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NOTATI ON

r Radi.us of test specim-gns in Magnetostriction Device

a Ampl-'cude

f Frequency

d Depth of immersion of specimen

D Diameter of the beaker

H Depth of liqu.1d in the beaker

Vopo Velocity and pressure in the free stream in flow devices

A Chamber diameter of tne Rotating Disk Device

SB Width of chamber

R Radius of the dtik

S Gan between the Rotating Disk and the S;ationary Wall

m Reference radius of the disk

A ngular velocity of the dipk

Angular velocity of the core

E Energy absorbed by mst'erial
a

LAV Volume loss of material

S Stratn-energy of the mater-.al

P Power absorbed by materi&].

St Testing time

A Area of erosion

Si intensity

Average oepth of erosion

-,Ei!
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SUMMARY

A comparative evaluation of three types of test devices

(Magnetost,'iction, flow and rotating disk) that are used for in-

vestigations of cavitation damage is accomplished by means of a

rational definition or intensity of cavitation damage.

The ititensity of cavitatiorn damage Is defined as the power

absorbed per unit area of the damaged material surface. It is

estimated by multiplying the average depth of erosion per unit

time by the strain energy of the material.

As a result of this analysis a few interesting conclusions

are reached. The intensity of cavitation damage of the A.S.M.E.

Standard Magnetostriction Devicep is approximately onc erg per

second per square centimeter (i.e. lOrwOtt5/cm2). Similarly the

intensity of the rotntlng disk device ujed by Thiruvengodam is

also one erg/sec/cm2 . The most intense laboratory device so far

used is the rotating disk device or Rasmussen. The leist intense

device is the Verturl type flow device used by Hammitt.

These results contradict the popularly held view ;hat the

so-called "accelerated" damage devices ,re more intense than the

rotating disk device. This leads to the conclusion that the cavi-

tation damage produced by field dev ces may some times be as in-

tense an that produced by the magnetostriction devicez.

The limitationa involved in this analysis are also discussed.
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INTRODUCT10N

Kany investigations have been made to classify the relative

resistance of materials to cavitation damage by conducting experi-

ments in various devices such as (i) magnetostriction devices, (ii)

flow devices and (iii) rotating disk devices. However, no attempt

to correlate the results obtained from this variety of equipment

has been successful. Consequently, theri has been no method by
which these results could be extrapolated to actual field devices

except through qualitative experience. This situation results

from the lack of a satisfact.ory definition of the intensity of cav-

itation damage.

The need for such a definition has been long felt. It can be

seen from the following remarks by Knapp (1) that this goal ap-

peared to be a formidable task. "However, at this point, the in-

vestigator 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...Futurc work on the relative

resistance of materials to damage should be correlated with studies

of mechanics of damage. An important step would be the development

of a definition of intensity of cavitation and scmo rational meas-

ure of it which could be used both in hydraulic machines and struc-

tures and in equipment employed for determining relative resis-

tance."

The goal of the present investigations is precisely that de-

scribed by Knapp and to some extent this goal has been achieved.

A rational definition of the .*ntenslty of cavitation damage Iv
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proposed and the concept has been euccessfully utilized to Com-

pare the magnitude of the intensities developed by various devices

used in the laboratory. It seems that the proposed method csn alsc

be used for evaluating the intensities of field equipment. This

uould provide a rational and quantitative link between the various

laboratory devices and field equipment.

DEVICES UNDER CONSIDE1 ATION

The cavitation damage test equipment that in cr;nsidered for

comparative evaluation can be classified into three main groups:

(i) M.Agnetostriction

(ii) Flow

(ili) Rotating Disk

The method adopted for evaluating thlu equipment con also be applied

to other devicea that are not included here.

