

ing initial damage. However, polishing affords only a temporary 

remedy (143). 

Inorganic Coatings and Paints 

Lichtman and Welngram (132) also studied the behavior of 

Inorganic coatings and paints. Unfused ceramic and metallic 

coatings have relatively low cavitation erosion resistance. 

They state that this Is probably due to the heterogeneity of the 

coating as contrasted to fused coatings (glasses and fused mé¬ 

tanles). They found that the hardness of the coatings was an 

important parameter. Table 7-12 lists some of the non-elastomerlc 

coatings tested at the U. S. Navy Applied Science Laboratory (128, 

132), their properties, and their order of merit of cavitation 

resistance. Figure 7-46 gives a qualitative picture of 

this order of merit. 

Electroplating and Anodizing 

Electroplated nickel, chromium, and platinum offer substantial 

resistance both to corrosion and erosion. Stainless steel and 

Stellite overlays have also been used occasionally to protect 

against cavitation erosion (144). Anodizing seems to improve the 

life of components made of aluminum alloys. 
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VIII. RELATION BETWEEN HYDRODYNAMIC 
PARAMETERS AND CAVITATION EROSION INTENSITY 

So far we have discussed the general principles of cavitation, 

its effects, mechanisms of erosion, and material response. An 

important consideration in all of these aspects is the dynamics 

of the bubble, its growth and collapse. Since the recognition 

and identification of cavitation as a serious problem, much ef¬ 

fort has been devoted to these areas. Most significant among 

them are the early investigations of Rayleigh (7). More recently, 

Plesset and coworkers (15, 56, 145) and Hammitt and coworkers 

(38, 40, 146) have considered various aspects of bubble dynamics 

extensively. Increasing attention is being paid to the asymme¬ 

trical collapse of the bubble first pointed out by Kornfeld and 

Suvorov (147) and Eisenberg (2, 14). Naude and Ellis (50) dem¬ 

onstrated experimentally for the first time that such an asymme¬ 

trical collapse produced high speed jets which could deform the 

metal. Following them, several investigators [Shutler and Mesler 

(148), Hammitt (146), Benjamin and Ellis (53), and Tulin (54)] 

have made contributions. Excellent review of all aspects of 

bubble collapse have been made by Daily, Hammitt, and Knapp (38) 

and Eisenberg (48). 

Much effort has been devoted to understanding the various 

aspects of bubble dynamics, the mechanism of material removal, 

the interaction of various physical and chemical properties of 

the liquid and the relative performance of materials. However, 

only recently has there been encouraging progress made in the 

0 
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import ant task of converting the basic research into practical 

data which will benefit the designer. Knapp (60, 65) made the 

pioneering effort to relate laboratory experiments with field 

results. He realized the importance of defining the intensity 

of erosion in such an attempt and remarked as follows (65): 

"However, at this point, the investigator finds himself on the 

brink of an abyss gazing out over completely unknown territory 

since no satisfactory method has been developed for measuring 

the absolute intensity of cavitation, either in the laboratory 

or in the field...Future work on the relative resistance of 

materials to damage should be correlated with studies of me¬ 

chanics of damage. An important step would be the development 

of a definition of intensity of cavitation and some rational 

measure of it which could be used both in hydraulic machines 

and structures and in equipment employed for determining rela¬ 

tive resistance." 

Knapp measured the number of pits per unit area per unit 

time on an ogive body made of soft annealed aluminum at various 

speeds in a water tunnel (Figure 8-1). He found that the number 

of pits per unit area per unit time (which he called the inten¬ 

sity) varied as the sixth power of the velocity at a selected 

cavitation parameter. He compared these laboratory data with 

his measurements in a full scale hydraulic turbine operating in 

the field and discovered that the field measurements at one ve¬ 

locity agreed well with his laboratory measurements at the same 

velocity in spite of the different geometry and size of the 
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field system (Figure 8-1). From these investigations, Knapp 

concluded that the intensity is solely a function of speed and 

does not depend upon the size or shape of the flow system. 

Following Knapp, Kerr and Rosenberg (103) measured the 

decay of a radioactive paint in an actual turbine and found it 

to vary as the sixth power of the velocity. Rasmussen v86) 

measured the erosion produced on a circular cylinder placed in 

the throat of a two-dimensional venturi (the axis of the circu¬ 

lar cylinder was normal to the direction of flow)• He found 

that the rate of erosion increased with increasing velocity, 

reached a maximum and then decreased with further increases in 

velocity. In the same paper (86) he described another set of 

experiments in a rotating disk apparatus. Circular holes were 

drilled in a disk and rotated in a chaunber containing water. 

Rasmussen found that the rate of erosion increased linearly 

with the peripheral speed. Recently, Thiruvengadam (149) 

found that the rate of erosion behind a circular hole on a 

rotating disk depended on the peripheral speed as shown in 

Figure 8-2. In contrast to most of the previous investigators' 

results, the rate of ei^sion increased with velocity to a maxi¬ 

mum and then decreased with increasing velocity. Wood, et al 

(150), observed that the relationship between the rate of ero¬ 

sion and the velocity was not unique. The significant point in 

all of these experiments is that these investigators failed to 

consider the effect of the cavitation parameter on erosion. The 

cavitation parameter was an uncontrolled variable. 
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The first systematic attempt to study the effect of cavita 

tion parameter on erosion was made by Shalnev (151). Using a 

circular cylinder with its axis normal to the direction of flow 

in a two-dimensional venturi, Shalnev found that the rate of 

erosion on lead depended very much on the cavitation parameter 

(Figure 8-3). His use of lead as the test material was ques¬ 

tionable because of its tendency to flow and deform excessively 

before being removed from the surface. These results were fur¬ 

ther confirmed by Thiruvengadam using aluminum as the test 

material (6l). 

Kohl (89) conducted extensive experiments at speeds rang¬ 

ing from 100 fps to 500 fps using a high speed cavitating jet 

in connection with the development of a rock drill utilizing 

cavitation erosion. Kohl found that there was an optimum dis¬ 

tance between the nozzle and the specimen at which the erosion 

was a maximum. 

The maximum Intensities of erosion observed by these vari¬ 

ous investigators using different geometrical systems at differ¬ 

ent velocities are shown plotted against the corresponding 

velocities In Figure 8-4. The rate of depth of erosion was 

measured and reported by each of these Investigators in the 

respective references shown In Figure 8-4. The erosion strength 

of soft annealed lead used by Shalnev was assumed to be 500 psl. 

The soft annealed aluminum used by Rasmussen, Thiruvengadam and 

Kohl was assumed to be 2000 psl. The solid line In Figure 8-4 

is the sixth power line. It is Indeed very interesting that the 

c 



HYDRONAUTICS, Incorporated 

-100- 

maximum intensity of erosion varies as the sixth power of the 

velocity according to the data of these particular investiga¬ 

tors. However, therr were several questions that arose in con¬ 

nection with this important result. The data of Wood, et al 

(150), Shalnev (151) and Thiruvengadam (149) questioned the sixth 

power law. Moreover, the conclusion that the intensity of erosion 

is independent of the size and shape of the flow system needed 

further experimental verification. 

The rotating foil apparatus fully described in Chapter VI 

was specifically developed for these studies. Figure 6-5 shows 

an overall view of this facility. Systematic experiments were 

conducted on NACA 16-021 hydrofoils using this apparatus. Two 

sizes of the foil (3 Inches and l£ inches in chord length) were 

tested. The rate of erosion was determined as a function of ex¬ 

posure time for each set of test conditions, lasting over cumu¬ 

lative exposure periods ranging from 10 hours to 70 hours depend¬ 

ing upon the intensity of erosion. A typical plot of rate of 

erosion as a function of exposure period is shown in Figure 8-5. 

Both velocity and pressure were varied independently; these 

experimental results have been reported in References 152 and 153. 

These investigations clearly established that the rate of 

erosion depended greatly on the exposure time, clarifying some 

of the controversies on this aspect of the phenomenon (154). 

There was an incubation period during which there was no mea¬ 

surable weight loss. Following the incubation period, there 

was a period of accelerating erosion rates. After reaching a 
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maximum value, the rate of erosion decreased witn a tendency to 

ward a steady state. The maximum rate of erosion was highly 

dependent on the cavitation number at a given velocity. The 

erosion rate increased with decreasing cavitation number, 

reached a maximum value and then decreased with further reduc¬ 

tion in the value of cavitation number as shown in Figure 8-6. 

The intensity of erosion represented by the ordinate of this 

figure is given by 

where Ay is the average depth of erosion over the eroded area 

in a given exposure interval of At, and Se is the erosion 

strength (108). 

The results shown in Figure 8-6 demonstrate that the inten¬ 

sity of cavitation erosion depends upon the velocity and the 

size of the foil in addition to the cavitation number. For 

example, the three inch foil at 175 fps has a peak intensity 

of 1.2 w/m2 which occurs at a cavitation number of 0.30; whereas 

the peak intensity is only 0.6 w/m2 at a cavitation number of 

0.36, for the 1½ inch foil at the same velocity. The maximum 

rates corresponding to the optimum cavitation numbers are plot¬ 

ted against velocity in Figure 8-7. The solid line in this 

figure corresponds to Knapp's sixth power law. An understanding 

of these results is very crucial in the overall objective of 

solving erosion problems in service. 
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As discussed previously in this handbook, the understanding 

of the roles played by the hydrodynamic parameters becomes in¬ 

creasingly important as a result of recent experiences with full 

scale naval craft; in these instances, the erosion intensity was 

so severe that no known protection method could withstand the 

erosion intensity (127). This necessitated hydrodynamic redesign 

and better operational procedures. These experiences brought 

forth the desirability of developing modeling techniques to pre¬ 

dict erosion intensities. 

However, the feasibility of such model tests depends both 

upon economic aspects and technical considerations. For example, 

the cost of the test facility depends upon its size, which in 

turn governs the auxiliary machinery components such as pump and 

motor. Model size and test speed determine the capacity and 

cost of these components. Similarly, operating costs are gov¬ 

erned by testing time and model costs. 

In technical terms, the feasibility of model testing depends 

upon the knowledge of the following three important scaling par¬ 

ameters in addition to several other considerations: i) time 

scale, ii) velocity scale, and lii) size scale. The technical 

considerations dealing with these scales are discussed in the 

following sections. 

RFI.ECTION OF MODELING MATERIALS TO SCALE LONG TERM EROSION OF 

PROTOTYPE COMPONENTS 

Usually prototype components are required to operate erosion 

free for a long time, typically in the range of thousands of 
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hours. However, model tests must necessarily simulate such long 

term erosion in a shorter time in the laboratory test. This 

makes it essential to develop scaling techniques with which one 

could shorten the test duration for the model test. 

It is now well established that the rate of erosion is a 

non-linear function of the exposure time. It was known to hy¬ 

draulic engineers that cavitation erosion decreased with repeated 

exposure of the hydraulic structures to floods (155). Thiruven- 

gadam (1^3, 6l) noticed the decreasing trend in erosion with 

continued exposure. Hobbs (156) as early as I962 reported this 

effect. Investigators (157) working on the problem of steam 

erosion noticed the non-linear dependency with exposure time as 

early as 1957. These evidences led Thiruvengadam and his co¬ 

workers (126, 153, 98) to conduct a series of systematic experi¬ 

ments on these effects. The essential conclusion was that is is 

important to consider these effects both in comparing different 

materials and in extrapolating the laboratory experience to 

field systems. These studies stimulated an intensified research 

activity in this area. Hobbs (114), Plesset and Devine (154), 

Heymann (158), Hammitt and his co-workers (159), Ripken (I60), 

Rao, et al (I61), Tichler (162), and Canavelis (163) among 

others have made significant contributions in understanding the 

various aspects of this phenomenon. 

■\ 
\ 
\ 
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The erosion history may be divided into four periods*, 

Figure 8-8, as follows: 

1. Incubation period 

2. Acceleration period 

3. Deceleration period 

4. Steady period 

Several exceptions to this general trend are reported in the 

literature. For example, Hammitt and Garcia (159) reported 

that there are in fact two acceleration periods in some cases. 

Hobbs (114) found that there is a steady period in between the 

acceleration period and the deceleration period. The experi¬ 

ments on 4340 steel by Plesset and Devine (15M as well as the 

experiments by Tichler (162) on chromium steel show that this 

is indeed the case. However, in all of the vibratory experiments 

using a wide range of materials** (including 1100-F aluminum, 

2024 aluminum, tobin bronze, commercially pure nickel, monel, 316 

stainless steel and SAE 1020 steel) a truly steady period was 

not found in between the acceleration and deceleration periods 

(126). This is also true in experiments with liquid sodium at 

various temperatures (164). For some stronger materials such as 

316 stair1 ess steel and 43^0 steel, the transition from the 

*These terms correspond to the recently developed definitions 
by the ASTM Sub-Committee headed by Dr. Robert Hickling. 

**It is important to note that these materials Include two pure 
metals, one carbon steel, one stainless steel and three dif¬ 

ferent alloys. 
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acceleration period to the deceleration period takes place over 

a longer time interval and one could approximate it to be a 

steady period for the purpose of analyses. 

Except for these variations, it is now generally accepted 

by most investigators that these effects are indeed true and 

important. Figure 8-9 shows a log-log plot of erosion rates 

versus exposure periods for several materials. According to 

this figure, the emslon rates as well as the exposure times 

to cover all four periods vary over two orders of magnitude. 

If we include more resistant materials such as stellites, 

then the range of erosion rates and erosion times would vary 

over three orders of magnitude as pointed out by Heymann (117). 

If the relationship between various materials during the 

four erosion periods, extending over such a wide range, can 

be quantitatively established, then it is indeed possible to 

conduct experiments in the laboratory in a shorter period of 

time using a weaker material and to infer the behavior of 

more resistant material in the field. This is precisely the 

objective of this section. An attempt has been made to use 

the erosion theory recently developed by Thinvengadam (165, 

168) to accomplish this objective. The usefulness as well as 

the limitations of unis approach are also discussed. 

CORRELATION OF EXPERIMENTAL DATA WITH THE ELEMENTARY THEORY 

The experimental data shown in Figure 8-9 are all reduced 

in a non-dimensional form first introduced by the author in 



HYDRONAUTICS, Incorporated 

-106- 

196? (165). The experimentally determined erosion rate (in any 

form such as rate of weight loss, rate of volume loss, and rate 

of mean depth of erosion) is divided by the peak rate of erosion 

to get the relative rate of erosion. The relative rate of ero¬ 

sion is the same as the relative intensity of erosion if we 

assume that the area of erosion as well as the erosion strength 

of the material remains constant during a given test. Even if 

one does not believe in any theory, this non-dimensional plot 

is physically significant since one can compare the relative 

behavior of different materials at a given intensity of erosion 

as well as the behavior of the same material at different inten¬ 

sities. The discussion by Hammitt and Garcia (159) contains an 

idea similar to this. This is an important step toward quanti¬ 

tative correlations. The relative erosion rate is plotted 

against the relative exposure time in Figure 8-10. The relative 

exposure time is obtained by dividing the exposure time by the 

characteristic time, t , corresponding to the peak rate. 

There is a certain amount of subjective decision involved 

in selecting the peak erosion rate and the characteristic time. 

However, standard numerical techniques with the aid of modern 

computers may be used in determining the erosion rates more 

rationally. One such method* is the five point averaging tech¬ 

nique described by Hildebrand (166) which leads to a more ob¬ 

jective determination of the peak rate and the characteristic 

exposure time. 

»The author is grateful to Dr. A. F. Conn of HYDRONAUTICS, 
Incorporated for suggesting this method. 
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Figure 8-10 shows that the relationship between the relative 

erosion rate (and, hence the relative intensity of erosion) and 

the relative exposure time is very nearly the same for all the 

materials considered in this study. For example, the erosion 

rates on all these materials would reduce to almost 40 percent 

of the peak rate after exposing them for a relative exposure 

time of about five. If we can relate the peak rates and the 

corresponding exposure times for a modeling material as well 

as the prototype material, then we will be able to estimate 

the performance of the prototype material from the behavior of 

the modeling material at a corresponding intensity of erosion. 

More than anything else, this is where we need a quantitative 

theory that would correlate with experimental data as shown 

in Figure 8-10. 

There have been several attempts to explain the erosion 

history quantitatively, the foremost being that of Heymann (138) 

followed by Thiruvengadam (165) and Mok (167). For the purpose 

of this book, we will make use of the elementary theory developed 

by Thiruvengadam (165). In this theory, the intensity of erosion 

is defined as 
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where 

Ie = the intensity of erosion, 

= the instantaneous rate of erosion, at any time, t, 
dt 

S = is the erosion strength, and 
e 

r = the mean depth of erosion as measured from the original 

surface of the material. Furthermore, the following 

two assumptions are made: 

The Intensity of impact on the surface is assumed as 

An I 

:1 = 
(r + r ) 
v c' 

n 
[8-2] 

where 

= the intensity of impact, 

Ic = the Intensity of collapse or collision, 

A = a proportionality constant, with dimension of length, 

n = the attenuation exponent, and 

r = the distance between the originaiT'surface of material 
c 

and the center of bubble. 

The second assumption is 
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where n is a material property governing the efficiency of energy 

absorption and varies with the exposure time. Combining Equations 

[8-1], [8-2], and [8-3], we can derive the differential equation 

of erosion 

dl KI 
(2n + l)/n 

dt 
W1 

7ñ" 
. 0 

n dt 
[8-^] 

where 

K = 
_n 

S.(AnIJl/n 
[8-5] 

This equation can be normalized with respect to the parameters 

corresponding to the maximum intensity of erosion. 

At t - t ; 
i 

(t is called the 
i 

characteristic time.) 

Ie "^max 

dIe 
-dT-0 

1 = 1. 

Then relative exposure time, t = — , 
X 

relative intensity of erosion, I = , 
max 

relative efficiency, ^ = tj/^» and 

relative rate of erosion * 
max 

where the dot represents the derivative with respect to time, 



HYDRONAUTICS, Incorporated 

-110- 

Using these normalized values, Equation [8-4] becomes 

(2n + 1) 

d| , K T n 
dT (i)i/n 

= o 
^ dt 

[8-6] 

where 

K = 

n+1 

i/n 

Kit 
max i 

(\) 

iS at t 
dT 

= 1 

The general solution of this normalized equation is given by 

I = 

[1 + 3/2 K JïïdT] 
2/3 

[8-7] 

where n = 2. 

Again if we assume that i\ is of the Weibull type of probability 

distribution functions, then 

r, = 1 - exp[(-T)a] [8-81 

n = = 0.635 [0-9] 
'i e 

ñ = 1.58 [1 - exp (-T)a], and [8-10] 

K = 0.58a [3-11] 
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The cumulative depths of erosion at any exposure time may be 

derived as follows: 

I = 
max max 

. T , s . 
dt ’ max e [dt| 

max 

at 

Then 

— r t 
t = t, r = r;r = —-;t=— . 

1 1 ri *1 

S r 
T e i dr . 
1 = I t dt * d 

max i 

Sr rT J 1 
d t [8-12] 

max i 

Again at t , t * 1 and r = 1 

Sr f1 
p e-i- » / 
max o 

I d t [8-13] 

Then 

S ï d t 

f- 
oJ I d t 

[8-14] 

Considering Equations [8-7] through [8-11], the function I d t 

is solely dependent on the shape parameter, a. The definite 

integral in Equation [8-13] is a constant for a given value of a. 
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T d T = C (a) 
i 

[8-15] 

) 

The values of (a) are shown in Figure 8-11. 