1AGNETOSTRlCTION DEVICES

The basic principle of this device is that a cylinder of

radius r is oscillated along its longitudinal axis in a liquid with

. double amplitude of 2a and frequency f (Figure la). The cylinder

is Immersed to a depth d below the liquid surface in a beaker cf

diameter D and depth H. The oscillation of the piston is accom-

plished by the magnetostriction effect experienced by certain ferro-

magnetic materials. Further details ot construction and operation

of magnetostrictien devices may be found in References 2 and 3. The

physical oscillatfion of the cylinder produces an alternating hydro-

dynamif pressurr Mhich causes the formstion, growth and collapse

of vapor bubbles on the face of the cylinder. The plctorlal repre-

sentation of ho* thene bubbles Lre rormed when a disa, moves in th.
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liquid Is shown in Figure lb which is based on Reference 4. The

erosion pattern also is very similar to this (Figure 1c). Table 1

shows the published details of magnetostriction devices used for

cavitation damage tests.

FLOW DEVICES

These devices utilize conventional hydrodyndmic principles

in producing cavitation either in ventur-, tubes or in the wake of

body shapes or in the low pressure regions on the boundary of

hydrodynamic shapes as shown in Figures 2a, 2b and 2c. Usually

the test specimen is stationary and the liquid flows past the

specimen. Apart from the geometry, the important parameters are

velocity, pressure and size. The various equipments of this group

with their basic geometrical shapes and essential parameters are

shown in Table 2.

ROTATING DISK DEVICES

In this case, a circular disk is rotated in a standing mass

of liquid containel in a chamber (Figure 3a). Any discontinuity

such as a circular hole produces cavities collapsing downstream

of the hole. When the disk rotates, there is a core of liquid

rotating along with the disk and the velocity distribution would

be as shown in Figure 3b. Table 3 gives the details of this type

of equipment.

t DEFINITION OF INTENSITY OF CAVITATION DAMAGE

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

many previous inve:tigators. It was characterized by the following

measurements:

r
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(i) Weight loss

(ii) Volume loss

(Iiii) Number of pits produced

(iv) Loss of radioactive coating materials.

It was realized as early as 1935 by Sc&-'b et al (19) that

weight loss can be a misleading parameter chAracterizing intensity

since the strength and density can vary independently. In spite

of this fact, weight loss continues to be used for comparing

various materials by many investigators even to date. Knapp (20)

proposed trie 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. But chis measure can

only represent the rate and density with which the bubbles are

collapsing and not the energy of collapse of the bubbles. The loss

of .. dioact.ve coatig iaterials 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 macerial is the volume

loss for a given material. However, the gross volume loss cannot

i-epresent the intensiity because it would vary with size or area.

Hence a rational definition of intensity can be formulated as a

logical extension of' •his measure in the following manner.

It iE ;'enerally 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 Ea

is given by

E = AV.S I)
a
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where AV is the volume loss and S is the strain energy which
e

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

up to complcte fracture. Hence, the power absorbed hy tne material

is given by

6V-S
p a e [2]

a t

where AV is the volume loss per unit time (rate). In order to
t

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

power absorbed per unit eroded area is defined as the intensity

of damage of the device.

Then

P AV-*S
I a e [(3

A A .t
e e

is
Se [4]

t

where I is the intensity of cavitation damage, A is the area
e

of erosion and i = AV/A is the average depth of erosion.
e

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

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

unit volume of the material up to fracture by this type of loeding.
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While the average depth of erosion per unit time can be accurately

measured after a test on a material, the value of S is not pre-e

cisely 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 approximation (21) and this

approach was favorably received by many. The sa.t.e idea will be

used for the present 3ttempt also. The limitations of this ap-

proach are discussed later.

ESTIMATION OF INTENSITIES OF VARIOUS DEVIJCES

The value of the intensity of caýitatlon damage .f for various

devices was estirnated as shown in the spe"clmen calcuigtion for the

A.S.M.E. Standard Magnetostriction Device in t1-,P App:,ndix. SimI-

larly the value of I for various other' de-:vices ai-,, computeu, from

the published data using one of the five materials for wh,]ch the

strain energy values are known as given in Reference 21. A-, least

one of these f'ive materials has been used by each on-, oi" the in--

vestigators. Table 4 glares tht value of rle pa"Tet-tT- used for

computing the Antenslty of each equipment as pubLished olong with

the values of intensity in watrs per square centlmetur. The reason

why these five materials were specifically used for- this analysis

is because the stradn-enerngy ror other materials used oy various

investigators have not been published.

SCOMPARISON OF INTENSITTES OF VARIOUS DEVICES

Table I presents an interesting comparison of intensities of

cavitation damage 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
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only an arbitrarily defined standard device but it can also be

considered as a unit Intensity device since its intenbity is

'oout one erg per second per square centimeter (10-7katts/cm2).

It is a mat!-er of coincidence that the intensity level of the

rotating disk device (Device No. 16) used by Thiruvengadam (11)

is also approximately 10"7 watts/cm2 . It can be seen from

Table 4 that the most intense device so "ar used is the rotating

disK device of Rasmussen (Device No. 14). This result showa that

the so-called accelerated devices (magnetostriction devices) are

not more intense than the rctating disk devices. Further it will

be noted that the intensities of Device Nos. 8, 10, and 12 are

just a tenth of the 'ntensity of the AS.M.E. Standard Magneto-

striction Device (Device No. 1).

There is a general feeling that the intensities of actual

field systems would be very much lower than the intensitý of

magnetostriction devices. For example Leith and McIlquaham (22)

remark as follows: "Field experience in hydraulic turbines indi-

cates chat one year of design-load operation is comparable to the

first 30 min. of the A.S.M.E. Standard test which gives a time

scale of about 18,000:1." The present analysis shows that this

contention may not be a general case applied to field devices. It

is suggested that the term "accelerated device" may be replaced

by the term "high or low intensity device.

The second interesting result that emerges from the present

analysis is that the devices used by advocates of the chemical and

electro-chemical damage mechaiWmi have possessed very low inten-

sities. It is understandable why Petracchi (13) attributed no
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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 de-

vice used byr Wheeler (9) (Device No. 5) was 250 times less In-

tense than the A.S.M.E. Standard Device.

The flow device (Device No. 13) used by Hammitt (17) is the

least intense device with which any authcr has claimed to have

obtained weight loss in laboratory tests. It Is about 30,000

times less intense than the A.S.M.E. Standard Device. It seems

that the single event pitting concept is a result of investi-

gators with such a low intensity device.

APPLICATION OP THESE CONCEPMS TO FIELD DEVICES

The intensity of cavita'ion aram6e az defined herein Is In-

dependco't of the type of the system nnd hence it can be usefully

applied to field flow systems for selecting the material that

would sufficiently withlaLard the damage intensity of the system.

For example, the Intenelty cr doage of a propeller of a ship or

the runner of a hydraulis turbine could be estimbted by analyzing

the log book for a given operating time. Prom this value, the

material that could suffictintly withbtand this Intensity could

be specified for the future deaigns. In other words, the inten-

sity of that component could be rated In relation to the test de-

vices that have been used for the basic Investigationa.

The feect that the Intensity of the rotating doisk devices Is

comparable to the magnetostriction devices (or Is of greater order

of magnitude as In the caoe of Device INumber 14J) ouggeato

thnt there is no renson to believe that the Intencity of the fleld
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devices should necessarily ba very low. In fact the flow situa-

tion In the rotating disk device is not very abnormal when com-

pared with any rotating component of a turbo-machine and if it

can produce such a high intensity of damage, then such intensities

are also possible in the field devices. It would be highly de-

si.-able to make an ectirmce of the intensity range of the field

devices from the available operational data no that one of the

sixteen laboratory devices considered herein could be selected as

the most representative of the field systems based on their in-

tensities as the criteria.

I-IMITATI ONS

One of the serious limitations in the iceting procedure

adopted by all the Investigationa go far is the superposition of

the third uncontrolled variable - namely the test duration. Al-

though some investigators had known that the rate of damage was

time dependent, no one has previously conducted systematic in-

ventigations to establish thcr relationahip between the rote of

damage and the testing time, thereby eliminating the interacting

inrlejence of teitlng time.