Using Equations [8-5] and [8-8] through [8-11], we get 

-3/2 (e - il* Ä 

2 

(A* V1" Se 
max l e / 

t, (e - lT 
[8-16] 

Simplifying and rearranging: 

0.33 A2I a2 
S = --- > and 
e t2 (i* )3 

i v max/ 

max 

r 
i 

t C 
1 X 

0.33 AzIc a2C^ t 

Then S_ = 

[8-17] 

[8-18] 

According to this theory, the erosion rates and the exposure 

times are also normalized with respect to the conditions at 

the peak rate of erosion. Equation [8-7] gives the relative 

intensity of erosion (and hence relative rate of erosion) as 

a function of the relative exposure time. Using a value of 

2 for the attenuation exponent and assuming Weibull type 

0 
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distributions* for the efficiency function, the relative Inten¬ 

sity of erosion can be calculated. Figure 8-12 shows this 

relationship for various values of the shape parameter (165, 

168). By inspection, it is found that the data in Figure -10 

best fit the curve corresponding to the shape parameter, o = 1.5 

NOW that we have determined the value of a, we can proceed 

further to make use of the theoretical equations to determine 

the peak rates and the corresponding times. The relationship 

between the erosion strength and the other parameters is given 

by Equation [8-18] 

where 

a = the shape parameter, 

c , a constant given by Equation [8-15] and depends only 

1 
on a, 

r = the cumulative mean depth of erosion corresponding 

1 to the peak rate of erosion, 

t * the exposure time corresponding to the peak rate of 

1 erosion and is called the characteristic time, and 

Aal - a constant for a given input intensity of erosion 

C governed by the bubble collapse energy. 

For practical purposes, let u. assume that the value of the shape 

parameter is a constant for the materials considered in Figure 

♦The use of Welbull typedlstrlbutlonslsquestlon.d^y^Heymann 

both in private discussions and in the 1 lnted out 

(52) which contains f ?*^!-th,uae of this theory for 
that this controversy does not limit the use ox 

practical applications# 
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8-10, Later on we shall consider the variations in the shape 

parameter. From Equation [8-15], Cj Is solely a function of o 

and is a constant If n Is a constant. According to the original 

assumption represented by Equation [8-2], the value of AeIc 

represents the intensity of the bubble cloud and Is constant for 

a given test condition. 

At this juncture, it is useful to review some of the 

experimental facts concerning the cumulative mean depth, r^. 

Heymann (169) in 19^5 reported the results of Hobbs at the 

National Engineering Laboratory and of Pearson at CEGB March- 

wood Engineering Laboratories, both in the United Kingdom; the 

total volume loss per unit eroded area up to the start of the 

attenuation period was the same for all metals tested by them. 

In other words, the cumulative mean depth (which is total vol¬ 

ume per unit eroded area divided by the density of the material) 

corresponding to the peak was a constant. This result seemed 

to be significant and indicated that a certain mean depth of 

erosion caused the attenuation in all the metals. An analysis 

of our results confirms the earlier British work. Table 3-1 

shows that r^ (the cumulative mean depth of erosion correspond¬ 

ing to the peak rates) for the seven materials considered in 

this paper remains constant with a maximum deviation of 13 

percent. Based on these evidences, we can conclude that ^ is 

a constant. Now then, the only variable in Equation [8-I8] is 

the characteristic time, According to Equation [8-I8], the 

characteristic time, should be directly proportional to the 

erosion strength, Se. 
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The controversies about the erosion strength and the 

attempts to relate it with other mechanical properties were 

k discussed in the previous chapter. Without going into these 

details again, it is adequate here to point out that the char¬ 

acteristic time, ti, is somewhat related to the strain energy 

of these materials as shown in Figure 8-13. Each data point 

is enclosed in a shaded area which represents the scatter zone 

both for t and for strain energy. Since both are experimental 

quantities1, they do vary over a range represented by the shaded 

area. Figure 8-13 shows a general trend which is good enough 

for practical purposes. However, one may find a better correl¬ 

ation by taking into account the variations in the shape param¬ 

eter, a. For example, the shape parameter for SAE 1020 steel 

is nearly 2 whereas that for 2024 aluminum is about 1. Accord¬ 

ing to Equation [8-18], the erosion strength depends both on 

' a2 and on C® (a). The functions (a) and o2C® (a) are plotted 

in Figure 8-11. 

These correlations do indicate that the strain energy is 

a good material parameter for at least a few commonly used 

materials. However, it may not be a unique property that rep¬ 

resents the erosion resistance of all materials. In fact, it 

need not be. It is enough if it serves as the basis for a few 

calibrating materials. The same argument holds well for any 

other property such as ultimate resilience and tensile strength. 

The combination of mechanical properties will complicate the 

dimensional balance of the equations. With these few remarks, 

o 

. „ ... i, . »«n,:;;. r'''''‘'"TTF'’1 ..... 

- — > i .-.- — a à m —*—-- 
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let us leave it to the personal preference of the investigator 

to choose his scale for the erosion strength. Equation [8-18] 

lends itself to a free choice of the erosion strength which 

will determine the value of A2for given test equipment and 

test parameters. 

MODEL-PROTOTYPE CORRELATIONS 

In order to apply th^se ideas for correlating a model and 

its prototype, one would start testing the model material and 

the prototype material in a standard screening apparatus such 

as a vibrating apparatus. From such a test, the values of Se, 

a and C for both materials will be known. Then the model 
i 

test may be carried out from which the valves of r^, t^, and 

hence. A2can be determined. Since the model is supposed to 

simula+e the ca/itation environment, the value of A?I would 
c 

be the same both for model and prototype. Using Equation [8-18] 

we can calculate the value of t for the prototype material, 

assuming to be the same for both. From Equation [8-17], we 

can calculate the maximum intensity of erosion Once we know 

the values of I , t , and o, we can generate the entire ero- 
max i 

sien curve for the prototype material using this theory. While 

these ideas offer exciting possibilities, the success of this 

approach has yet to be demonstrated by actual model prototype 

experience. 

The data discussed so far were collected at an intensity 

level cf about one watt/meter2. Even the stainless steel is 
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eroded substantially in about 50 hours. However, if a prototype 

system were to operate for 10,000 hours or more, the intensity 

should be less than a hundredth of a watt/meter2. There is a 

need for a systematic study of such low intensities of erosion. 

Hammitt (101) pioneered work in this area as early as 1962 using 

a Venturi cavitation apparatus in the laboratory. However, such 

studies should be coordinated with prototype performance in the 

field over a long exposure period. 

in addition, the operating conditions (such as speed, load, 

and depth or pressure) of the prototype may vary during its life 

either systematically or at random depending on the prototype's 

mission. This is an Important limitation to any quantitative 

approach. The experience and Judgment of the designer plays a 

very important role in this case. 

The selection of materials for the model will be governed 

by several requirements such as structural strength, environ¬ 

mental effects such as corrosion, reproducibility of results, 

and techniques employed in the manufacture of the models, in 

addition to the considerations Involving test duration. 

For systems operating at a fairly high intensity of ero¬ 

sion (consequently short-life systems), it is economical and 

convenient to use the sctual prototype material in the model. 

This is justified because the model life as well as the proto¬ 

type life will be short at high intensities of erosion. 
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HYDRODYNAMIC MODELING OF EROSION INTENSITY 

In the previous section, we discussed considerations involv¬ 

ing selection of the model material to allow short-term model 

tests to be extrapolated to long-term prototype operations. The 

next step is the simulation of model speed and model size. The 

velocity scale and size scale are governed by the mechanics of 

bubble formation and collapse which in turn depends to a great 

extent on the hydrodynamic aspects of cavitation. In this sec¬ 

tion we will consider these aspects leading to the derivation of 

a few hydrodynamic scaling laws for cavitation erosion. 

Hydrodynamic Scaling Laws For Cavitation Erosion 

Spherical Collapse 

It is now generally accepted that high pressures caused by 

the collapse of bubbles produce deformation and material fail¬ 

ure. As early as 1917, Rayleigh (7) attempted to show that 

such high pressures are possible during bubble collapse. 

Rayleigh’s analysis of an empty bubble collapsing in an incom¬ 

pressible liquid predicted infinite bubble wall velocities and 

collapse pressure (Figure 4-6). He obviated this difficulty 

by introducing a perfect gas obeying Boyle’s law in the bubble. 

Furthermore, he Knew that a satisfactory theory should take 

into account the compressibility of the liquid. Realizing the 

importance of compressibility effects in bubble collapse, sev¬ 

eral investigators including Hlckling and Plesset (170) and 
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Ivany and Hammitt (171) considered this effect in their calcula¬ 

tions. While surface tension tends to increase the rate of 

collapse, compressibility, viscosity and non-condensible gas 

in the bubble tend to slow down the collapse rate (172). The 

influence of viscosity on collapse rate is negligible except 

for large bubbles. 

Nonspherical Collapse 

Recent attention has been directed toward an understanding 

of nonspherical collapse. However, interest in the formation 

of liquid jets arising out of nonspherical collapse may be 

traced to early investigators. For example, Eisenberg (2), 

as early as 1950, hypothesized the formation of liquid jets 

caused by the "unsymmetrical collapse of cavitation bubbles 

in a pressure gradient”. Kornfeld and Suvorov (U7 and Naude 

and Ellis (50) observed experimentally the formation of such 

jets during the later stages of bubble collapse. Naude and 

Ellis (50) photographed such jets and the indentations caused 

by these jets. Hancox and Brunton (173) and Thiruvengadam, 

et al (52), have shown that multiple impacts by water jets 

can cause erosion even at impact speeds in the range of 100 

fps. More recently, Benjamin and Ellis (53)» Tulin (5*0» 

Mitchell and Hammitt (55), and Plesset and Chapman (56) have 

all contributed to the understanding of the jet impact mech¬ 

anism. It is interesting to note that the theoretical predic¬ 

tion of the microjet formation in front of the primary jet 

(Figure 8-14) is very similar to the experimental Monroe Jet 

observations of Bowden and Brunton (57) . 
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Indentatlon and Rate of Erosion 

If the stress caused by the collapse of the bubble exceeds 

the yield strength of the material, a permanent dent may be 

produced by a single impact. However, even if the collapse 

stress is less than the yield strength, a dent may still be 

produced after several collapses due to fatigue failure of 

the material. The actual fracture of a particle from the sur¬ 

face of the material may be produced from overlapping indenta¬ 

tions caused by the collapse of many bubbles. For a single 

impact, the depth of indentation, Ay', may be approximately 

related to the strength of the material, S , the impact pres- 

sure, P^, and the size of the shock or jet, R, by the following 

relationship* 

Ay' . SeoeP1 • R [8-19] 

*The sign ocmeans "is proportional to". All the constants of 
proportionality are omitted in the following derivations since 
we are interested only in nondimensional ratios. 

For a sufficiently shallow indentation of predominantly plastic 
character, the diameter of indentation, d, is proportional to 
VR’Ay'. This result, when used with conventional relationships 
for hardness, will lead to relation [8-19], Ideal plasticity 
is assumed. If the impact stress is much larger than the yield 
strength of the material, deep craters and associated plastic 
flow are produced on the surface of the material. This analy¬ 
sis is mainly applicable to materials that are neither too soft 
nor too strong, i.e., with yield strengths of the same order of 
magnitude as the impact stress. 
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If we use the simple analogy of a hardness test, the strength, 

S, corresponds to the appropriate hardness of the material 

(Figure 8-14). For the case of multiple impacts with a fre¬ 

quency of f, the rate of indentation may be approximated by 

§£ • Se«c • R • f [8-20] 

• 

The left side of relation [8-20] represents the intensity of 

erosion, as given by relation [6-4], whereas the right side is 

the intensity of bubble collapse. The genesis of these ideas 

may be traced to References (6l, 99). The details of the deri¬ 

vations for relations [8-19] and [8-20], and the following re¬ 

sult, including assumptions and limitations, are contained in 

Reference (174). 

The intensity of bubble collapse depends upon three param¬ 

eters, namely the impact pressure, the size of the bubble 

or jet, and the frequency of impact. The approach is to relate 

these three parameters to hydrodynamic characteristics such as 

velocity, pressure, and size of the system. As shown in Figure 

8-14, we can classify the bubble collapse mechanisms into three 

categories, spherical collapse, macrojet impact, and microjet 

impact. Rayleigh (7) and several other investigators considered 

the spherical collapse in detail. Plesset and Chapman (56) 

among others have considered the macroJet and microjet. 
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Spherlcal Collapse 

The collapse pressure due to spherical collapse, Pc, is 

given by 

[8-21] 

where P0 and Rq correspond to initial pressure and radius and 

R is the final collapse radius. If the center of collapse is 

of the order of the initial radius, the impact pressure, P^ i 

given by 

2 

[8-22] 

allowing for a (1/radius) attenuation (175). The relative 

radius, R0/Rc> depends upon many factors including surface 

tension, noncondensible gas, heat transfer effects and compres¬ 

sibility of the liquid (176). For example, the influence of 

noncondensible gas obeying Boyle's law was given by Rayleigh 

(7) as 

where Q is the partial pressure of the gas at the beginning of 

the collapse. Similarly, other effects may also be evaluated 

(176). 



HYDRONAUTICS, Incorporated 

-123- 

Jet Impact 

The pressure caused by the jet may be classified into 

two categories: (1) the stagnation pressure developed by a 

long jet acting for a large duration, and (2) the water hammer 

pressure resulting from a short jet of small duration. Accord¬ 

ing to Plesset and Chapman (56), velocity of the jet is propor¬ 

tional toV^Q* Th®1'1 the stagnation pressure is proportional to 

P , whereas the water haunmer pressure is proportional to C 
o 

C is the sound speed and p is the density of the liquid; 

[8-24] P^ oo Pq (for the case of stagnation 

pressure) 

P. oc cVpF (for the case of water 
l r o 

haumner pressure) 

[8-25] 

Growth of Bubbles 

The initial size of the bubble at the beginning of the 

collapse is related to the time available for growth and the 

pressure difference between the inside and the outside of the 

bubble (15), Figure 8-15. The growth time, t , is directly 
o 

proportional to the length of travel of the bubble and inversely 

proportional to the translational velocity of the bubble. The 

travel length is proportional to the cavity length which is 

proportional to the model length at a given cavitation number. 

Experimental observations by Ivamy, Hammitt and Mitchell (177) 

show that the bubbles move at approximately the same speed as 
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the liquid. The pressure causing growth is related to the 

difference between the vapor pressure, pv, and the minimum pres¬ 

sure, Pmln‘ The surface tension is neglected, but is is possible 

to account for it. These relationships may be written as 

follows : 

R OC T 
O g» p 

T OC -2 
g V, 

[8-26] 

[8-27] 

Ap oc p - p 
*v ^min 

[8-28] 

Combining these equations and using the relations for the cavi¬ 

tation number, o, and the minimum pressure coefficient, Cp min, 

given by Equation [2-12]: 

a = 
P - P *o *v 

[8-29] 

and [2-9]: 

pmin " Po 
'p,mln 

[8-30] 

and assuming that o^, the cavitation inception number is 

o = - C . 
i p,min 

[See Johnson (3)] [8-31] 
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we get i 
R oc I (o, - °r 
o i 

Moreover, the radius of the Jet, Rj, Is assumed as 

Rj«Ro 

[8-32] 

[8-33] 

Prpquencv of Bubble Growth and Collapse 

As discussed earlier, the rate of erosion Is related to 

the number of bubbles collapsing per unit time at a given loca¬ 

tion. The number of bubbles that collapse is related 

number of bubbles that become unstable and grow. Some of the 

parameters that affect the bubble instability are: 

1. Nuclei size, 

2. Surface tension, 

3. Velocity, 

4. Pressure, and 

5. Size of the model. 

Johnson (3) considered these parameters and demonstrated 

that bubbles smaller than the critical size do not grow under a 

given set of flow conditions (Figure 2-5). For example, bubbles 

of the order of ICT'-in. in diameter may not grow at speeds less 

than 60 fps whereas they may become critical at a speed of 

fps, as shown in Figure 2-5. 
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If nQ is the cumulative number of nuclei that pass a given 

point in a given time interval, then one can plot a distribution 

of sizes of these bubbles as shown in Figure 8-l6. The relative 

nuclei size is d/H where d is the mean diameter and n is the 

cumulative number corresponding to the diameter d. As of now, 

there are no systematic measurements of such distributions in 

practical flow systems. However, if we assume that the nuclei 

size is governed by a Weibull type of distribution, then 

where a is the Weibull shape parameter. It is easily recognized 

that the Weibull distribution gives the simple exponential dis¬ 

tribution when a = 1, the Rayleigh distribution when a = 2, and 

approximates the normal distribution when a = 3.57 (178). 

According to Johnson (3), 

d* _, . 

3(pv PmirJ 
[8-35] 

where 

d* * the critical diameter of the nucleus, and 

y = the surface tension of the liquid. 

If n* corresponds to d*, and a simple exponential distribution is 

assumed for the nuclei size, one obtains (174): 
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where W = £pV^ d/7 Is the Weber number. 

Scaling Laws for Cavitation Erosion 

So farf we have discussed the relationships governing the 

Impact pressure, the size of the bubble or the Jet, and the 

number of bubbles collapsing per unit time. We also showed in 

this section that the intensity of bubble collapse is ♦he pro¬ 

duct of these parameters. For example, the Jet impact case 

reduces to 

^ocfi • Rj • fi P1eepo 

Again, 

But 

ocPqI^ - 

[8-37] 

P0 - »y = 0 K 

Pv«*-* P0 for practical cases of erosion. 

0 

Then 

Po*’ 0 ¿P^o 
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Hence 

Ieoc ipv30| ofOj . 0)^ exp 
d ' 1 ' * I - a) 

Rearranging [8-43] in non-dimensional groups, we obtain. 

[8-38] 

® = J (Ao)3 exp 
2.67 

: ww [8-39] 

as an expression for the erosion number,®, for the jet impact 

case, where 

0 

6 <T 
I 

W = 

o 

Ao = (o^ - o) 

Erosion number 

Relative nuclei size 

Weber number 

Cavitation number 

Cavitation inception number 

Degree of cavitation 

[8-40] 

[8-41] 

[8-42] 

[8-43] 

[8-44] 

[8-45] 

Similar results for the water hammer pressure produced by 

microjets and for spherical shocks produced by spherical collapse 

are summarized in Table 8-2. 
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If we examine the case of water hammer pressure, then 

o .. F-2.67 1 

®- 6H (A0) eXP IwfSSyJ 

where 

M *= V /C = Mach number, 
o 

and 

C * the speed of sound in the liquid. 

For the case of spherical shock, we get 

®- Ç (to)* «P (gr) - ín¡E)y] 

where is the partial pressure of noncondensible £as in the 

bubble at the start of collapse. 

Surface tension, compressibility and thermal effects may 

also be included for the case of spherical collapse. A discus¬ 

sion of these effects is available in Reference (176). 

In essence, this section leads to some of the important 

scaling laws governing the phenomenon of cavitation erosion. 

It is necessary to verify these scaling parameters with care¬ 

fully planned experiments. In the meantime, an attempt has been 

made to see if these scaling laws would explain the available 

experimental results. 

According to the experimental results shown in Figure 8-6, 

the intensity of erosion increases with increasing cavitation 

number, reaches a maximum and then decrease* to a negligible 

[8-46] 

[8-47] • 
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value at the cavitation inception number. Similar behavior 13 

seen in Figure 3-17 which shows a plot of the computed value of 

®. 6 (product of the erosion number and the relative nuclei 

size) as a function of cavitation number tor various values of 

the càvitation inception number. These values are computed 

from the relationship [8-39] for a particular value of the Weber 

number. The trends of computed results are in agreement with 

the experimental results and reinforce the explanation given in 

Reference (153). 

The experimental results in Figure 8-6 further show that 

the size of the hydrofoil has an Influence on the Intensity of 

erosion as well as on the cavitation number at which the maxi¬ 

mum intensity occurs. The maximum intensity for the 3-ln. 

chord hydrofoil at 175 fps is about one half that of 1^-in. 

chord hydrofoil at the same speed. Changing the size ol the 

foil changes both the relative nuclei size, 6, and the cavi¬ 

tation inception number, o^, thereby affecting the degree of 

cavitation, Ao. if we neglect the change in Ao, then the inten¬ 

sity is proportional to the model size when all the other param¬ 

eters are held constant. 

Furthermore, experimental observations show that the 

intensity of erosion is proportional to (VQ)e. The value of 

the exponent, e, has been reported to vary anywhere from 3 to 

10 (151, 143» 150). This variation in the velocity exponent 

can also be understood by plotting 06/o(Ao)^ as a function of 

Weber number for various values of Ao, from Equation [8-39]» 
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as shown in Figure 8-18. For nuclei sizes on the order of 10“B 

ft. in water, for a speed range of 100 to 200 fps, the Weber 

number would be on the order of 20 to 80. For most of the ex¬ 

periments the degree of cavitation (Aa) was close to 0.05. 

Keeping 6, a, and Aa constant, we see in the shaded region in 

Figure 8-18, that the following approximate relation exists: 

® « W1*5 

As derived in Figure 8-18, we find 

I oe V* [8-48] 
e o 

which seems to agree with Knapp's sixth power relation for the 

dependence of erosion on velocity. Similarly, the other values 

of velocity exponents can be obtained depending upon the range 

of W and ùa for each specific experiment. Table 8-3 shows the 

range of nuclei size, velocities, and Weber numbers that are of 

interest in model-prototype correlations. As shown in Figure 

8-18, the erosion number, 0, becomes independent of Weber number 

for W > 1000. 

Assumptions and Limitations 

The discussions above have attempted to probe into some of 

the important experimental results in terms of the scaling par¬ 

ameters suggested so far. The analysis seems to explain the 

roles played by cavitation number, velocity, and size of the sys¬ 

tem. However, the phenomenon of cavitation erosion is a very 
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complex process. The discussions and analyses outlined in this 

chapter are only a first step, and much more remains to be under¬ 

stood. Many assumptions have been made to simplify the complex 

ity of the analyses. For example, the phenomenon of bubble 

collapse is statistical in nature. Similarly, the fracture of 

solid particles from the surface of the material is also a 

statistical process. Assigning a strength value or an energy 

value to the resistance of the material in this context is con¬ 

troversial, to say the least. The author's approach, represented 

by relation [8-20] is one of many different approaches, concepts 

and ideas that are forthcoming from several contemporary investi¬ 

gators. 

AS discussed earlier, the inception of cavitation depends 

both on free nuclei as well as on surface nuclei (179). Only 

the case of free nuclei has been considered in this report. 

However, it is possible to extend the same approach to the sur¬ 

face nuclei case. It is also necessary to investigate different 

nuclei distribution functions. For example, Figure 8-19 shows 

the influence of the Weibull shape parameter for a given degree 

of cavitation; the shape parameter has no appreciable influence 

for Weber numbers greater than 30, which is the practical range. 

Similar to the statistical distribution for bubble growth, there 

is likely to be another distribution for the number of bubbles 

collapsing near the material surface. Future investigations 

may have to take this aspect also into consideration. 

) 

J 
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Sununary Remarks 

The necessity for developing model tests to determine the 

intensity of erosion of full scale systems is being recognized 

by all concerned. Time scale, velocity scale, and size scale 

are among the important scales in modeling cavitation erosion. 

The technical feasibility of scaling these parameters was dis¬ 

cussed in this cahpter. Time scaling may be accomplished by 

using a weaker (less resistance to erosion) material in the 

model. However, the selection of a modeling material will be 

governed by several factors including corrosion and structural 

strength. 

The set of non-dimensional numbers discussed here seems 

to shed some light on the feasibility of scaling velocity and 

size. The erosion number represents the efficiency of erosion. 

It depends upon the cavitation number, the degree of cavitation 

and the relative nuclei size at a given Weber number. For 

given values of the relative nuclei size, the cavitation num¬ 

ber and the degree of cavitation, the erosion number varies as 

an exponential function of the Weber number. At large values 

of the Weber number, the erosion number becomes independent of 

the Weber number. These results tend to agree with some of the 

available experimental observations. For example, Knapp's 

sixth power relation, observed contradictions to this relation, 

effect of cavitation number, and effect of size of the model 

are among the results that agree reasonably well with this 

approach. 
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These investigations indicate that it is feasible to model 

cavitation erosion; they also provide some guidelines in the 

selection of the velocity scale, the model size scale, the nuclei 

size scale, the required surface tension of the test liquid, and 

the degree of cavitation during the planning stage of a model 

test program. As pointed out earlier, there are several limita¬ 

tions to this approach. Further carefully planned experimental 

research is needed for demonstrating the practicality of model 

tests. 
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IX. RELATION BETWEEN LIQUID 
PARAMETERS AND CAVITATION EROSION INTENSITY 

The function of the liquid in the mechanism of erosion is 

twofold: (1) the dynamics of the bubble is controlled by the 

physical properties of the liquid; (2) the corrosive environ¬ 

ment is provided by the chemical properties of the liquid. The 

purpose of this chapter is to discuss these two aspects in 

detail. 

RC LE OF PHYSICAL PROPERTIES 

Temperature Effects 

In examining the effects of the temperature of the liquid 

on the erosion process, account must be taken of all the physical 

properties of the liquid that become affected by a change in the 

temperature. The effects of temperature have been studied by 

Kerr (66), Rheingans (68), Nowotny (11), Mousson (67), Wilson and 

Graham (l80), Leith and Thompson (100), Bebchuk (l8l, 182), and 

Devine and Plesset (183), among others. The results of experi¬ 

ments by several investigators are reproduced in Figure 9-1 as 

typical of the behavior generally observed. The occurrence of 

the peak in the damage curves may be explained as follows. At 

the lower temperatures, the vapor pressure is relatively low but 

the capacity of the liquid for solution and entrainment of gases 

is relatively high. Thus, the high air content provides perman¬ 

ent gas for "cushioning" of bubble collapse arid erosion is rela¬ 

tively slight. As the temperature is increased, gas is driven 

off but the vapor pressure is still not high enough to provide 
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any cushioning effect. In fact, the higher vapor pressure may 

provide additional unstable nuclei and, consequently, more 

cavitation bubbles will be available for erosion. As a result, 

erosion is rapidly increased. Finally, as the temperature con¬ 

tinues to increase, the vapor pressure reaches high enough 

values to provide considerable cushioning for the collapsing 

bubbles and damage is again reduced. 

Vapor Pressure 

The effects of vapor pressure on the damage process was 

demonstrated strikingly by Nowotny (11; in experiments on pure 

aluminum in water, benzene, benzol (octane-nonane mixture), 

and ethyl ether. He compared damage in water at 20 , 60 , and 

90°C with damage in the other liquids at approximately 26 C. 

The vapor pressures for water at the three temperatures cited 

are 17, 150, and 525 mm Hg, while the vapor pressures of n- 

octane, benzol, and ethyl ether at the test temperature were 

about 16, 100, and 500 mm Hg, respectively. The damage obtained 

at the corresponding vapor pressures was very nearly the same. 

He observed further that in the ether no damage could be ob¬ 

served even after long exposure to attack; this behavior is 

typical of water near the boiling point and in highly volatile 

liquids in general, and was an important piece of circumstantial 

evidence in substantiation of the mechanical damage hypothesis 

for many years. 
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Rnrface Tension 

Otner factors remaining constant, the expected effect of 

surface tension, based on the conclusions from dynamics of 

transient cavities, would be an increase in damage with increas¬ 

ing surface tension (since collapse pressures would be higher 

with higher surface tension). This is indicated in Nowotny-s 

(11) experiments. Nowotny's results are shown in Figure 9-2 

where the weight loss of a pure aluminum specimen has been 

plotted as a function of surface tension; in these experiments, 

the vapor pressure was held approximately constant. Recent ex¬ 

perimental data are compared with Nowotny's data in Figure 9-3. 

The experiments by Plesset (184) and Thlruvengadam (185) were 

conducted at a test frequency of 15 kHz as compared to 8 kHz 

used by Nowotny (11). 

Viscosity 

Since cavity collapse pressures in liquids of low viscosity 

tend to be higher than in liquids of high viscosity, greater 

cavitation damage of a mechanical nature would be expected in 

the former. This conclusion is also borne out by experiments. 

We cite, in particular, the results of Wilson and Graham (180), 

which are reproduced in Figure 9-4. Using mineral oils of dif¬ 

ferent viscosities and glycerine-water mixtures of different 

composition and therefore different viscosity, they conducted 

experiments in two ways. In experiments on a silver-plated 

surface, the energy input (to a magnetrostrlctlon oscillator) 

was held constant and the viscosity varied. As would be expec¬ 

ted, the erosion decreased with increasing viscosity. To 
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further check this effect, experiments were carried out on an 

aluminum surface with the energy input increased to compensate 

for the increase in damping of the cavitation hubbies as the 

viscosity of the liquid was increased. Approximately constant 

erosion was obtained in this way and this result further con¬ 

firms the role of mechanical effects in cavitation damage. 

More recent experiments by Thiruvengadam (176) using polymer 

additives. Figure 9-5, confirm the findings of Wilson and 

Graham (180). 

Compressibility and Density 

Wilson and Graham's (180) experiments on the effects of 

compressibility and density, separately, showed generally the 

trends that would be expected on the basis of the behavior 

of collapsing transient cavities, i.e., increasing erosion with 

increasing density and decreasing compressibility, although the 

scatter in data is rather large. Reasoning from the approxi¬ 

mate Rayleigh theory of bubble collapse with account for the 

compressibility of the liquid, they correlated their results 

on the basis of the product of sound velocity and density. 

The results experiments on silver surfaces in a variety of 

liquids are reproduced in Figure 9-6. Not only are these re¬ 

sults of interest in connection with the mechanism of cavita¬ 

tion erosion, but they will be of some interest in practical 

cases where a knowledge of the relative effects of various 

liquids will assist in design or in extrapolation of experi¬ 

mental results from one liquid to another. 



HYDRONAUTICS, Incorporated 

-139- 

niscusslon of t^e Role of Physical Properties of the Liquids 

Plesset (184) conducted extensive experiments using several 

liquid mixtures. His experimental data are shown In Figures 9-7 

(a), (b), and (c). He suggested that the reduction In erosion 

rates was mainly due to the reduction In corrosive Influence by 

the addition of the second liquid. Considering the fact that 

he used soft aluminum and his experiments lasted at the most 

15 minutes. It was very difficult to attribute all of the re¬ 

duction In erosion rate to corrosion. Realizing this, Tung and 

Thiruvengadam (186) extended the analysis outlined In Chapter VIII 

and derived the following relationships for the Intensity of ero- 

sion of the vibratory erosion apparatus. 

For the case of spherical collapse, assuming isothermal 

compression of the gas inside the bubble. 

Ip « P*CU0 (P, exp kl°.îÆ.ï\ 
\3 « pv a) 

[9-1] 

where 

U = = maximum velocity of vibration, 
o 
ci) = angular frequency of vibration, 

£ = the maximum amplitude of vibration, 

c = the sound speed in liquid, 

p = the density in the liquid, 

p = ocU = the acoustic pressure, 
o^o 

p = the vapor pressure of the liquid 
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Q = the partial pressure of air in the bubble, 

7 = the surface tension of the liquid, and 

U * the mean radius of the nuclei. 

Assuming adiabatic compression, the intensity of erosion for the 

case of spherical collapse is given by: 

I oc p^cU (P - P Ur 
e K o v V o7 \ Q i 

exp 
[9-2] 

Similarly the intensity of erosion for the case of macrojet may 

be derived as: 

IgO* P*=U0 (Pv - Po)^ exp [9-3] 

For the case of a microjet, it is given by 

Ie~ (Pv - P0)è exp [9-4] 

Let Subscript 1 represent pure water and 2 represent other 

concentrations of test liquid. Then the ratio of the intensity 

of erosion of the test liquid and pure water is given by: 
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The last term in the exponential function involves the ratio of 

mean diameter of nuclei, and it is given by: 

I 

[9-6] 

Then equation [9-5] becomes: 
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Slmllarly for adiabatic compression, we have: 

for the spherical collapse; 

) 

2 

[9-8] 

for the macrojet; and. 
[9-9] 
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for the microjet. 

The calculated results from these relationships are compared 

with experimental results using water alcohol mixtures in Figure 

9-8. The above analysis seems to explain the role of the vari¬ 

ous physical properties such as density, sound speed, vapor 

pressure, surface tension, and gas content. This analysis also 

successfully predicts the role of ambient temperature of the 

test liquid in cavitation erosion as shown in Figure 9-9• The 

assumpUon of adiabatic collapse seems to be more realistic than 

the assumption of isothermal collapse. Furthermore, the above 

analysis seems to indicate the role played by various physical 

properties of the liquids in cavitation erosion (186). 

INFLUENCE OF CORROSIVE ENVIRONMENT 

A number of mechanisms for cavitation erosion have been 

proposed at various times which involve almost all aspects of 

electrochemical phenomena including, thermogalvanic effects, 
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stress-induced galvanic effects, oxygen concentration cells 

Ion concentration cells and so on. largely these speculations 

have been based on the observed effects of applied cathodic 

protection rather than direct observation and analysis. None 

of these postulates are in conflict with the mechanical model 

of cavitation erosion if one keeps in mind the intensity of 

cavitation erosion under which some of these phenomena may 

have occurred. The conjoint action of mechanical and electro¬ 

chemical effects, with the consequent Increase in an accelerated 

rate of attack is a common occurrence in corrosion fatigue 

stress corrosion cracking. Jet impingement, velocity corrosion, 

sand abrasion, fretting corrosion, and wire drawing to name Jult 
a few. 

We shall first consider the evidence on which these various 

postulates are based and then discuss recent research on the 

mechanism of cathodic protection as it relates to these postu¬ 

lates. It should be kept in mind that our discussion refers 

to electrochemical effects associated specifically with phenomena 

occurring during or directly from the cavitation process «d not 

with the more familiar galvanic effects arising with dissimilar 

metals in an electrolyte, for example. The fact that galvanic 

effects of the latter type are often present simultaneously in 

practical situations has complicated and obscured the cavitation 

erosion mechanism and account of these effects must be taken 

separately. 

* 
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Thermogalvanlc Postulates 

Therraogalvanic postulates require that electrochenical 

effects associated with temperature changes be brought about 

by the presence or creation of high temperatures as the prim¬ 

ary mechanism inducing the flow of corrosive currents in a 

metal. The possibility of high stresses concurrent with or 

responsible for such high temperatures is assumed to have only 

a secondary effect on the corrosion process. Two sources of 

high temperature are generally identified in support of such 

theories: (1) the high temperatures that are possible momen¬ 

tarily in the collapsing bubbles due to compression of the 

contained gas, and (2) possible high temperatures associated 

with the momentary stressing of the metal at the position of 

bubble collapse. The idea of thermogalvanic effects has been 

advanced by Krenn (187) on the basis of the heat flow between 

corroded parts and adjacent power generating equipment in ma¬ 

chines and by Foltyn (188) and Nechleba (78) on a more rational 

assumption of a heat potential generated by increase of temper¬ 

ature of the metal due to local stressing or due to high temp¬ 

eratures in the cavitation bubbles themselves. Owing to this 

local heating, a temperature gradient is created between the 

heated spot and the surrounding material which causes an elec¬ 

tric current to flow (in a conducting medium)• The electrolytic 

corrosion presumably caused by such current flow will be directly 

proportional to the current. To test this hypothesis, Foltyn 

carried out experiments using impressed cathodic currents in 

which the counter current was adjusted to be just equal to the 
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electrolytlc current measured during an independent cavitation 

experiment. While he v;as able to report considerable reduction 

in erosion, he was not able to completely eliminate the loss of 

material. The explanation offered for the ameliorating effects 

of such cathodic protection is that the potential of the speci¬ 

men cathode is raised above the potential level induced at the 

attacked point. It is interesting to note that both Foltyn and 

Nechleba were able to achieve reduction in damage by means of 

cathodic protection only with very smooth surfaces, while very 

little, if any, protection was observed on roughened surfaces. 

This is not surprising, however, since at constant applied cur¬ 

rent the cathodic current density will decrease with surface 

roughness. 

Mechanically-Induced Electrochemical Effects 

A number of suggestions have been made to account for cavi¬ 

tation erosion or cavitation-associated erosion which, in one 

way or another, relies on a primary mechanism of electrolytic 

corrosion induced or accelerated by the concurrent cavitation 

activity. These range from very simple postulates which require 

that the stirring action produced by cavitation in water in 

which polarization has occurred assists in removing hydrogen 

layers (which tend to inhibit electrolytic processes) from the 

cathode surface, to more sophisticated corrosion mechanisms as¬ 

sociated with mechanical stresses. Since ordinary electrolysis 

attack is very slow compared with observed cavitation erosion, 

any effects of the former type cannot play a very important role. 
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Another suggestion is based on electrolytic corrosion associated 

with fluctuations in the boundary between the metal, liquid, and 

atmosphere. 

Stress-induced galvanic effects 

Closely related to the idea of the mechanism of thermogal- 

vanic effects of the type described above is that of stress- 

induced galvanic effects between adjacent crystals accompanying 

the high local stresses associated with collapsing cavitation 

bubbles. This hypothesis was first announced by Petracchi (I89), 

who also admits the possibility of secondary thermal effects of 

the type described above. The arguments and alternatives are 

approximately as follows. Deformation of the microcells increases 

their e.m.f. by altering the internal energy of the small surfaces 

which constitute the electrodes. Alternatively, the polarization 

of the microcells might be slowed down or impeded by the varying 

stresses. Finally, even microcells with very low e.m.f. values 

can give rise to appreciable effects since the corrosive effects 

are localized in the most highly stressed areas and in turn in¬ 

crease the stresses. 

Petracchi assumed that the suggested mechanism is somehow 

related to the mechanism of corrosion fatigue and that, by the 

use of cathodic protection which can retain in a corrosive medium 

the fatigue properties of a metal in air, for example, he would 

be able to improve cavitation erosion resistance. His experi¬ 

ments (189) show considerable protective effect similar to the 

tests cited in the foregoing. 
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The cathodic current densities he employed were on the order 

of 1 ma/cm2 whic*. is 25 to 50 times larger than that required 

for normal cathodic protection applications. He also showed 

that by making the specimens anodic at moderate current densi¬ 

ties of 0.02 ma/cm2 (—20 ma/ft2) he was able to produce in 

several metals a considerable increase in cavitation erosion. 

In light of new evidence, Petracchi’s results are easily under¬ 

stood since the intensity of his device was on the order of 10-3 

watts/meter2 (See Chapter VI). Also the cathodic current den¬ 

sities he employed certainly would have resulted in the evolution 

of hydrogen gas at the cathode, which provides an additional 

cushioning effect (refer to section on cathodic protection in 

the latter part of this chapter). 