Figure ij shows the variation of rate of volume loss as a

function of the cumulative touting time for 1100-P Aluminum keeping

all the other test conditions constant. It can be seen that the

rate of damage Increases with time in the early stages of testing,

then decreases with time and finally reaches a steady rate inde-

pendent of test duraticn. Figure 5 shows the same relationship

for 3011-L Stainless Steel. Analy, s of these figures sihows that
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there exist Cour zones of damag.; with respect to testing time as

shown in Figure 6. They are:

Zone 1 - Incubation Zone

Zone 2 - Accumulation Zone

Zone 3 - Attenuation Zone

Zone 4 - Steady State Zone

The time required for each zone depends upon the physical proper-

ties of the material for a given set of test parameters. How-

ever, ouch detailed analysis is not possible for most of the de-

vices considered here because the tenting time was arbitrarily

selected for each one of the investigationo and only the cumulative

losa after this testing time has been publiahed by most oF them.

To this extent, the present estimate of the intensitles ore in-

accu.a te.

A further limitation to this analynis In in obtninIng the

proper value of the strain-energy of the meterinlo tested. The,

value of strain-energy (even the value that could be obtained from

a simple tensile test) is not given for the specific materials

used by various Investigators. At least one among tho five mate-

rials that seemed to exhibit a currelation with cavitation damage

loss (21) has been used by each of these Investigators. Only theoe

five materials have been used in these analyses (with the exception

of lead for Device No, 10 since no other material was used In that

Investigation) for all the devices. This involves the assumption

that the straln-energy of the materials as published In Refer-

ence 21 was th, same for the materlnls used by the varioun outhorn.

While thin may not be objectionablo as a frrct-approx1matlon, there
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are still two aspects that need serious consideration: (1) The

effect of rate of strain on the strain-energy of the material

(2) The relationship between the fracture energy obtained from

a aimple tensile test and the energy absorbing capacity of the

material from the overlapping dynamic indentations of the bubble

collapse. Nevertheless, it is believed that this analysis brings

out the necessary quantitative approach for future investigations.

CONCLUSIONS

1. The term intensity of cavitation damage has been defined as

the power per unit area of the material tested. It is the product

of the average depth of erosion per unit t*Imt and the strain-

energy of the material. It has the dJmenalons of powcr per unit

area and this definition is independent of 'he test device.

2. According to this analysis, the most intense device is the

Device No. 14 used by Rasmussen (15). The le.ast intense device

Is the Device No. 13 used by Hammitt (17). The A.S.M.E. standard

device (Device No. 1) is not merely nn• arbitrarily setl standard

device but coincidentally, It seems to be a unit (1 erg/sec/cm2 )

device also.

3. This analysis suggests that the order of magnitude of the

intensity of field devices need not necessarily be low. They can

be as h.ge, as the laboratory values or even greater.

4. For low intensity devices (such as Device Nos. 5 and 9) used

by Wheeler and Petracchi the environmental effects such as cor-

roalon play an Important role.

5. The present concept of Intensity can be utilized casily to ob-

tain quantitative guidance ror future fleld Installations.
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APPENDIX

SPECIMEN CALCULATION OF I FOR THE
A.S.M.E. STANDARD MAGNETOSTRICTION DEVICE

Diameter of the Specimen = 5/8 inch. The area of eroslon

was taken to be 0.8 times the area of the specimen since the bubble

cloud occupied only that much area (see Figures lb and le and also

Reference 4).

Weight loss due to cavitation damage on commercial Brass for

a testing period of 120 min:

According to Kerr (5) = 156 mgs.

According to Rheingans (3) - 155 mgs.

According to Leith (23) = 140 mgs.

Average value - 150 mgs.

The density of Brass was taken as 8.5 g.ns/cm5 .

The strain-energy of commercial Brass was taken to be

880 kgms/cm from Reference 21. Using these values the intensity

was computed as follows:

1 150 x 10-3 x 880 x 10 ergs
120 x 60 x 1.6 x 8.5 sec. cm2

- 1.3 ergs
sec. cm

I erg or i0-7 watts
sec.cm2 cm'
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Figure l.a.-Defint Ion Sketch of the Magnetostriction Device
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a. Venturi Type

V0, Po Cavity

b. In the Wake of a Cylinder

V0, Po

c. Over a Body of Revolution

Figure 2-Basic Principles of Flow Drvic.es
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