Film rupture 

It has been shown by Ffield, Mosher, and O’Neil (190) that 

materials such as bronze in water form a protective film that 

may be cathodic to the underlying material; they report that 

such films have been observed both in their laboratory experi¬ 

ments and on ship propellers. They postulate that rupturing 

this film will create a galvanic cel] between the bare metal 

and the surrounding film. In view of the highly localized ac¬ 

tion of mechanical cavitation erosion, it is concluded that the 

area relationship between anode and cathode will be favorable 

for very high galvanic corrosion rates. Thus, their thesis 

assumes that the mechanical aspects of cavitation is only the 

trigger which sets off a violent electrochemical effect. They 
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point out further that, if this is a primary cause of cavitation 

erosion, the galvanic effect should be eliminated by applying 

cathodic protection which would immediately heal the mechanically 

damaged areas. 

Although Ffield et al (190) did not believe they were 

inducing cavitation erosion in their rotating disk apparatus, 

actually in one case where they simulated roughness by locating 

1/4-inch rivet heads and 1/8-inch depression holes spaced 90° 

apart on the periphery of the disc, they succeeded in getting 

a substantial erosion damage pattern on the disc downstream of 

the rivet heads. By applying cathodic protection in the order 

of 250 ma/sq ft to the discs rotating at peripheral velocities 

of 200 fps, they succeeded in eliminating the erosion. In view 

of the understanding of the effects of cathodic protection (amp¬ 

lified further at the end of this chapter), we find that this 

result is perfectly feasible in light of the mechanical erosion 

hypothesis when it is realized that the intensity of erosion 

of Ffields device is in the order of 10~2 watts/meter2. It 

should be pointed out, however, that this low intensity is pre¬ 

sumably due to air entrainment since other rotating devices 

discussed earlier produced much higher intensities of erosion. 

Strain-produced anodic corrosion 

This mechanism, which evidently embodies some of the fea¬ 

tures of corrosion fatigue and is somewhat related to the ideas 

set forth by Petracchi (189) has been discussed in detail by 

Wheeler (75). It is based on the expectation that strained 
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portions of a metal, in which the crystal structure is distorted, 

will be unstable electrochemically, and the observation that cold 

worked iron exhibits a solution rate very much greater than an¬ 

nealed iron. Thus, if a previously annealed specimen is subjected 

to repeated plastic deformation with the formation of associated 

strain centers, anodic areas will be continuously created. Where 

the metal is stressed but not permanently deformed, the electrode 

potential shift will be transitory and varying with the stress. 

These anodic areas, adjacent to tne undisturbed metal, will give 

rise to electrolytic corrosion if the surface is in contact with 

an electrolyte, and corrosion will continue until polarization 

prevents further flow of current or until the anodic areas are 

etched away. A previously cold-worked material, or a material in 

which adjacent grains have different electrode potentials (het¬ 

erogeneous materials), will be Immediately attacked electrolyt- 

ically when placed in an electrolyte and such attack will be 

accelerated in the above manner when subjected additionally to 

cavitation erosion- 

However, according to Tomashov (191), cold working of metals 

undergoing extreme plastic deformation produce only minor shifts 

in potential. One case cited was that of a chromium-nickel 

stainless steel undergoing 71 percent compression by rolling 

which produced a cathodic potential shift equivalent to 1.5 - 

2.5 mv. In general, even though it is feasible that localized 

instability can be much greater for individual atoms in sharp 

corners of a crack formed by impact stresses, the changes in 
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potential are generally too insignificant to account for ex¬ 

tremely accelerated corrosion. Other mechanisms, such as 

discontinuity in protective films, probably acting in concert, 

can substantially influence the development of an accelerated 

corrosion process. Cathodic protection should prove to be of 

value in stifling this type of corrosion mechanism. 

Interfacial potential fluctuations 

Based on observations of the greatly increased cavitation 

erosion of cast iron in synthetic sea water as compared with 

fresh water, Shal'nev (192) attributed the cavitation erosion 

process entirely to electrochemical corrosion associated with 

potential fluctuations in the metal-liquid-atmosphere inter¬ 

face. According to his hypothesis, the movement of the liquid- 

vapor (or gas) interface across the surface of the metal during 

cavitation erosion results in momentary electrode potentials 

which are orders of magnitude greater than that caused by an 

unbroken contact between liquid and electrolyte and produces 

electrochemical corrosion at tremendously high rates. He cites 

the irregular shape of attacked regions in a vibratory apparatus 

as evidence that such electrochemical attack is associated with 

different modes in the growth and collapse of the cavitating 

mass and the irregular shape of unstable transient cavities 

locally. However, an explanation of the irregularities of the 

erosion patterns in such an experiment, associated with hydro- 

dynamic instabilities, has recently been given, and a method for 

completely eliminating them has been devised. Furthermore, such 

C 
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a mechanism cannot, of course, account for the damage to mate¬ 

rials which are not as active as cast iron nor to erosion in 

non-corrosive media, although such a mechanism as a source of 

additional damage in some cases probably cannot be ruled out 

at the present time. Also, it must be remembered that cast iron 

is a matrix of graphite and iron in which graphite is dispersed 

in discrete particles. It is conceivable that the high poten¬ 

tials postulated for this mechanism are due to the unpolarized 

(momentary electrolytic contact) galvanic couple of clean iron 

and active graphite. This type of matrix segregation is not 

prevalent in most other alloys in general. 

The Role of Impressed Cathodic Currents (Cathodic Protection) 

Although we shall later discuss cathodic protection as a 

means of reducing or eliminating cavitation erosion, it is worth¬ 

while to mention here the results of research which explains the 

protective nature of the cathodically applied currents cited in 

substantiation of many of the postulated mechanisms of damage 

discussed in the foregoing. It is clear that cathodic protec¬ 

tion in a corrosive medium will assist in delaying the highly 

damaging effects of cavitation simply by preventing electrolytic 

corrosion associated with purely galvanic activity. However, in 

no case has it been demonstrated that the currents required for 

prevention of such galvanic action are sufficient to prevent cavi¬ 

tation erosion where high intensities are involved. 
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It has been suggested that the mechanism of cathodic 

prevention of cavitation erosion in water is associated with 

currents sufficiently high to result in hydrogen evolution 

(see, e.g., References 193 and 19^)i the hydrogen gas then 

acts to form a "cushion" to reduce the high pressures of the 

collapsing cavities. In a series of experiments, Plesset, 

et al (195, 196) have essentially confirmed the validity of 

this explanation. Their results may he summarized as follows. 

Tests with various materials in a solution of salt in water 

showed a reduction in weight loss for all of the materials when 

the test specimen was made the cathode of an electrolytic cell 

and when the conditions were such that gas was evolved at the 

surface of the specimen. This protective effect against cavi¬ 

tation erosion increased with increasing magnitude of the 

cathodic current. Similar protection was obtained when the 

specimen was made the anode in a test liquid of buffered dis¬ 

tilled water. In the latter case, the gas evolved at the speci¬ 

men surface is oxygen. Plesset found additional evidence for 

the protective effect of such gas layers in a series of experi¬ 

ments in which the voltage applied to the cell was reduced to a 

level at which no gas was evolved on the surface of the specimen; 

there was then no protective effect with the specimen cathodic 

or anodic. The results reported in these experiments were taken 

at an arbitrary constant time interval of cavitation erosion. 

In view of these results, it is questionable whether the 

protective effect of cathodic currents may be used in evidence 

for the importance of thermogalvanic and mechanically-induced 
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electrochemical effects as sources of erosion in the cavitation 

process. However, as will be developed later, the intensity of 

cavitation erosion is related to the protective effects offered 

by cathodic protection. In quite another connection, however, 

cathodic protection of an active metal in an electrolytic en¬ 

vironment should show significant reduction in the rate of 

cavitation erosion in view of fatigue properties. It has been 

demonstrated that the resistance of metals to cavitation erosion 

is closely related to fatigue properties because of the mechani¬ 

cal effects in the erosion processes. Consequently, the rate of 

erosion should be increased in a corrosive environment, since 

the corrosion fatigue limit is so much lower than the limit for 

fatigue in air. Thus, by applying cathodic protection to prevent 

electrolytic activity, it would be expected that the fatigue 

limit achieved in air can be restored. In this way, too, the 

erosion rates in a cavitating system should be reduced propor¬ 

tionately. This aspect will be discussed in more detail in a 

later section in this chapter. 

Chemical Corrosion 

Concurrent chemical attack has been observed during many 

experiments on cavitation erosicn. This has been explained 

variously on the bases of straightforward chemical activity in 

highly corrosive media and of chemical activity induced or ac¬ 

celerated by the production of high temperatures which either 

produce chemically active products in the liquid environment 

or render the metal itself more active. 
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Strictly speaking, corrosion in electrolytes is generally 

considered electrochemical in nature (that is, reactions as¬ 

sociated with the passage of current); while corrosion attack 

in non-electrolytes or dry gases is considered to be chemical 

in nature (subject purely to the basic laws of chemical kinetics 

of heterogeneous reactions). Cavitation erosion in liquid 

metals is an example of concurrent chemical attack. 

Chemically-corrosive environments 

Among the earliest observations of direct chemical corro¬ 

sion during cavitation attack were those of Spannhake (197) and 

Schroter (198), and effects similar to those reported by them 

have been found by subsequent investigators; see, e.g., Nowotny 

(11). In tests in venturi tubes, after long exposure to cavi¬ 

tation, pronounced tarnish has been noted on brass specimens as 

well as various steels. Nowotny reports that, in tests carried 

out by Spannhake (unpublished), it was found that steel sub¬ 

jected to a short test had a loosely adhering film of oxide or 

hydroxide which was of a thickness to produce a blue interference 

color. However, he attributes this discoloration at least in 

part to the high local temperatures which are hypothesized as 

occurring during the collapse of cavitation bubbles. After long 

exposures, these films became very strong and anchored themselves 

into the metal. In one exceptional case, the oxide film was so 

thick as to cause an increase in the weight of the specimen. 

Such films are subsequently removed by the mechanical erosion 

of the primary, mechanical attack. A secondary chemical effect 
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is associated with the provision of localized micropores by 

mechanical attack which then act as seats for direct chemical 

action. Such corrosion Is conducive to corrosion fatigue un¬ 

der continued stressing by the forces of the collapsing cavi¬ 

ties. However, In most cases the mechanism of corrosion fatigue 

has been ascribed as electrochemical. Nevertheless, from an 

analysis of the particles actually removed during tests of 

aluminum, zinc, and cadr.i.'.m in water, Nowotny found that this 

residue was In each case composed mostly of pure metal with 

only a very small remainder of oxide. Tests by Rheingans (68) 

of steels and various nonferrous metals In sulphuric acid and 

hydrochloric acid also showed very little effect of the corro¬ 

sive medium in comparison with distilled water in exposures of 

two hours. In fact, most of his results indicate less damage 

in the acids than In the water. Here, however, account must 

be taken of the effect of passivity of certain metals to acid 

environments. 

To reduce the contributing factors associated with chemi¬ 

cal activity, and in some cases electrochemical activity, 

corrosion inhibitors have been tried and used with increasing 

frequency. These will be summarized in connection with our 

discussion of methods of reducing cavitation damage. 

Hiffh temperature chemical activity 

The sources of temperature rise which have been postulated 

to result In locally Increased chemical activity are (1) conver¬ 

sion of mechanical energy Into heat energy during the deformation 
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of thu material by the forces of collapsing cavities, and (2) 

heating of the gases or vapor entrained in the cavitation bub¬ 

bles when compressed during bubble collapse. On the basis of 

the explanation of work hardening as formulated by Taylor and 

Quinney (199), Wheeler (75, 80) proposes that sufficient heat 

is generated to increase significantly the chemical reactivity 

between iron and water, for example. According to Taylor and 

Quinney, 85 percent or more of the work during deformation of 

metal by the slip process is converted into heat and the re¬ 

mainder into potential energy of internal stress. Work hard¬ 

ening is then explained by the internal stress due to very small 

centers of strain located at grain boundaries (or "sessile" dis¬ 

locations). It is the heat formed during this process that 

Wheeler postulates as the source of increased chemical activ¬ 

ity; from estimates of the amount of work done in pitting metals 

during cavitation attack, he estimates that momentary tempera¬ 

ture increases of several hundred degrees Centigrade can occur, 

depending upon the hardness of the metal. 

As already mentioned above, chemical activity observed in 

cavitation erosion experiments has also been attributed to the 

production of very high temperatures in the gases within the 

cavities themselves. While the evidence for such temperatures 

in cavitation experiments where bubbles occur only once and then 

disappear, their place to be taken by others, is only indirect, 

the existence of high temperatures is bubbles in an ultrasonic 

field seems well documented. A number of investigations by 
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Griffing, et al (200, 201), have demonstrated that bubbles in 

resonance with an ultrasonic field evidently produce temperatures 

that are of the order of hundreds and even thousands of degrees. 

These conclusions are based on the chemical reactions obtained, 

e.g., the production of H^O^ in irradiated water, and the obser¬ 

vation of luminescence. Much remains to be done before it can 

be definitely stated whether such effects are of importance in 

engineering applications where damage occurs. It is not clear 

whether the reactions take place inside the bubbles or at the 

bubble walls, whether the bubble oscillation frequency is impor¬ 

tant in producing high temperatures, and whether such phenomena 

can occur in all liquids of engineering interest. These questions 

will have to be answered before the role of such phenomena in the 

damage process can be clearly delineated. 

Also, some mention should be made of cavitation erosion 

studies in high temperature alkali liquid metals (202, 203, 204). 

Here the chemical activity of mass transfer, or differential 

solubility of metals due to thermal gradients in the heated 

liquid could be appreciable and affect the ultimate erosion 

rate considerably (205). 

Some Recent Experiments on the Role of Corrosion in Cavitation 

Damage Erosion 

Pulsing Technique 

Plesset (206) introduced a relatively new laboratory pro¬ 

cedure known as the pulsing technique in which cavitation damage 

is produced in an intermittent manner. This technique consists 
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of a cavitating Interval, C^, and a static interval, in 

which the specimen r mains stationary in the liquid. The pulse 

ratio P is defined as 

Using this technique, Plesset showed that the materials less 

resistant to corrosion in a corrosive medium exhibited greater 

cavitation damage rates in pulsed cavitation than the more 

resistant materials. 

Effect of testing time 

The experiments conducted by Waring, et al (79)> with 1020 

SAE steel in a 3 percent NaCl solution showed that the corrosive 

environment does not essentially change the existence of the 

four zones of damage with respect to time observed in relatively 

non-corrosive environments. 

Effect of amplitude 

It has been shown experimentally that the cavitation erosion 

rate in distilled water at 80°F varies as the second power of the 

displacement amplitude when testing with a vibratory apparatus 

in the steady state period. This result has been confirmed with 

seven metals, namelyi 1100-0 aluminum, 304-L stainless steel, 

lllO stainless steel, molybdenum, cast iron, Inco-300M, and 1020 

SAE steel (126). The same relationship is shown in Figure 9-10 

for 1100-F aluminum in distilled water and in NaCl solutions of 

different concentrations up to 9 percent by weight (79)* However, 



HYDRONAUTICS, Incorporated 

-l60- 

when 1020 SAE steel is tested in NaCl solutions of various con¬ 

centrations, the relationship between the cavitation erosion 

rate and amplitude continually changes as shown in Figure 9-11. 

The erosion rate varies as the second power of the amplitude in 

distilled water and this power relationship becomes modified to 

a linear relationship as the NaCl concentration is increased 

(79) gradually. 

Estimation of electrochemical corrosion 

The following methods were employed to estimate the rate of 

loss of material due to electrochemical corrosion so that its 

relative role can be properly understood (79). 

Polarization Measurements. 

(1) Static measurements 

(2) Dynamic measurements 

Pulsing Techniques. 

(1) Short pulses 

(2) Long pulses 

a. Polarization Measurements 

An attempt was made to determine the polarization 

curves for SAE steel specimens in 3 percent NaCl solution in 

distilled water by means of an applied current technique. Static 

anodic and cathodic polarization curves were first obtained. The 

specimen was then cavitated at a double eunplitude of 1.5 x 10-3 

inch and another set of anodic and cathcdic polarization curves 

were obtained. The current and potential values were recorded 



c 
HYDRONAUTICS, Incorporated 

-l6l- 

after 5-minute intervals for each increase in current. Calcula¬ 

tions with thp Stern-Geary equation (210) yielded a static cor¬ 

rosion rate of 2 x 10”3 mg/min and a dynamic corrosion rate of 

15 x IO”3 mg/min. 

b. Estimation by pulsing technique 

For a particular pulse ratio of P = 1/20, Plesset 

(206) obtained the cavitation damage of SAE steel (BHN = 150) in 

3-percent NaCl solution. He obtained similar data for steady 

(non-pulsing) cavitation also. From these data, the corrosion 

rate during the static interval, Si, was estimated to be of the 

order of 20 x 10-3 mg/min. 

Plesset showed that the rate of erosion depended upon the 

pulse ratio P. However, the erosion rate not only depends on P 

but also on the actual value of since the corrosion rate it¬ 

self is time dependent. A few experiments were conducted by 

Waring, et al (79), in which ^ was chosen to be 30 minutes 

instead of 12 milliseconds as selected by Plesset. In this 

case the value of was of the order of hours. These experi¬ 

ments showed that the corrosion products accumulated during the 

static interval were removed during the following cavitation 

interval giving rise to a higher rate of weight loos. How¬ 

ever, these rates reach the steady state value if the cavitation 

interval is long enough. It should also be noted that for 

similar pulse ratos but different cavitation intervals, the ero¬ 

sion rate can be altered markedly. The rate of corrosion esti- 

mated by this technique is of the order of 7 x 10 mg/min. 

C 
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Table 9-1 shows the relative role of electrochemical corro¬ 

sion in cavitation erosion of 1020 SAE steel in 3-percent NaCl 

solution under various testing conditions as obtained from the 

above investigations. It can be seen from this table that the 

cavitation erosion rate is of the order of 90 x 10 mg/min in 
-* 3 

distilled water whereas it is 260 x 10 mg/min in 3-percent 

NaCl solution. As shown in Figure 9-6, the contribution to this 

increased erosion rate from the change in physical properties 

of the liquid is negligible. However, the rate of electrochemi¬ 

cal corrosion as estimated from the above methods can account 
«•3 ■» 3 

for only on the order of 10 x 10 to 20 x 10 mg/min. Hence, 

it seems highly probably that the major contribution to the 

increased weight loss in a corrosive liquid comes from the cor¬ 

responding deterioration of mechanical properties in a corrosive 

environment. 

Corrosion fatigue 

Figure 9-12 shows the fatigue results of SAE 1020 steel in 

3-percent NaCl solution along with the results obtained in dis¬ 

tilled water (123). These results were obtained in the same 

vibratory apparatus used for cavitation erosion. The high 

frequency corrosion fatigue results show that it iu the corrosive 

weakening of the surface that contributes to the major part of 

the increased rate of damage. 

The change in the relationships between damage rate and 

amplitude for distilled water and for NaCl solutions can also 

be explained in terms of the fatigue results shown in Figure 9-12. 
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As the stress levels are decreased the corrosion component of 

weight loss becomes comparable to the mechanical erosion. 

Leith (69) has compared the length of incubation time with 

the corrosion fatigue limits of four metals as given in the 

Corrosion Handbook (210), Figure 9-13. 

Cavitation Erosion-Corrosion Modeling in an Ocean Environment 

The problem of scaling exposure periods in model-prototype 

correlations was discussed in detail in Chapter VIII. It was 

also pointed out that the interacting influence of corrosion on 

their problem is very important. Recently, McGuiness and 

Thiruvengadam (208, 209) conducted erosion experiments using 

steels (HY 80, HY 130, and SAE 1020) aluminum alloys and copper 

alloys in synthetic seawater as well as in distilled water at 

various intensities of erosion using the ASTM standard vibra¬ 

tory apparatus. The normalized erosion rates are plotted as 

a function of relative exposure periods in Figures 9-1^ through 

9-18. A corrosive environment increased the maximum erosion 

rates, decreased the exposure period needed to attain the maxi¬ 

mum erosion rates and decreased the erosion strength of the ma¬ 

terial. In addition, it also changed the shape of the normalized 

erosion curves, with the shape parameter,«*, increasing system¬ 

atically with increasing intensity of erosion. This increase in 

the shape parameter was related to the materials ranking on the 

galvanic series in sea water (Table 9-2)* 
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X. INTENSITIES ENCOUNTERED IN FIELD DEVICES 

Ever since the discovery of the serious erosion of marine 

propellers, hydraulic turbines, and other major hydraulic 

structures, there have been several attempts to relate quanti¬ 

tatively the erosion occurring in field installations to that 

observed at the laboratory. These attempts were handicapped 

by the lack of an acceptable definition of intensity of erosion 

which can be readily computed for field devices as well as for 

laboratory devices. 

Furthermore, the field experiences were mostly reported in 

a qualitative manner rather than in specific quantities such as 

depth of erosion, area of erosion, physical and chemical proper¬ 

ties of materials and liquids used, hydrodynamic characteristics 

of the device, time of operation, time during which the most 

serious damage occurred. The reason for the lack of quantitative 

information is the obvious difficulty in obtaining such data. In 

fact, such detailed information is not available even for the re¬ 

search devices used in the laboratory. 

As a result of this situation, there has been a general 

impression among the various investigators that the intensity of 

cavitation erosion (although no quantitative definition of the 

intensity of cavitation erosion was available until recently) 

experienced in field installations is very low when compared to 

the laboratory test devices, e.g., vibratory apparatus. It is 

for this reason that tests conducted in such devices have been 

J 
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called "accelerated" tests. In addition, this reasoning led to 

the question of the suitability of the test method for screening 

matei-als for use in field installations operating under so 

called "real time" erosion conditions. 

In the past, several repair procedures and protection meth¬ 

ods have been highly successful in somt cases, while the same 

methods have failed badly in other applications. Perhaps this 

could have been explained or anticipated if there were some 

quantitative way of determining intensity ranges in which a 

given method proved to be successful. Furthermore, in certain 

cases, hydrodynamic redesign coupled with a superior material 

selection helped to reduce or completely eliminate cavitation 

erosion. Such successes have gone unnoticed because of the lack 

of quantitative correlations between the remedy applied and 

successful performance. 

These considerations bring forth the necessity for a new 

approach toward quantifying the field experience rationally in 

terms of some acceptable and at the same time easily obtainable 

parameters and to compare them with laboratory experience. This 

would lead to an overall perspective of the problem of cavitation 

erosion from the points of view of researchers, designers, and 

operators. Such is the aim of this chapter which is based on 

Reference 125. 

DEFINITION OF INTENSITY OF CAVITATION EROSION 

One of the approaches to the problem of cavitation erosion 

is to define the intensity of cavitation erosion in a rational 
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manner and to compute its! value for various field installations. 

The definition of the intensity of cavitation erosion is dis¬ 

cussed in Chapter VI. (See Equation [6-1j].) 

FIELD INSTALLATIONS AFFECTED BY CAVITATION EROSION 

The above intensity parameter is estimated for the field 

devices that have been affected by cavitation erosion in the 

past so that one can get a relative idea of how serious the 

cavitation erosion problem is in relation to the various types 

of installations (125). The installations that have experi¬ 

enced serious cavitation damage may be listed as follows: 

(1) Ship underwater appendages, hydrofoils, struts. 

rudders, hull, 

(2) 

(3) 

(M 

(5) 
(6) 

(7) 

(8) 

etc., 

Ship propellers. 

Hydraulic turbines. 

Pumps, 

Valves, regulators, sluice gates, 

Diesel engine cylinder liners, 

Bearings, 

Civil engineering hydraulic structures such as 

baffle piers, stilling basins, spillways, intake structures, 

penstocks, and tunnels, 

(9) Underwater sound transmission and detection 

devices, and 

(10) Nuclear and space technology equipment such as 

liquid metal handling equipments, cryogenic liquid handling 

equipments. 
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This classification is by no means complete. An attempt 

will be made to discuss some of the above cases for which some 

quantitative information is available. 

CAVITATION EROSION INTENSITY ESTIMATOR AND MASTER CHART 

A nomogram (Figure 10-1) called a cavitation erosion inten¬ 

sity estimator has been prepared using Equation [6-¿i] with three 

aims in mind. It provides a visual idea of the range of inten¬ 

sities encountered in actual practice within the ranges of the 

depth of erosion, material used, and time of operation. It 

also provides a quick and easy method of estimating the inten¬ 

sity of erosion for a given installation. This would be partic¬ 

ularly useful for operators. Lastly, the selection of better 

materials, if available is easily made. 

The proceduie In using this estimator is as follows: 

1. To determine the intensity of erosion, if the 

depth of erosion, the erosion strength of the material, and the 

duration of erosion are available, draw a straight line connec¬ 

ting the depth of erosion and the erosion strength. This line 

will intersect the pivot line (second line from the left without 

any scale). Join this point of intersection with the duration 

of erosion by means of another straight line which will inter¬ 

sect the intensify scale, thus giving the intensity for this 

case. 

2. To determine the depth of erosion after a given 

operating time on a given material, if the intensity of the 

system is known, draw a straight line connecting the duration 
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of operation and the intensity so as to intersect the pivot 

line. A straight line joining this point of intersection and 

the erosion strength of the material would intersect depth of 

erosion scale, indicating the depth of erosion for these con¬ 

ditions. This procedure is the reverse of the previous opera¬ 

tion. 

3. To determine the erosion strength of the material 

required to give a certain depth of erosion after a given dura¬ 

tion of operation in a system of given intensity, draw a 

straight line joining the intensity and the time of operation 

intersecting the second line from the left. Another straight 

line connecting the point of intersection and the depth of 

erosion would cut the erosion strength scale at the required 

value. 

4. Similarly one can find the duration of operation 

for a given system of known intensity, fabricated from a given 

material, if a criterion for the allowable depth of erosion is 

set. 

The estimator should be a convenient design tool for 

engineers. The usage of the proper units as shown in the nomogram 

for each parameter would yield the intensity in watts per square 

meter. The following conversion would give the intensity in 

American Engineering units 

Watt/Meter2 = 1.25 x 10”4 H.P./Foot2. 
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Figure 7-13 shows the intensity of erosion plotted against 

rate of depth of erosion for various materials ranging from 

soft lead to very highly resistant stellites. The range of in¬ 

tensities typical of practical machines varies from 103 - 104 

in.-lbf/year-in.2. The screening tests such as the vibratory 

test and rotating disk test operate at intensity levels on the 

order of 105 in.lbf/year-in.2 (1 watt/m2). The depth of ero¬ 

sion is generally in the range of a fraction of an inch per 

year. Chemical corrosion rates on steel are in the range of 

10 - 10 inch per year (ipy) (210, 211). Erosion rates on 

the order of 1 ipy represent serious erosion which may warrant 

operational limitation or redesign. 

INTENSITY ENCOUNTERED IN FIELD INSTALLATIONS 

Ship Hulls and Appendages 

It is known that ship hulls and other appendages may be 

seriously eroded by cavitation. However, very little data 

are reported. For one case of a destroyer, the armor hull 

plates above the propeller were pierced by a hole of dimensions 

of about one square foot after the destroyer had operated for 

several hours at maximum speed (212). If we assume the thick¬ 

ness of the armor plate as one inch, the time as 10 hours and 

the erosion strength as 50,000 psi, we would obtain the inten¬ 

sity as approximately 25C watts/meter2. This intensity is 

surprisingly high since it is 125 times that of the standard 

ASTM vibratory erosion device. One can easily conclude that 

no material can resist this intensity for a prolonged period 
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of operation and this would form a basis in suggesting a change 

in the hydrodynamic design and operational limits. 

Lichtman, et al (213), made a detailed survey of cavitation 

erosion encountered in U. S. Navy vessels and attributed certain 

cavitation erosion ratings. Table 10-1. However, no information 

as to the depth of erosion, material used, and time of operation 

was given. Cavitation erosion is a serious problem in some of 

the modern hydrofoil boats. In one case of the PC (H) P'.TROL 

craft hydrofoil boat of the U. S. Navy, ¿-inch thick HY-80 plate 

was completely eroded by cavitation in less than one-half hour at 

top speed during service trial (214). The intensity of erosion 

for this case was estimated to be about 50 watts per square 

meter. Similar estimates for Tucumcari and Flag Staff give an 

intensity of erosion in the range of 0.1 to 1 watt per square 

meter (215). 

Ship Propellers 

Cavitation erosion in some of the early designs of ship 

propellers was so serious that they had to be discarded after 

their maiden voyages. Neville (216) reported that for the case 

of the Bremen, the propeller blades were eroded up to 4 3/4 

inches deep within two round trips across the Atlantic Ocean. 

Similarly, several more instances may be cited from the litera¬ 

ture. Actual data were collected for a few mode.u destroyers 

of the U. S. Navy which have experienced significant cavitation 

erosion* (Table 10-2). The intensities ranged from 10 

*These data were kindly furnished by Mr. J. Hill of U. S. Bureau 

of Ships, Department of the Navy (212). 
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watt/meter2 to 250 watts/meter2 as compared to two watt/meter2 

for the ASTM vibratory erosion apparatus. In one case (DDG-15), 

the ship cruised at 20 knots for 20 hours and its intensity was 

of the order of ^0 watts/meter2, whereas for the other propellers, 

the exact duration of cavitation erosion is net known. However, 

the number of hours of operation and the corresponding speed 

ranges were available in some cases. It is most likely that the 

major portion of damage occurred at speeds higher than 30 knots. 

In view of the importance of knowing this information, 

future attempts must be made to collect quantitative data. Such 

detailed information was available (212) for one case of the 

propeller of a destroyer, USS HIGBEE. Figure 10-2 shows a typi¬ 

cal field inspection data sheet from which the intensity could 

be computed in the range of 2 - 50 watts/meter2 depending upon 

the speed at which most of the damage was done. This destroyer 

had ¡.teamed for 9 hours at full ahead and 3 hours at full astern. 

Most steaming has been at 15 - 20 knots. Figure 10-3 shows the 

damage on the suction face of blade No. 3 of this propeller. 

More recent observations of the propellers of the PC (H) hydro¬ 

foil boat of the U. S. Navy have indicated an intensity of ero¬ 

sion experienced by the propeller blades in the range of 1 to 2 

watts per square meter. The supercavitating propeller blades 

used in the Flag Staff hydrofoil boat of the U. S. Navy are also 

experiencing this magnitude of erosion. The maximum erosion 

rates are observed during "take-off" and "landing" at a speed 

of around 20 knots (215). This field observation supports the 

laboratory results obtained in the rotating foil apparatus as 
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shown In Figure 8-6. According to these observations, the 

erosion intensity increases with increasing speed, reaches a 

maximum and then decreases with further increase in speed. 

This is an important finding most useful in design and opera¬ 

tion of critical systems. 

Valves 

The present survey shows that very serious erosion may 

occur in valves controlling liquid flow. Borland and Stiles 

(31) reported that a 316 stainless steel needle valve failed 

in 10 minutes of operation (Figure 10-4). The maximum inten¬ 

sity for this case has been estimated to be as much as 3000 

watts/meter2. Table 10-3 shows the details and intensities 

for a few more cases. 

Diesel Engine Cylinder Liners 

Another case where cavitation damage seems to be important 

is in Diesel engine cylinder liners (218, 219, 220). As shown 

in Table 10-4, the damage intensity in certain specific cases 

can be as much as one watt/meter2. 

Hydraulic Turbines and Pumps 

Almost parallel with the detection of cavitation erosion in 

ship propellers, erosion was also discovered in hydraulic tur¬ 

bines and pumps. However, it is much more difficult to extract 

quantitative data for turbines and pumps except for some early 

cases of severe erosion. In recent literature, the erosion is 

described only qualitatively. Despite this limitation, some 
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quantities have been estimated from photographs and other des¬ 

criptions as shown in Table 10-5. In two cases for pumps, quan¬ 

titative information was available and are included in Table 

10-6. Both cases are examples of liquid metal handling pumps. 

Since the operational times are total hours of operation 

and since cavitation erosion occurs most likely during a part 

of this time, the intensities estimated in Reference (125) would 

generally be lower than the actual intensities by a factor of at 

least ten. 

Other Devices 

Similar estimates of the intensity of erosion could be made 

for any machine which has experienced cavitation erosion. Since 

there is not much information available for other devices, no 

estimates are presented herein. However, this kind of estimation 

of intensity would form a guide for selecting suitable protection 

methods based on the experience with other devices. 

GENERAL DISCUSSION 

What has been presented in this chapter is only a preliminary 

step toward more rational approaches that are to come by a coord¬ 

inated effort in the laboratory as well as in the field. Because 

of the approximate nature of the data available, the whole analy¬ 

sis is necessarily approximate. The intensities estimated herein 

would vary depending upon the depth of erosion. In most cases 

the maximum depth of erosion is reported and it would indicate 

the maximum intensity. This is unavoidable unless more detailed 

observations are reported in the future. 
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Again, the property of the material characterizing its 

erosion resistance is not readily available. Even the use of 

the strain energy (as given by the area of the stress-strain 

diagram from a simple tensile test) may not be justified for 

strain-rate sensitive materials. However, the strain energy 

seems to be adequate at least for the most common metals which 

do not exhibit strain rate sensitivity. 

The third important parameter is the time during which the 

erosion took place. This is very difficult to determine, par¬ 

ticularly for field installations. Since the operating hydro- 

dynamic parameters would be varying over a period of time and 

since the output intensity of erosion as estimated in this 

chapter would also be varying along with input hydrodynamic 

parameters, the intensities reported herein are essentially 

approximate in most cases. However, this kind of analysis 

brings forth the possibility of a quantitative approach for 

future guidance along with some a priori conclusions. 

The intensities of the case histories reported herein 

apply only to specific cases where significant cavitation has 

occurred and should not be generalized, at this stage, for the 

purposes of design. 

SOME REMARKS ON THE RANGE OF INTENSITIES FOR THE POSSIBLE APPLI¬ 
CATION OF KNOWN PROTECTION METHODS 

It is interesting to compare the intensity ranges for each 

of the field installations considered with the intensities of 

the laboratory test devices reported in Chapter VI. As pointed 
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out earlier, the erosion intensities of certain valves have been 

estimated to be as much as 3000 watts/meter2 and certain propel¬ 

ler erosion intensities as great as 250 watts/meter2 compared to 

two watt/meter2 of the ASTM standard vibratory erosion apparatus. 

As more and more data become available, a statistical distribu¬ 

tion of the occurrence of intensities for each type of installa¬ 

tion will be possible. 

Some Remarks on Protection Methods 

From the discussion of threshold intensities in Chapter VII, 

it is clear that the level of threshold intensities for various 

metals are of the order of 10-1 watt/meter2 at the most. Elimin¬ 

ation of cavitation erosion by substituting one metal for another 

is possible only up to this level of intensity. For this reason, 

the usefulness of cathodic protection also seems to be limited 

at this level. If one is prepared to tolerate some erosion and 

periodic maintenance, then the materials selection coupled with 

cathodic protection can possibly extend the allowable intensity 

levels up to 1 watt/meter2. However, if the intensity levels 

are higher than these values, then the above protection methods 

may not work. In such cases, hydrodynamic redesign, air injec¬ 

tion, and specifying limits for operation are the alternate 

remedial possibilities. These considerations are pictorially 

represented in Figure 10-5. Further field and laboratory inves¬ 

tigations are needed to confirm these ideas. 
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XI. METHODS OF PROTECTION AGAINST CAVITATION EROSION 

TYPES OF PROTECTION 

Protection against cavitation erosion may be considered from 

several points of view: (1) elimination of the problem at the 

source; (2) use of highly resistant materials in regions of ex¬ 

pected cavitation attack; (3) use of artificial means in which 

protective methods are employed as adjuncts to the system; and, 

(4) combinations of the latter two methods. Elimination of the 

problem at the source and the use of specially resistant materials 

either in the primary structure or as coatings for the primary 

structure may be considered as methods of reducing the effects of 

cavitation by primary design. The use of methods which are es¬ 

sentially added or imposed on the system as adjuncts following 

the basic design but are not part of the structure itself may 

be considered as imposed protection. Thus, we shall consider 

the various methods of protection in these terms. 

PRIMARY DESIGN 

Hydrodynamic Design 

A detailed discussion on the factors governing the inception 

of cavitation appears in Chapter II. Hydrodynamic considerations 

leading to the prediction and elimination of cavitation have been 

described therein. It is essential to avoid low pressure regions 

where the pressures may fall to levels required for cavitation 

inception; in general, this means regions of high velocity and 

low ambient pressure. However, the efficient operation of many 
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machines depends just on this ability to induce high velocities 

at low pressures; requirements for weight saving and small size 

in hydraulic machinery also imply operation at high velocities 

and low pressures. In addition to these factors, which are us¬ 

ually considered in some detail in the design of hydraulic 

machines, a number of other flow conditions may exist that are 

conducive to low pressures and the onset of cavitation. Of 

particular importance are separated flows in which the local 

turbulent pressure fluctuations and the low pressures induced 

in the vertical flow associated with such regions may lead to 

cavitation at ambient pressures higher than would be expected 

for cavitation inception. Examples of such situations are 

stalled rotors in hydraulic machinery and the flow about rough¬ 

ness elements on a surface that otherwise has pressures nowhere 

low enough to cause cavitation to occur. 

Very often, for reasons of efficiency or weight reduction, 

or because a machine must operate under cavitating conditions 

for only limited periods during its life, it may actually bo 

advantageous to allow operation with cavitation and try to re¬ 

duce the adverse effects by structural design or imposed protec¬ 

tive systems. 

Materials for Primary Structures 

From the examination of correlations between material prop¬ 

erties and resistance to erosion, certain characteristics are 

desirable for primary structures which must withstand the effects 

of cavitation. Without regard to other requirements that a 
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material must possess, such as machinability, the most highly 

resistant materials are those with a tough, homogeneous, fine¬ 

grained structure, a high tensile strength, high elongation, 

high hardness, good work hardening properties, and high fatigue 

and corrosion fatigue limits. The stainless steels generally 

possess these properties in a good measure as do aluminum bronzes. 

An outstanding material is stellite, but its poor machining qual¬ 

ities (because of great hardness) and high cost make it unattrac¬ 

tive for many applications. Materials such as molybdenum, 

tungsten, and titanium alloys possess very attractive properties 

but have not yet come into full engineering use in this applica¬ 

tion. The relative merits of other metals and alloys will be 

found in Chapter VII. 

Where materials are used for primary structures that are 

not particularly suitable for erosion resistance, it has become 

a growing practice to use overlays of highly resistant metals or 

other coatings. 

Special Coatings 

In an attempt to reduce the destructive effects of cavitation 

either in a new machine or when repairing eroded surfaces, several 

metallic and nonmetallic materials have been investigated for use 

as coatings. These take the form of welded overlays, sprayed 

metallic or nonmetallic coatings, and nonmetallic coatings applied 

by special techniques including bonding. 

Welded overlays of stainless steel or aluminum bronze are 

excellent for protection as might be expected from their general 
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behavior under cavitation erosion. There are a number of other 

welding alloys that are suitable and have good erosion resistance 

qualities (see e.g., Rheingans [221]); selection of such mate¬ 

rials will, however, be governed by their machining, grinding, 

and finishing properties as well as their cavitation erosion 

resistance. 

Sprayed metal coatings are attractive because of the ease of 

application and low cost. However, difficulties may be encoun¬ 

tered unless the sprayed metal is also fused to the base metal. 

Rheingans (221) has given data on the characteristics of various 

sprayed metal coatings both fused and unfused; his data from 

laboratory damage tests are reproduced in Table 11-1. He points 

out that the resistance of unfused coatings is not very good, 

because of the difficulty of obtaining a good bond between the 

coating and the base metal. The fused metallic coating shown 

in Table 11-1 was prepared by spraying on a specially prepared 

base and then heating to l850°F. Rheingans remarks that althougi 

these coatings exhibit good resistance qualities they are limited 

in usefulness by high cost and by the distortion produced in the 

base metal during fusion. 

Among the nonmetallic materials that have been tested as 

coatings are natural and synthetic rubbers and a number of plas¬ 

tics. Examples of materials tested for this purpose are thiokol 

rubber, neoprene, nylon, phenolic resin, and teflon. Neoprene 

and polyurethane coatings appear to have exceptionally good re¬ 

sistance (see Chapter VII). Plastics generally exhibit poor 

resistance characteristics compared with neoprene. These results 
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are discussed in detail in Chapter VII. Major difficulties with 

such coatings arise because of poor bonding between coating and 

base material; the entire coating may be torn away from the base 

material by the violent action of cavitation before the coating 

itself is eroded. Such adhesion failures of these coatings in 

service is still a mysterious problem. Some coating systems be¬ 

haved well for about 72 hours in a laboratory rotating disk 

screening test at a speed of 130 fps, whereas the same coating 

system failed badly in field applications at speeds lower than 

75 fps in a shorter time (222, 214). Experiment, were recently 

conducted (223, 224, 225) measuring the adhesion strength of 

candidate coatings for U. S. Naval hydrofoil boats before and 

after exposure to cavitation erosion. Cavitation was induced 

on specimen plates by the ASTM vibratory apparatus. Adhesion 

was measured using a Hesiometer (223) and a modified universal 

testing machine (225). The effects of varying coating thickness 

and different substrate materials were investigated. 

Among the two commercial polyurethane coating systems, 

Astrocoat 8OO6 and Laminar X500, test results showed that the 

softer of the two polyurethanes retained adhesion strength if 

the coatings applied were greater than 5 mils and were applied 

with sufficient care to eliminate air bubbles and other "holi¬ 

days". In general, it was found that erosion resistance is 

proportional to coating thickness in the range of thicknesses 

tested. Theoretical predictions concerning adhesion strength 

as a function of the ratio of acoustic impedance of substrate 

and coating were borne out in these investigations. 

MtNr 
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IMPOSE^ PROTECTION 

Air Injection 

Perhaps the earliest method of artificially protecting 

hydraulic machinery against cavitation damage was the use of 

small amounts of air injected into the cavitating region. It 

is unlikely that the idea originated from the observation that 

cavitation damage is reduced in large turbines during seasons 

when the air content of the reservoir water is high. Ackeret 

(226) was perhaj ! the first to point out on theoretical grounds 

that a permanent gas in cavitation bubbles would greatly reduce 

the collapse pre sures (although he also decided that the temp¬ 

erature of such gas must increase greatly). In any event, air 

injection has been used with success in reducing or even elim¬ 

inating cavitation erosion (155, 227), and the mechanism of 

its protective action is clearly the "cushioning" effect pro¬ 

duced during compression by the collapsing cavitation bubbles. 

As pointed out in a previous part of this chapter, the fact that 

such air injection does reduce or eliminate cavitation erosion 

also substantiates the observations that cavitation erosion is 

primarily a mechanical effect. 

Experimental observations of the effectiveness of air injec¬ 

tion have been recorded by Mousson (67) and Rasmussen (228, 86). 

Some results of Mousson on a copper bus bar in a venturi apparatus 

are shown in Figure 11-la; the effect of air injection on the dam¬ 

age sustained by an aluminum alloy in experiments by Rasmussen 

using a rotating disk apparatus is shown in Figure 11-lb. The air 
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content in Mousson's experiments is given in percent of discharge 

^YQ^ujjjetric flow rate) while that of Rasmussen's experiments is 

given in parts per thousand. In each case the ameliorating ef¬ 

fects of relatively small quantities of air is strikingly demon¬ 

strated. 

It is of interest to note that the introduction of air does 

not seem to produce adverse effects on most metals as far as 

corrosion is concerned - the reduction of primary mechanical 

damage being so much greater than any adverse chemical effects. 

Only in one case has thero been observed such adverse chemical 

effects. In Pasmussen's experiments on cast iron, the increase 

in chemical corrosion wps just about balanced by the protective 

action of the air bubbles. The reduced pressures of the bubbles 

were still sufficiently large or the water motion great enough 

to remove the oxide layers formed on the iron. 

Cathodic Protection and Hydrogen Evolution 

There has been much controversy and conjecture concerning 

the application of cathodic protection to prevent cavitation 

erosion so that it is worth devoting some detail to the under¬ 

standing of this subject. From the foregoing discussions in 

Chapter IX much evidence has been presented to show that under 

certain favorable conditions the corrosive influence of the 

environment can radically affect the cavitation erosion sustained 

by some metals. It also follows that where the corrosive influ¬ 

ence is large in the cavitation erosion process any method of 

mitigating the effects of corrosion should effect an improvement 
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in the cavitation resistance of the metal in the specific environ¬ 

ment. In general, overall corrosion processes are slow when com¬ 

pared to the mechanical rate of destruction of materials undergoing 

cavitation erosion. However, the intensity of erosion appears to 

be the key factor in determining the role of corrosion in the 

cavitation erosion process at low intensities (see Chapter IX)¿ 

the rate of mechanical damage due to cavitation is low and there¬ 

fore the damage contributed by corrosion could be a substantial 

portion of the total uamage. It appears that for cavitation ero¬ 

sion intensities below 0.1 watt/meter2 in a corrosive environment 

marked improvement in resistance to erosion can be gained by the 

application of corrosion control methods, such as cathodic pro¬ 

tection. 

It has been shown by numerous investigators such as Krenn 

(187), Preiser et al (229), Ffield et al (190), Higgins (230). 

Duff (231), and others that the application of cathodic protection 

at reasonable current densities (under 250 ma/ft*) can effectively 

reduce cavitation erosion in specific Instances (turbine runners 

and ship propellers). 

It has also been pointed out in Chapter IX that where cor¬ 

rosion fatigue of metal seriously impairs its mechanical strength, 

then substantial Increases in damage rate can be expected when the 

metal is cavitating in a corrosive environment as compared to a 

non-corrosive one. Here again, the application of cathodic pro¬ 

tection to stifle the relatively small amount of electrochemical 

corrosion, which in turn has a large effect on the fatigue proper¬ 

ties of the metal, can show a large Improvement in its resistance 

to cavitation erosion. 
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The same gains could be expected for metals which exhibit 

stress corrosion cracking. In these cases, the mechanical weak¬ 

ening influence of the corrosive environment, could be stopped 

or reduced by the proper application of cathodic protection. 

Some precautionary remarks should be made regarding the 

use of cathodic protection. Cathodic reaction on certain ampho¬ 

teric materials such as zinc, magnesium, and aluminum could 

accelerate the corrosion process by the formation of alkali de¬ 

posits on the cathode (cathodic corrosion) and therefore the 

current density requirements for protection need to be defined 

carefully. 

Also, certain metals, such as some of the stainless steels 

and titanium materials, exhibit a weakening of its lattice 

structure by the uptake of hydrogen sometimes associated with 

the cathodic process. This phenomenon is known as hydrogen 

embrittlement. Again, care must be exercised to delineate the 

correct current density for corrosion protection without intro¬ 

ducing undesirable side effects. Discussions of the problems of 

hydrogen embrittlement in steel from the viewpoint of basic 

mechanisms and the application of cathodic protection for pre¬ 

vention of normal electrolytic corrosion will be found in 

References 232 and 233* 

Cathodic protection at moderate current densities can be a 

powerful protection method for alleviating the considerable 

corrosive influence of low intensity cavitation erosion to 

susceptible materials in aggressive environments. Materials 
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which do not show marked reduction of endurance limits in corro¬ 

sive environments or materials which exhibit a high degree of 

passivity are not usually benefited in the cavitation erosion 

resistance by the application of cathodic protection (moderate 

current densities). However, cathodic protection at high cur¬ 

rent densities (above 1 ampere/ft2) can have considerable effect 

because the accompanying evolution of hydrogen gas at the cathode 

can indeed provide a cushioning effect which reduces the mechani¬ 

cal impact of cavitation bubble collapse similar to that produced 

by air injection described previously. 

Plesset and his colleagues (195, 196) performed a series of 

experiments in a vibratory apparatus in which the cavitation 

erosion rates on a steel and a high purity copper were 

determined as a function of applied cathodic current. 

Results of the experiments on 43^0 steel are shown in 

Figure 11-2. The effect of large impressed cathodic currents is 

clearly demonstrated. Tests were also made on copper of high 

purity in order to compare the above results with those for 

relatively inactive metal. Figure 11-2 is the summary of the 

average results for the latter experiments as reported by Plesset 

(196). Thus, similar trends were found for both the steel and 

copper specimens. It is emphasized that in all of the experi¬ 

ments in the salt solution hydrogen evolution was observed on 

the specimen surface even at the lowest cathodic current of 

1 milliamp which corresponds to current density of 1 ampere/ft2. 

Considering the range of materials tested, these results indi¬ 

cate that the protective effect against cavitation erosion is 
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associated with the cushioning provided by the evolved hydrogen. 

Further substantiation of this conclusion is the result that the 

weight loss decreases monotonically with increasing rate of 

hydrogen evolution (or increasing cathodic current). Full pro¬ 

tection was not obtained over the range of currents used and 

this fact is attributed to the removal of the hydrogen gas layer 

through agitation produced in the cavitated zone. 

In further substantiation of the conclusion that this pro¬ 

tection is associated with the cushioning effects of evolved 

gas, a series of experiments was performed by Plesset (196) in 

which the specimen was the anode of an electrolytic cell but in 

such a way that, at the same time, gas evolved at the specimen 

surface. This was done by using stainless steel in distilled 

water buffered to pH 8. One electrode of the cell was again 

platinum, and the other 17-7 PH stainless steel. Two sets of 

experiments were performed. In the first, the specimen was the 

cathode of the cell, and erosion was determined for cathodic 

currents of 20, 50, and 100 milliamps corresponding to current 

densities of 20, 50, and 100 amp/fta, respectively; for all of 

these values, hydrogen gas was observed to be evolved at the 

specimen. The results are summarized in Figure ll-3a. In the 

second series, the specimen was made the anode of the cell and 

erosion was measured for anodic currents of 40, 100, and 200 

milliamps. The gas evolved in the latter case is oxygen with a 

valence twice that of hydrogen, so that double the current is 

required to evolve comparable amounts of gas for purposes of di¬ 

rect comparison. A summary of the latter results is shown in 
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Figure ll-3b. A comparison of the results of the two types of 

experiments shows that the protective effect in each case is of 

the same order of magnitude; this result would be expected if 

the protection provided is indeed attributable to the cushioning 

effects of evolved gas. 

A final series of tests made by Plesset is of interest in 

this connection. An attempt was made to observe the damage at 

current levels so low that no gas was evolved. This was not 

possible with the cathodic specimen in salt, since gas was 

evolved at the lowest currents practicable. However, in the 

case of both the cathodic and anodic specimens in buffered 

water, no observable gas evolution occurred at a current of 2 

milliamps. Under these conditions, no protective effect against 

cavitation damage could be obtained. 

It is clear from these experiments that the application of 

large cathodic current densities, resulting in hydrogen gas 

evolution, can effectively reduce cavitation erosion in electro¬ 

lytes. This method should find application for the protection 

of components with relatively small area, e.g., propellers and 

hydrofoils, subjected to high intensity cavitation erosion. The 

additional benefits of cathodic protection achieved simultane¬ 

ously by this method are probably small, but it is an added 

bonus. 

The application of cathodic protection to cavitating systems 

in poor electrolytes is not practical or particularly beneficial. 

The choice of these protective methods is clearly dictated by the 
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intensity of cavitation erosion, size of structure, and the econ¬ 

omics of applying the protective current at suitable current 

densities. The practical design of such systems for ships has 

been made (234). 

Corrosion Inhibitors 

The employment of corrosion inhibitors for prevention of 

cavitation erosion in diesel cylinder liners has been partially 

successful in field installations particularly where the correct 

concentrations were used (235). Corrosion inhibitors derive 

their protective influence by their retarding action on anodic 

and cathodic processes associated with the dissolution of metal 

in an electrolyte. There are two types of inhibitors: anodic 

inhibitors which are primarily inhibitors of oxidizing action; 

cathodic inhibitors, which suppress the corrosion rate by re¬ 

ducing the effective!'ess of the cathodic process or by reducing 

cathode area. They can be inorganic or organic in chemical 

composition. Organic inhibitors generally absorb on the metal 

cathodes and increase the hydrogen overpotential; or in some 

cases on the metal anodes they stifle the anodic process. It 

is apparent that inhibitors affect the electrochemical processes 

of corrosion similar to that of cathodic or anodic protection 

and therefore should only be effective for low intensity cavita¬ 

tion damage situations in corrosive environments which are 

usually obtained in diesel cylinder liners exposed to Jacket 

cooling water. The higher intensity cavitation damage associated 

with magnetostriction devices tends to mask the effectiveness of 

inhibitors as observed by Rheingans (68) and Speller and Laque 
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Inhibitors can act as corrosion stimulators if not used in 

the proper concentration. Anodic inhibitors (oxidants) act as 

good depolarisers and therefore accelerate the cathodic process 

while simultaneously tending to passivate the anodic process. 

Therefore, as in the case of chromates. Insufficient concentra¬ 

tion would reduce the anodic sites in the corrosion process and 

at the same time accelerate the cathodic processes. As a result, 

the remaining active anodes now bear the full corrosion load and 

therefore tend to corrode faster producing localised pits. Only 

when all the anodes are passivated (increasing concentration) 

does the inhibitor become effective. 

The same applies to cathodic inhibitors such as sodium 

sulphate or calcium bicarbonate, however, here insufficient 

concentration only results in partial protection. However, in 

certain cases, partial absorption of oxygen by a cathodic in¬ 

hibitor can activate a passive metal such as stainless steel 

and stimulate pitting. 

It follows from this discussion that if inhibitors are em¬ 

ployed in proper concentration to stifle electrochemical corro¬ 

sion, then at low Intensity levels of cavitation damage, where 

this suppression of corrosion is effective, the resistance of 

the material can be markedly improved. 
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XII. FIELD REPAIR PROCEDURES AND SERVICE TRIALS 

WELDING 

Overlay 

One of the most popular remedial measures to repair damaged 

parts is overlay welding. Detailed procedures vary with the 

practical situation and other requirements. However, it is the 

general practice to machine or grind the surface suitably for the 

particular type of welding. Some practices of the hydraulic tur¬ 

bine industry and the U. S. Navy in propeller repair will be re¬ 

viewed herein. Some procedures of the hydraulic turbine industry 

in surface preparation are (237): 

1. Chip the pitted area. This is not generally recom¬ 

mended if it would otherwise damage the blades. 

2. Where pitting is shallow, simply grind prior to 

welding. 

3. An oxygen gouging flame or electri-arc gouging 

flame may be used. 

After preparation of the surface, welding with one of the 

following procedures follows: 

1. Strenge (238) reports that the Lincoln-ferro weld 

has been successful for cast runners where damage is shallow. 

Where deeper pits are found in cast iron runners, it has been 

their practice to use a Lincoln bronze Aerris weld rod for the 

first pass and to follow this with a layer of Lincoln strain 

weld A-6(l8-8) lime-coated rod. 
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2. Sherwood (239) recommends welding with Eutectic 

No. 280, Eutectic Xyron No. 2-2H, or AmpCo No. 10 electrodes for 

bronze runners of hydraulic turbines. For cast steel runners, 

mild steel electrodes have been successfully used for shallow 

damages. Where the damage Is Intense, the pits are filled by 

use of the mild steel electrode except for the last two passes. 

The next to the last pass Is filled with 25-20 stainless steel 

and the final layer Is made with a 17-7 stainless electrode. 

3. Alexander (240) states that no difficulties have 

been observed for different coefficients of thermal expansion of 

cast steel and 17-7 stainless steel. However, when several 

-passes of stainless have been applied, the underlying passes 

have on occasion been peened to reduce residual stresses and 

reduce any possible distortion to a minimum. Both hand welding 

with a stick electrode and semi-automatic shielded inert-gas 

metallic arc welding with a consumable wire electrode are used. 

Alexander (240) recommends that these welded overlays must 

be finished with exactness and care to the optimum contours for 

a successful repair. Deskln (241) adds that a highly polished 

surface Is most resistant to cavitation erosion. However, 

Strenge (238) does not find any adverse effects from lack of 

fine finishing and polishing. 

Some practices of the U. S. Navy In propeller repair by 

means of welding are described In Reference (242). The repair 

procedure Is selected with regard to the propeller material and 
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type of erosion. In general the welding procedure must meet 

three qualifications (2^2): 

1. Tensile test specimens shall exhibit minimum tensile 

strength of the base metal. 

2. Side bend test specimens (MIL-STD-418) developing a 

crack 1/8-inch long in any direction shall be considered as hav- 

ing failed. 

3. Macro-etch test shall show no slag or lack of fusion 

over 1/8-inch in length. 

Some recommended welding processes are briefly outlined below: 

On manganese bronze propellers repairs to heavy sections 

should be made by means of shielded metal-arc welding or the 

inert-gas, metal-arc welding process. Gas welding should be lim¬ 

ited to repair of the edges. Major repairs to manganese bronze 

propellers are made with the flow welding process. This process 

requires a preheat to 500°F - 600°F and a stress-relief treatment. 

On nickel aluminum bronze propellers, repairs are made 

by means of the inert-gas metal-arc welding process with consum¬ 

able electrodes. 

On nickel manganese bronze propellers, inert-gas tungs¬ 

ten metal-arc process is used. 

On Superston 40 bronze propellers, either metal-arc or 

inert-gas metal-arc welding processes are used with consumable 

electrodes. 
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in each case discussed atove the filler metal is specified 

(242). Directions are also specified for preheat tressent, fur- 

„ace stress relief and local stress relief. 

Inserts 

.., nf field repair that is currently receiving 
Another method of tieia repax 

4 4 thP welding of an insert of a more resistant 
consideration is the welding technique, 

material in place of the damaged material. 
maten p cavitatio.i estimator 
« material is selected by means of the cavit 

described in Chapter X which will resist the Known fiel inten- 

4 « fnr the required time. This material sitv of erosion for the requxxcu , 

4 thin nlate form and bonded by means of a special p P 
cut in thin plate form ^ ^ ^ strate of material sim- 

rrr^of the component (e.g., a propeller). This 

:i:;is the:Welded onto a proper, prepared recess from whl. 

the damage material was removed. This process is not fully 

veloped as yet since several problems remain. 

1. The adhesion of the bond between the resistant 

metal and substrate of the insert. 

2. Edge preparation for welding. 

3. Galvanic effects of dissimilar materials. 

Thermal expansion of different materials during 

welding. 

elastomeric coatings and inlays 

Lichtman and Weingram (132) of the U. S. Navy AppUe^Scienoe 

Laboratory reported on the extensive experience gained 
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attempts to protect against cavitation erosion with elastomeric 

coatings and inlays. These included liquid, pre-cured sheets 

and in situ cured and bonded materials of different basic poly¬ 

mer types. Three specific cases of application of this procedure 

to ship’s structures are reported: 

1. Application to the foils, struts, rudders, and flaps 

of HIGH POINT [PC(H)-1]• 

2. Application to the propeller of USNS AMERICAN 

EXPLORER (T-Ao-165). 

3. Application to the propeller of USS STORMES (DD 730). 

Application Procedures 

The metallic surfaces have to be cleaned thoroughly before 

the coatings are applied either by sandblasting or by disk grind¬ 

ing Further cleaning and degreasing may be done by trlchloro- 

e-hylene. When the coating is to be applied on a surface that is 

already damaged by cavitation erosion, it is a good practice to 

weld the eroded area, finish the surface, and then apply the 

coating. After these preparations, the coating system with proper 

adhesives is applied. For two cases, a P1(H)-1 hydrofoil boat and 

the propeller of the USNS AMERICAN EXPLORER (T-Ao-165), a neoprene 

coating MIL-C-570, developed by the U. S. Naval Applied Science 

Laboratory, was applied (132). 

Another case in which an elastomeric inlay (MIL-C 663 

(SBR-1500) of the U. S. Naval Applied Science Laboratory] was 

applied and cured in 1/8-inch deep machined recesses in the root 
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areas cf the suction faces of three of the four blades of each 

propeller of USS STORMES (Figure 12-1). The Inlays were fitted 

to the dovetailed recesses and were cured under heat and pres- 

sure. 

SERVICE TRIALS 

Careful observations were made on service trials of the 

above three cases and the following conclusions are reported by 

Lichtman (132): 

Adhesive Strength 

Deficiencies in adhesive strength have contributed to every 

service failure described (See Figures 12-2, 12-3, and 12-'<). 

Tests of the actual adhesive strength of overlays or Inlays In 

service trials should be made to confirm laboratory tests. Un¬ 

til non-destructive procedures are developed, destructive meth-h 

may be used, patching the test areas with neoprene trowelling 

compound. 

Adhesion processes providing higher adhesive strengths than 

those now available are required. 

Erosion Resistance 

The erosion resistance of MIL-C-663 (SBR 1500) inlays was 

inadequate, Figure 12-t. Variability and inadequate control of 

cure in the in situ field applications probably contributed to 

this inadequacy. 
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The erosion resistance oY the neoprene coating system 

MIL-C-570 was not indicated by the service trials because of 

adhesion failures, Figure 12-5. 

Field Inspection of Tucumcarl and Flag Staff Hydrofoil Boats 

Field observations (2^3) of the Tucumcarl and Flag Staff 

hydrofoil boats indicated that the failures of these coatings 

were localized in contrast to the gross failure observed earlier 

by Lichtman (132) for the case of HIGH POINT [PC(H)-1] hydrofoil 

boat. These localized failures may be generally classified into 

adhesion failures, failures due to cavitation erosion, marine 

fouling, and corrosion of substrates. The adhesion failures 

generally occur at leading edges, trailing edges, strut-pod 

intersections, flap-foil intersections (in the case of Tucumcarl), 

panel joints, rivet and bolt heads, and any at local surface 

roughness. Possible causes include improper application of coat¬ 

ings at difficult locations (including difficulties in preparing 

the sharp corners before the application and in the curing con¬ 

ditions and procedures), high local hydrodynamic shear stresses 

at critical locations, cavitation bubble collapse forces and 

substrate corrosion (including crevice corrosion), and galvanic 

effects caused by water permeation at localized areas. Cavita¬ 

tion erosion was more pronounced at local areas where boundary 

layer separation may be expected.. The critical speeds for ero¬ 

sion were different at different locations. During take-off and 

landing, each of these areas experience cavitation for periods 

ranging from 30 seconds to 3 minutes. The fact that critical 
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cavitation erosion depends upon operational speeds was demonstra¬ 

ted by the serious erosion of the supercavltating propellers in 

¿ hours at 17-18 knots operation. 

CONCLUDING REMARKS 

Additional quantitative data are being generated from more 

recent service trials. The intensities of erosion experienced 

by hydrofoils, propellers, turbine blades, and diesel engine 

liners are well documented and the successful protection tech¬ 

niques already exist. These successes have been primarily due 

to the coordinated effort both in laboratory experimentation and 

In the service trial experience. The intensity of cavitation 

erosion is a very useful parameter in understanding and solving 

the erosion problems encountered in service through proper utili¬ 

sation of laboratory data. Consistent with this approach, 

attempts have been made in the laboratory to delineate the ranges 

of intensities for which specific protection methods may be 

successful as indicated in Figure 10-9. This figure has con- 

siderably aided the selection of specific field repair and pro¬ 

jection methods. It appears that there are no effective protec- 

ti.-n methods, neither changing the materials nor the techniques 

such as welding and coating, beyond the intensity range of one 

watt/square meter for long term operation. Ever stellite is 

known to be eroded above this Intensity. Beyond this intensity 

range the designer should be prepared to live with erosion or 

he must redesign his system so as to reduce the intensity range, 

through proper hydrodynamic means and model tests. There seems 
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to be ample scope for research in this area. More insight is 

being gained into the role of liquid parameters and hydrodynamic 

parameters in the mechanism of the cavitation erosion process. 

Experimental investigations are in progress for understanding 

and defining the non-metallic material response to cavitation 

erosion. The design and material selection process is being 

aided greatly through such understanding. 
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TABLE 7-1 

Cavitation Damage Resistance of Cast Stainless Steels 
(After Rheingans - Reference 68) 

Chrome 
(percent) 

Brinell 
Hardness 
Number 

Rate of Loss 
(mg. per min. 
in last 30 

min. of test) 

Total Loss 
(mg. in 
120 min.) 

12 

13 

13 

13 

12 

13 

13 

12 

302 

302 

235 

241 

225 

229 

207 

167 

0.20 

0.26 

0.43 

0.39 

0.55 

0.46 

0.51 

0.73 

20 

25 

49 

51 

54 

57 

70 

141 
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TABLE 7-^ 

Comparison of Cavitation Resistance of Some Stainless Steels 
(From Mousson — Reference 67) 

Material 

Tensile 
Strength 
(p.s.i.) 

Yield 
Point 
(p.s.i.) 

Brinell 
Hardness 

Loss in 
l6 hrs 
(mm* ) 

Stainless 17# Cr. Steel 

Stainless Steel 
18-8 Cr. Ni 

Stainless Steel 
24-12 Cr. Ni 

Stainless Steel 
26-13 Cr. Ni 

85,000 

75,000 

196,000 

40,000 

30,000 

96,000 

201 

145 

139 

l6l 

67.O 

8.8 

8.6 

4.1 
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TABLE 7-5 

Comparison of Damage Resistance of Two Nonferrous Alloys 
(After Mousson — Reference 67) 

Alloy 

Chemical Composi¬ 
tion (percents) 

Tensile 
Strength 
(p.s.i.) 

Yield 
Point 
(p.s.i.) 

Brinell 
Hardness 

Loss 
in l6 
hrs 
(mm3 ) Cu Zn Mn Ni Fe RI 

Hy-ten-sl 
Bronze No. 4 

Turbine 
Metal 

68 

56 

22 

36 

4 

2 2 

3 

1 

3 

1 

85,000 

80,000 

40,000 

40,000 

165 

166 

43.3 

8O.2 
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) 
TABLE 7-8 

First Order of Merit Coatings 
[Lichtman and Weingram (132)] 

Material 
Type 

Sample 
Code 

Ultimate 
Tensile 
Strength 

PSI 

* 
Elonga¬ 
tion Hardness 

Tear 
Strength 

PLI 

Tensile 
Hysteresis 

* 

Neoprene 
I-1A 
I-2A 
I-3A 
(60mil) 

2065 
2250 
1590- 
218O 

II80 
350 
410- 
550 

Sh A 67 

ShA 57-70 

79.5 
44 

25-41 

31 

37 

Urethane 

II-1A 
II-1B 
II-1F 
II-2A 
II-2B 
II-2E 

II-2I 

4900 
5300 
2930 
4900 
5185 
4625 

2840 

430 
600 
545 
530 
475 
650 

375 

ShA 80 
ShA 85 

ShA 80 
ShD 45 
ShA 97 
ShD 43 
ShA 69 

300 
310 
137 
30v> 
132 
171 

55 

42 
68.6 

42 
51 

38.4 

33 

Butadiene 
Polymers 
and 
Copoly¬ 
mers 

VIII-2A 
VIII-2B 
VIII-2D 
VIII-2E 
VIII-3C 
VIII-3E 
VIII-3F 
VIII-3G 
VIII-3H 
VIII-3I 
mi-SJ 
VIII-3K 
VIII-3N 

2270 
27OO 
3110 
3530 
2155 

760 
540 

2645 
27OO 
2918 
3470 
619 

3360 

380 
860 
430 
550 
255 
519 
443 

1000 
856 
628 
727 
643 
550 

ShA 73 
ShA 64 

ShA 8l 
ShA 56 
ShA 56 
ShA 64 
ShA 64 
ShA 62 
ShA 62 
ShA 55 
ShA 72 

175 
280 

44 
23 
19 

128 
118 

47 
57 
21 

48 

22.6 

38 
62 

42 
40 
12 
20 
45 
32 

Natural 
rubber 

1 

IX-2B 
IX-2C 
IX-2F 
IX-2G 
IX-3 A 
IX-3E 

4450 
4000 
1600 
4000 
4450 
4360 

650 
630 
750 
700 
650 
595 

ShA 75 
ShA 60 
ShA 65 
ShA 66 

123 
235 

48 
42 

123 
122 

34 
30 

34 
21 

1 ) 
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TABLE 7-9 

Second Order of Merit Coatings 
[Lichtman and Weingram (132)] 

Material 
Type 

Sample 
Code 

Ultimate 
Tensile 
Strength 

PSI 

* 
Elonga¬ 
tion Hardness 

Tear 
Strength 

PLI 

Tensile 
Hysteresis 

* 

Neoprene 

I-1C 
(30mil) 
I-1G 

I-2C 
I-2D 
I-3A 
(10-40 
mil) 

I-3B 

1890 

2205- 
2405 
1530 
2370 

1590- 
2180 

860 

510- 
1075 
595 
430 

410- 
550 

ShA 80 

ShA 80 

ShA 55 

ShA 57- 
70 

ShA 60(2) 

160 

l40- 
173 

15 
23 

25-41 

60 

66-74.1 

75.3 
23.7 

37 

Urethane 

II-1E 
11-10 
II-2P 

II-2G 

730 
3490 
4000 

4715 

135 
460 
400- 
500 
700 

ShA 80 

ShA BO¬ 
SS 

ShA 88 

15 

>150 

173 

34 

30.1 

Butadiene 
Polymers 
and 
Copoly¬ 
mers 

VIII-2C 
VIII-3D 
VIII-3M 

2700 
3375 

283 
464 

ShA 79 
ShA 8l 
ShA 72 

42 
48 

55 
31 

Natural 
Rubber 

IX-2A 
IX-2D 
IX-2E 
IX-3B 
IX-3C 
IX-3P 
IX-3G 

1950 
3400 
3350 
3980 
3530 
4000 
3118 

645 
930 
750 
660 
640 
630 
260 

ShA 47 
ShA 60 
ShA 60 
ShA 60 
ShA 58 
ShA 63 
ShA 87 

55 
47 
44 

121 
71 

235 

23.2 



HYDRONAUTICS, Incorporated 

r- ** 
O 8 

\ 

/ 
/ 

TABLE 7-10 

Third Order of Merit Coatings 

[Llchtman and Welngram (132)] 
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TABLE 7-11 

Structural Plastics 

[Lichtman and Weingram (132)] 

Impact Strength 

Izod, Notch 

Hardness I Energy Absorbed 

(3)(4) Ft. Lb./In. 

ShD 79(1) 0.9-2.0 (1) 

70(2) 

ShD 87(1) 5.0 (1) 

ShD 85 1.1 (notched) 
Km 76 ISO (un-notched) 

ShD 87 1.4 (notched) 
Km 94 20 (un-notched) 

ShD 81 , 
Rh 83-89 10.7-1.1 

Rm 112 

ShD 85 12.0 

ShD 83 12-3 

Rm 75 

ShD 90 J4.0 

Rm 95 

ShD 87 . 
Rr 110- 0.4-1.0 

0.4-1.0 

ShD 77 I 0.3-0.55 

Rm 30-55 

11-26 

11-26 

j, Polyaethyl 
Methacrylate 

ShD 85-88 
Sh 90-100 0.4-0.5 
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TABLE 7-12 

Non-Elastomeric Coatings 
[Llchtman and Weingram (132)] 

Mattrlil 
Typ* 

Sample 
Cod* 

Order of 
Merit 

Ultimate 
Tenalle 

Strangth-PSI 

Ultimate 
Elongation 
Percent Hardneaa 

Tear 
Strength 

PLI 

Anti-Corrosive 
and 

Anti Fouling 

Metallic 

Olaaa 

Nylon 

Epoxy 

Flurocarbon 

Olaaa 

Epoxy 

Polyeater- 
glasa flake 

Silicone Realn 

Chlorinated 
Polyester 

Antl-Corroslve 
and 

Anti-Fouling 

Zlnc-Rlch 

VII-D 

VII- E 

VIII- A 

IX- B 

IX-D 

IV-A 
IV-B 

I-A 
I-B 
I-D 
I-H 
I-I 
I-J 
I-K 
I-L 
I-N 

VI-A 
vr-B 

IX-A 

I-C 
I-E 
I-F 
1-0 
I- M 

II- A 

III- A 

V-A 

VII-A 
VII-B 
VII-C 
VI I-F 

X-A 
X-B 
X-C 

1 

1 

1 

1 

2 
2 

3 
3 
3 
3 
3 
3 
3 
3 

3 
3 

A 
A 
A 
A 
A 

A 
A 
A 
A 

A 
A 
A 

2100 

2390 

AAO 

1730 

1000 

1530 
3056 

6900 
2720-1700 

3200 
A 200 

I8IO 
3AOO 
1100 
560 
2A5O 

3970 

SOSO 

AAO 
350 
290 
12A0 

70 

220 

920 

1000 

< 10 

< 10 

< 10 
< 10 

10 
50-55 

290 
330 

< 10 

20 
0 

< 5 

1.0 

85 

< 10 
< 10 
< 10 
< 10 

325 

250 

ShA 87 

Rc 65 
Mohs scale 
6-7 

ShD 73 
ShD 82 

ShD 90 pts 
ShD 85 pts 
ShD 88 pts 
ShD 93 
ShD 88 
ShD 76 
ShA 87 
ShD 8C 
ShD 75 

ShD 78 

Rockwell 
Superficial 
15N-9A.30N-821 
Rc 58 

ShD 93 pts 
ShA 60 
ShA 75 pts 
ShD 75 
ShD 85 

ShD 89 pts 

ShD 90 

ShD 78 

ShA 87 

ShA 90 pts 
ShA 85 pts 

65 

90 

! 20 

22 

UOTEi • l! highest erosion 
AI lowest eroalon 



T
A
B
L
E
 
8
-
1
 

C
u
m
u
l
a
t
i
v
e
 
M
e
a
n
 
D
e
p
t
h
 
o
f
 
E
r
o
s
i
o
n
 
C
o
r
r
e
s
p
o
n
d
i
n
g
 
t
o
 

T
h
e
 
P
e
a
k
 
R
a
t
e
 
o
f
 
E
r
o
s
i
o
n
 

HYDRONAUTICS, 

241 

Incorporated 



! 
ÎÎYDRONAUTICS, Incorporated 

3 



243 

HYDRONAUTICS, Incorporated 

TABLE 8-3 

Range of Nuclei Size, Velocity and Weber Number 
for Laboratory Experiments and for Prototype Operations 

p = 1.98 slugs/ft3 

7 = .005 Ib/ft 
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TABLE 9-c. Galvanic Series of Metals In Flowing Sea Water 

ANODIC OR LEAST NOBLE 
Magnesium and magnesium alloys 

Cb 75 aluminum anode alloy 

Zinc 
B6o5 aluminum anode alloy 
Galvanized steel or galvanized wrought iron 
Aluminum 7072 (cladding alloy) 

Aluminum 5^56 
Aluminum 5086 

Aluminum 5052 
Aluminum 3003, 1100, 6061, 356 

Cadmium 
Aluminum 2117 rivet alloy 
Mild steel 
Wrought iron 
Cast iron 
101¾ chromium steel type 110 (active 
17¾ chromium steel type -30 (active) 
19-3 stainless steel type 30^ (active) 
13-12-3 stainless steel type 316 (active) 
Ni-resist 
Lead 
Tin 
Muntz metal 
Manganese bronze 
Naval brass (60¾ copper, 39¾ zinc, 1¾ tin) 

Yellow brass (65¾ Conner, 35¾ zinc) 
Copper 

Silic n bronze 
Red biass (35¾ Conner, 15¾ zinc) 
Alumin im brass 
Comnorition G bronze 
Composition M bronze 
Admiralty brass 
90¾ copper, 10¾ nickel 
70¾ copper, 30¾ nickel 
Nickel 
INCONEL alloy 600 (73¾ nickel, 13.5¾ chromium, 6¾ iron) 
Nickel aluminum bronze 
Silver 
Titanium 
19-3 stainless steel type 30i (passive) 

INCONEL alloy 625 
HASTELLOY alloy C 
MONEL alloy iOO 
Type 316 stainless steel (passive) 
INCOLOY alloy 825 
Graphite 
Platinum 

CATHODIC OR MOST NOBLE 
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OVERALL VIEW
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CLOSE-UP OF TEST SECTION

FIGURE 6-1 - ULTRA HIGH SPEED CAVITATION-EROSION CHANNEL
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TRAILING
EDGE

LEADING
EDGE

FIGURE 6-2 - CAVITATION DAMAOF OF COATING ON HYDROFOIL
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RGURE 6-3 - ROTATING DISK FOR CAVITATION DAMAGE EXPERIMENTS
( RASMUSSEN (86))

FIGURE 6-4 - FRONT VIEW OF ROTATING DISK CHAMBER ON NAVAPLSCIENLAB 
ROTATING DISK CAVITATION EROSION APPARATUS 

( LICHTMAN AND WEINGRAM ( 132))
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flGUB 0 - IM^rtTANT PARAM|T|« CF VllltATOKY UST FACILITY

flGUtt 6-n - PHCTCGfcAPM .-F A TVPfCAl . IRKATC'fv CA\ »TAT*CN 
t»CS»CN TtSI FAClHT'1
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flGUH 6-12 - RANGE OF TEST RESULTS TO U EXF'ECTED WITH ANNEALED 
NICKEL 270 AT THE SPECIFIED TEST CONDITIONS

axial VELOCITY AT RUNNER, EPS

FIGUM 6-13 - CAVITATION EROSION AS MEASURED BY 
CHANGE IN RADIOACTIVITY IN MICRO­
CURIES PER HOUR, AS A FUNCTION 
OF AXIAL VaOCITY AT A TURBINE RUNNER 
(KERRAND ROSENBERG (103))
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FIGURE 7-1 - DEFINITION SKETCH FOR DEFORMATION DUE 
TO CAVITATION BUBBLE COLLAPSE 
( THIRUVENGADAM, (61 )' 

FIGURE 7-2 - SCHEMATIC REPRESENTATION OF THE RESPONSE 
OF METALS TO R|PEATED STRAINING 

i 

I 

***'r\M to «»o'cm 
•W>4NC» i4 MCS 
I'CW'l CXSfkUO «PàTIN 0tP«[ 

**' ARM 4 0» crc.n 

«GU» 7.J - SCHIMATIC INDENTATION fATlGUI OlAGEAA* SHOWING THIff RfOIONS 

( TMlItl VfNGADAM AND WAUNG ( 110 )) 
FIGURE 7-4 - CORRELATION BETWEEN STRAIN ENERGY AND 

RECIPROCAL OF RATE OF VOLUME LOSS 
( THIRUVENGADAM AND WARING, ( 110)) 
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FlGUM J i CO»«llATlOM MTWIIN UlT'MATI StFlNGTH 

AND «CIPFOCAI 0» »ATE Cf VOll^l lOiS 

FlGUV T-é • CO»««lATlON IITMlN YlElD STIENGTh AND 
tf OPtOCAl OF RATE OF VOlUME lOSS 

FIGOH F-F • CO»«lATlON MTMEN |*IN|U HARNESS 
AND (ECiFtOCAl OF »ATE OF VOLUME LOSS 

* 

k 
FIGURE F-» 

COIMLATiON IE TWEEN MODULUS OF ElaSTiC'TY 

AND IEOMOCAL OF »ATE OF VOll ME LOSS 

FlGUM F-l CORRELATION IE TWEEN UTiMATE ELONGATION 
AND «EC:F»0CAL OF »ATE OF VOLUME LOSS 

/ 

FIGURE 7-10 - RELATION OF CAVITATION DAMAGE IN 
SODIUM WITH STRAIN ENERGY PARAMETER 

(REF. Ill) 

FIGURE 7-11 EROSION RESISTANCE VERSUS ULTIMATE RESILIENCE 

(REF. 114) 
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FIGURE 7-12 
DRMAUZEO EROSION RES'SUNCE RELATIVE 

) 18-8 STAINLESS STEEL ( 170 DPH). HARONES 
F VARIOUS MATERIALS ( IN PARENTHESES) IS 
, nmkic11 no uirifFRS HARDNESS NUMRERS. 
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multipli impact 
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Y - DYNAMIC YIELD STRINGTH OP 

0 MATERIAL 
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DROP 

INTENSITY 

AV 

I 

- VOLUME OP EROSION 
IROSION STRENGTH 

. DEPTH OP EROSION 

. DURATION OHROSION 

(•> THRESHOLD 
( b) EROSION STRENGTH 

PIGUK MR - DIPINITION SKETCH OP THE 
MATERIAL RESPONSE TO EROSIVE porcis 
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MTIOUf INOURANa UMIU

INaPTlON OF DAMAGE NUMBER Dl

IN WATER TUNNEL

FIGURE 7-17 - HYDRODYNAMIC PRESSURE AT THRESHOLD 
OF erosion VERSUS YIELD STRESS

nCuB f- * ■ •N?«Ni;T*CIC*v*T*T.CNr*»/ACH
A> * fL.NCT.CK C» ~C«-»«*0<,4NCV (NDcMNa 
.a«rciM4TA;i

CAVITATION INCEPTION PARAMETER

FIGURE 7-18 - RAl 1C OF YIELD STRESS TO THRESHOLD
PRESSURE VERSUS CAVITATION INCEPTION 
PARAMETER

1*^m.
* 5.*£ r:.» :c»ifN'N- t{st. ccma^cn

KREliti MATtS'Al •. '.1,‘CH AS WANr-ANt« BRONZE 
A*AN:.ANiEH N»CU fSCNZE AND NlCKEl AUJMINUM 
?• *».zt E^.rDE A’ A ‘•A^E f '6 INCH IN *? HOURS 
A’ ’Hts C‘.‘»R£>R'NDS’C ► UKHES PER NtAP
•A’E 'f CRCStCN

FIGUtt 7-21 - ELASTOMERIC COATINGS SUCH AS NEOPRENE AND POIYI'RETHANE 
OFFER REMARrARU EROSION RESiSTAtJCE FIGURE SmCV/S THE
performance "F NEOPRENE COATING aT i? Mea AFTER 72MOURS 
EXPOSURE IN The ROTATING DISK APPARATUS.

y
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RGUtt 7-24

■I-

FAILURE OF ELASTOMERIC MATERIAL
ALONG GRAIN DIRECTION
(CHATTEN AND THIRUVENGADAM, ( 12»))

O-
FIGURE 7-25 - INDENTATION SUE TO BUBBLE 

COLLAPSE CN LEAD 
( THIRl'k-ENGADAM, (61))

I- •4, .-k

L .MM
FIGURE 7-26 - GROSS REMOVAL OF LOW-TEAR

STRENGTH ELASTOMERIC MATERIAL 
(CHATTEN AND THIRUVENGADAM, (129))

Si^
FIGURE 7-27 - CONCHCIDAI FRACTURE OF AN

EPOXY-PCLYSULFIDE COMPOUND 
( LICHTMAN, f 130))

4
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T^.

!00 FPS t?5 FPS >40 FPS ____mn «.i
>sir. ^ ■ trt rrwim Mt« ;il/W

dR^ihANE n -28

FIGUtt 7-28 - TYflCAL ELASTOMfcHlC COATING Pf«FORMANCC OF FIRST ORDER OF MERIT
(LICHTMAN AND WE INGRAM ( 1 32 ))

»• .at - . . ••If -t
BUTAOtCNE POLYMER? AND COPOLYMERS inil - 50

ROU« 7-29 - ryflCAL eiASTOMIBC COATING ff «K»tMANCE OT lECONO OC>€« OF MltlT 
( LICHTMAN AND WT MGtAM ( i32))

U^M: ur T—t Tta* - Ui rt

fl«V fia '• F
ftK 9Mft 9H. tM.trMt«i Rai«

N£0P*>€NE r-IC(iOmcll

RGUK 7-30 - TVRCAL tLASTOMEBC COATING Pf«fO«MANC£ OF THI«0 O«0€« OF MEFIT
( LICHTMAN AND WEINGFAM ( I 32 ))

10 «> M

nOUK 7-31 - KIATION IET\«EN TEA« STIIENGTH AND 
CAVITATION DAMAGE FESISTANCE 
(CMATUN AND THIKUVENGADAM ( 129 »

RGUtf 7-32 - KLATION KTVIlf EN TEA* STKNGTH AND STFAIN ENEOGY 
(CHAHEN AND THHtUVENGAOAM (129))
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■ >• vtiiu **.i ■•.'lUi ftr». w. A »

«A«f OlACIM*

■* fU&T< iu - I

■ STIAIN GMfGt

- iTtAINCAUd

fICHJtt 7-34 - PtlNCm.t Of SfllT HOf».INSON nfSSUU 3AI APfAUTUS fOt OPTAINING 
HIGH TEMKRATUtt STRESS-STRAIN DATA AT HIGH STRAIN RATES
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OSCILLATOR

FURNACE CHAMBER
PHOTOELECTRIC 
VELOCITY UNIT

HIGH PRESSURE 
BARREL air SUPPLY

PULSE THERMOCOUPLE X-Y OSCILLOSCOPE OSCILLOSCOPE 
COUNTER GAUGE (WITH INTEGRATOR)

PRESSURE
CHAMBER

FIGURE 7-35 - SPLIT HOPKiNSON PRESSURE BAR TEST FACILITY WITH 
HIGH TEMPERATURE FURNACE
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SPECIMEN TFSTED IN MULTIPLE IMPACT EROSION FACILITY 
SUBSTRATE : Epoxy resin with glass fiber lamination 
COATING : White AFML polyuretliane, 8.6 mils thick 
IMPACT VELOCITY : 650 ft/sec 
NUMBER OF IMPACTS : 200

DAMAGED AREA: COATING 
CC APLETELY REMOVED 
DOWN TO JHE PRIMER

UNDAMAGED
POLYURETHANE

PRIMER

m
COATING AND PRIMER 
REMOVED FROM LOWER HALF 
OF SPECIMEN, AFTER THE TEST, 
TO SHOW UNDAMAGED 
SUBSTRATE

J AREA DAMAGED 
MANUALLY TO SHOW 
APPEARANCE OF 
FROSTING

Water impact on bare epoxy 
laminate, 100 impacts at 
650 ft/sec

FIGURE 7-42 - AN EXPERIMENTAL DEMONSTRATION OF THE APPLICABILITY 
OF THE UNIAXIAL STRESS, ELASTIC-PLASTIC STRESS WAVE 
THEORY TO DESCRIBE RAIN EROSION OBSERVATIONS. This 
observed absence of substrate damage shows the lack of validity 
of the shock wave, uniaxial strain theory, which predicts stresses 
in a coated substrate that are larger than the stresses predicted for 
direct water impact on bare substrate. i-
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nOiMI 7-U • miCAl OAMAGf ON STft^CTURAl PIASTIO 
(UCHTMAN AND WflNCRAAl (<12 A

MATCMAC anti-COfWOSivI ANC ANT> TQU. iNC. OAOCA 0* «C»<T I

NOU« T « - «l«T*CM«NIMNCOAMmtVIST<«NCTM«NO 
CAVlTATiCM OMNIOI POt CCMT^n 

r NMaivRNCWkOMt ' •«3tt

*N» NM ■ •Wm

PIIIMII n*c. M
:B HBGI9

MATCMAl 2iNC MCn. ONOCA op MfNtT «

NGUK 7*4A - TY?«CAi KIFOAAUNCf Of NON-fLASTOMf «C COATINGS 
( LICMTIAAN AND WKlNGRAM ( 133 »
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«OTATING DISK AFTADATUS (U. S. Nov. MoloriolF lob.) 

Motoriol: 304 StainlMi Sf*«l 
P«*Mur»: ISptig 
Tim«: 48 Kn. 
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H< IME*. Ni ‘MM» 44 
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•ISUjM H *• 
ON »«Qtl'Y 

• <2 m 

— 

■* ..1 

— 

\ ^ h 

A /1 
c 

_ 

r4 »' V ñ * 

_ _ 

b 

uif rn Mio«' tott v\. iftfiNO na« «O* «»* n*i wt 
( I* (MO«> UNOtMl MVfMOfOa 

10.0 

8.0 - 
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100 110 120 130 140 

VILOCITY, h/mc 
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FIGURE »-2 - EFFECT OF VELOCITY ON «ATE OF DCFTH OF EiOSION ( 14») 

•«•TAflO». N AHM» . 
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VtlOCITY. fl/« 

nGUM (-7 -DATA FOI Itlii. NACA-16-021 HYDIOFOIl AT THtEt 
VELOCITIES COMPARED WITH SIXTH FOWEI LAW 

H Ml« i P Cl A'iMUCATlON or IROSION PfllODS 

0 MOD-# ALUMINUM 

ÛKB4 ALUMINUM 

ÛNKXa 

OlflW STCfL 

Û TOWN ftRONZE 

L, MO NCI 

□ 316 STAINLESS STEIL 

1.0 

. i i i¿mi 1 H 1 Mil 

0 «000 

—rirmir 1 TTTTTH 

( 

« 1Í 
i 

: 

—i i nun 
0 

_1 1 11 I'll 

O®"™ 

—t Liiim _i i i i mi 
too 

EXPOSURE TIME. Min. 

riOURE •-» * EROSION RATE AND EXPOSURE TIME RELATIONS FOR 
SEVEN MATERIAIS 

□ 316 STAINLESS STEEL Û TOWN IRONZE 

£ monel Û 1024 ALUMINUM 

Ci NICKEL 0 1020 STEEL 

HQO-r ALUMINUM 

1 SPECIMEN NO. 1 

S SPECIMEN NO. 2 

S SPECIMEN NO. 3 

4 SPECIMEN NO. 4 

FIGURE 0-10 - RELATIVE EROSION RATE AS A FUNCTION Of REUTIVE EXPOSURE 
TIME POR THE SEVEN MATERIALS 
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INVfSnOATO« 
TEST 

MATTRIAL 
TIST 

LIQUID 

FREQUENCY 

*c.) 
AMPLITUDE 

("*¡1») 

RRIiSURI 

ATMOS¬ 

PHERES 

DATA 

SYMBOL 

SCHUMI, WTIIS 

AND MILLIOAM 
ALUMINUM 

51 - ST 
WATTR • .7 1.**" 1.0 7 

NOWOTNY MAGNfSIUM WATTR 9.0 lit 1.0 o 

KIM 

ANO 

LI ITH 

CAST IRON WATER *.s 1.71 1.0 0 

CAST IRON WATER é.S 1.71 2.4 □ 

KftCHUCK 

ALUMINUM WATER 1.0 — 1.0 o 
ALUMINUM KNZENf 1.0 — 1.0 0 

ALUMINUM KEROSENE 8.0 - 1.0 o 
WILSON AND 

GIAHAM 

WROUGHT 

ALUMINUM ANILINE n.o — 1.0 0 
DIVINE 

ANO WESSIT 
ALUMINUM 

■Llliil? 
WATER 15.0 1.00 1.0 V 

WHI TI 

ALUMINUM WATER u.o 0.49 1.0 o 
ALUMINUM BENZENE 14.0 0.69 1.0 7 
ALUMINUM TOLUENE u.o 0.69 1.0 O 

ALUMINUM aniline 14.0 0.69 10 0 

• DATA OITAINED IV URS S W WHITE WITH THE 

HYDRONAUTTCS MAGNETOSTRICTION APPARATUS 

UQUTD PROPERTY RANGE COVERED IV CAVITATION DARAAGE 

LIQUID PRESSURE 
dyf«» W 

VISCOSITY 

C*ntipQii*t 

SURFACE 
TENSION 
dynM/cm 

DENSITY VELOCITY OF 
SOUND 
m/tt 

WATER ■ 13« I0> 

-llii» 1/ 
1 T9 • 0 284 75 * • 5* « 0 999R - 0 9584 1431 - 1552 

ANILINE 1 46)( 1(7 

-1.0» * 
10. J - 1.27 44 1 - 39.4 1 03893 - 0.97787 1643 

tfNZENE 6 06 X 101 0 758 - 0 329 30 1 - 25.0 0 S8934 - 0.I2RM 1317 

TOLUENE 
1 J7X I0P 0 772 - 0 354 27 7 - 25 0 0 92393 - 0.80913 1318 

FIGURE 9-1 - SUMMARY OF RESULTS OF VIBRATORY TESTS 
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flOUtt»-* - 0CWN0ÍNCE Of WfIGHT LOSS e 

OF ALUMINUM SPECIMEN ON 

SURFACE TENSION (REF. 5 

NOWOTNY (U)) 

FIGURE 9-4 - EFFECT OF VISCOSITY OF LIQUID 

ON CAVITATION DAMAGE 

( REF. WILSON AND GRAHAM (180)) 

noun *-S - imCT of ncn-n«wtonian ADOlTiVf on cavitation damage rati 

NOWOTNY* PltSSIT 

1 Andiw O Olycar^ 
2 FHanol A TonwN 

3 Tolum □ 
4 Aryl Alcohol 0 

TMIÄJVINOA0AM 

4 Tolueno 

«GO« *-J - «lATlON MTWffN RATI OF IROSION ANO SURFAQ TINVONOF VARIOOÎ IIQOIM 

( TM I «U VENGAD AM) 

WATfl 

I 

ï 

s 

s 
> 

5 

RATIO WATER ' ACETONE 

FIGO« 9-¾ - CAVITATION DAMAGE RATE FOR FO« ALOMINOM SPECIMENS IN 
SOIOTIONS OF WATER AND ACETONE . TWE SOlOTlON RATIOS 
A« VOIOMI RATIOS WATER TO AOTONE ( PEESSET ( IR4 )) 

a NirrâM 
• »UTtL AtOOMOt 
C MMZCM 
• ANISOU 
K AMUR« 

F NATIA 
• tTNttO« A4.YCOL 
M TAICMtOAOCTHANC 
J CAASON TITAACHUXNOf 
« KTNVUNi OISNOMIOC 
k AAQMOrONM 

FIOU« - CORRELATION OF CAVITATION 

DAMAGE WITH PRODUCT OF 

LIQUID DENSITY AND SOUND 

VflOCITY (WILSON AND 

GRAHAM (180)) 

RATIO WATER ' ETHANOL 

FIGO« 9-¾ - CAVITATION DAMAGE RATE FOR PO« ALOMINOM SPECIMENS IN 
SOLUTIONS OF WATER ARID ETHANOL THE SOlU’ION RATIOS 
AM VOLOM RATIOS WATER TO ETHANOL (PlESSf, ( IR4» 

O RATIO WATER / GLYCERIN 
AND 

□ RATIO ETHANOL GLYCERIN 

FIGOM 9-Tc CAVITATION DAMAGE RATES ARE SHL^WN FOR SOLUTIONS OF WATER AND 

GLYCEROL i CIRCLES) AND FOR SOLUTIONS OF ETHANCi AND GLYCEROL 

( SOUARES I THE IATCS ARE VOLUME «ATIGS. ( FlESSI > 84)) 
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FIGUtf »-8 • C0MFMI80N 0« WIO«TIC*t IIOSION INTtNStty 
t mm oikjCKiTAI DATA 1 ' K.fc ' 

û EXPERIMENTAI DATA 
IV 8. WAIING ( FV) 

HOU« »•* - IfMHMnj« ÍFWCT8 IN CAVITATION IKrtlON 

(WAIING <7V» 

nGUH *-U - HIGH FKQCINCY COIIOSION FATIGO! OF SAI IflO STIIl 
(THI«JVINGADAA«(IM)) 

nou« *-U - COIIOSION FATIOIA LIMIT ANO INOJIATION TIMF 

(LfITM (A*)) 
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FIGURE 9-14 RELATIVE EROSION RATI CURVES FOR MY HO STEEL FIGURE »IS »ELATIVE EROSION RATE CURVES FO» MY-W STEEL 

FIGURE 9 IR REI ATIVE EROSION RATE CURVES FOR SAl 1070 STEEL FIGURE » IT EROSION RATI CURVES FOR 5084 Ml IT ALUMINIUM 

FIGURE 9-18 COMPARISON OF RELATIVE EROSION RATE CURVES FOR VARIOUS MATERIALS 
TESTED AT 7 0 MIL AMPLITUDE 
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FIGURE 11-1« - COPPER BUS BARS IN VENTURI APPARATUS 
( MOUSSON {67 )) 

UPM 

FIGURE n-lb - ALUMINUM ALLOYS IN ROTATING DISK APPARATUS 
( RASMUSSEN ( 86 )) 

FIGURE 11-2 - AVERAGE CURVES OF CAVITATION DAMAGE LOSSES 
OF STEEL AND COPPER SPECIMENS IN 3< SALT 
SOLUTIONS AS A FUNCTION OF CATHf OIC CURRENT 

( PUSSET ( 196)) 

FIGURE 11-1 - EFFECT OF AIR INJECTION ON CAVITATION 

FIGURE 11-3« - SPECIMEN CATHODIC FIGURE II-3b - SPECIMEN ANODIC 

FIGURE 11-3 • AVERAGE CAVITATION DAMAGE LOSSES OF 17-7 
STAINLESS STEEL SPECIMENS AS CATHODES AND 
ANODES IN BUFFERED DISTILLED WATER 
(PLESSET (196)) 
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1 *f • » S-R V» tMi ' t •,*» rf.iAv in Of
-,»*•»/At-►. V c’li.»»f*cn
' CkTmA’. J7l>

L.
MGUR£ »2-2 - PCfH ) - ' - ADMCSlCN SEPARATtOfJ C.f NfOPUfNC COATING CCCURUNG 

DURING MAY 1963 TRlAl S ' t ICHTMAN M3?))

A - ST®D, STJfl;T, INBD. B • PORT STRUT. INBD.
C - STBD. STRI T * NAaUf , OUTBD. 0 - PORT NACfllE . OUTBO.
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