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V.. CAVITATION DAMAGE V-1

A. Liquid Erosive Wear: Theory and Test Devices
1, Introduction

Erosive wear of a solid surface can take place in a liquid or gaseous
zmedium even without the presence of another phase in the fluid continuum.
However, it can be greatly accelerated by the presence of additional phases.

T % ~.-. .Z_..- For the present purpose, we define’ . =
"erosive wear" to be that provoked by fluid flow, and other than corrosion.
1t includes particularly, then, the phenomena of solid and liquid particle
impact, where the particles may be carried by gas, vapor, or liquid, and liquid

"cavitation "'s which is essentially a phenomenon involving vapor "particles”, i.e., pockets

or bubbles, in liguid.._ . Cavitation is not entirely analogous, howeveg to the

other droplet or particle impact phenomena, as will be discussed later. =~ =
The main purpose of this seetiogm is - = —=— . = R e S ==l

-~ to clarify - = . 2 - "erosive wear" and its various

facets. A more-comprehefisive review of the same subject is found elsewhere (1).

2.. Mechanisms and Types of Erosive Wear

a. Erosive Wear Mechanisms

Since we have.above excluded chemical or corrosive effects from the

category of phenomena here dubbed "erosive wear", it seems reasonafyle to suppose
that material removal for this category of phenomenon.must be due to the imposition
on the surface of shear or ﬁbrmal stresses of sufficient magnitude to cause
material failure,either through single blows = . or through fatigue-type effects.
Of course in most real situations chemical effects are not completely absent,
although there are certainly many cases where their effects are relatively negligible.
Further, in-most cases of "erosive wesar' the existence of a potentially damaging

level of stresses can be rationally justified, as .= .- explained in the

following.



b.. Erosive Wear Phenomena
1) Single-Phase Flow
a) General - In thelinterest of - a logical presentation, single-phase
flow phenomena will be considered before multi-phase, even though the most
important erosive phenomena for reasonably strong materials appear to require
the presence of more thén one phase of the fluid. Of course single-phase liquid
flows :are capable of river bank or beach erosion, e.g., but phenomena of that
type are not the subject of this section.. It is concerned rather with the
erosive wear of engineering materials such as stréctural metals, plastics, cerami
etc. We are here considering such phenomena as liquid droplet impact in wet
steam, e.g., to be a two-phase phenomena; similarly liquid or solid particle
impact in an air or gas continuum. The jetting action of a fire-hose on the othe
hand, we would consider here to be a single-phase phenomenon, provided it did not
involve entrained solid particles, vapor bubbles to provide cavitatiom, or other

auxiliary wear mechanisms.
In the nature of possibly erosive single-phase phenomena, there -is-the

posségility of either very high velocity flows of liquid, vapor, or gas, the
latter two being relatively similar.in their damage capability. Damaging

stress;é to be provided on a surface can be included within the categories of she
and /or normal stress. Solid surface shear should equal fluid shear at the

fluid-solid interface, and would thus equal the product of viscosity and wall

velocity gradient, i.e.,
T =n (au/ay&an (ﬂ-—\)

where u is velocity component parallel to the surface, and
y 1s the distance from it, and p the absolute viscosity.
Normal stress in the surface is numerically equal approximately to the
fluid pressure at the surface. In the case of a steady-state impinging jet
the maximum value this could attain would be the "stagnation pressure" in

the fluid, i.e., ) '
Ab., = oV /2 @-2)

where V is the total fluid velocity, and
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Ap . is measured above the ambient pressure.
stag
In the case of a non-steady liquid jet, the pressure at certain points

can attain the approximate magnitude of the "water-hammer" pressure, i.e.,

APW.H. = 9VC/g cecesenseetanneni A';3)
where C is velocity of sound in the liquid. Of course "water-hammer"
type phenomena are important with gas or:vaporyfiows only if "tHe “ambient pressure is
very large.
For relatively low velocity liquid flows, water-hammer pressure can reach
values sufficient to cause material surface failure, and hence erosion.
A numerical example at this point may be usefﬁl. Suppose a flow of
cold water of 500 f/s, which is a very high velocity for water flow. For the
case where this flow is assumed parallel to a wall, assume the "boundary
layer thickness" to be 10—4 ft., which seems about a likely minimum. -~ — _

Then the surface shear stress, stagnation pressure, and water hammer pressure

are approximatcly as listed in Table 1, along with values for 1000 f/s.‘

- 500 f/s 1000 f/s
Shear 1 psi ‘ 2 psi
Stagnation

Pressure 1670 psi 6700 psi
Water-hammer
Pressure 30,000 psi 60,000 psi
at

Table 1 - Numerical Example of Fluid StressesAHigh Velocity

in Cold Water

It is apparent from Table 1 that surface shear stress cannot be

. ~ . . . . . .
a damaging mechanism at velocities of interest unless the viscosity were extremely
high. It also appears that in most cases the stagnation pressure is not- -~ ~

sufficient to be damaging to most structural materials, so that high velocity
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impacting liquid jets should not be damaging in most cases of engineering interes
unless non-steady-state behavior is involved, in which case fluid pressures
could attain values of the general order of the water hammer pressure. Another
possib;lity exists if relatively large asperities exist on the surface. Stagnati
pressure, rather than shear stress, could be exerted against thesel The bending
momentlagainst an asperity of sufficient aspect ratio could cause a surface failu

‘Examination of Table 1 and Eq. 1 and 2 indicate that it is m;st unlikely

that either shear stress or pressure induced by gas or vapor flows could be

sufficient to damage materials as structural metals, though gas velocities
in some applications up to several thousand f/s are possible. The wall shear

is — —# linear with velocity, so that even very high gas velocities
would not raise this stress to damaging values. In addition the viscosity of
most gases is much less than that of the cold water used in the Table 1 calculati
The - - pressure with gases or vapors is:not likely to be damaging either,

are
sincg‘xheyl-proportional to density, which for gases or vapors is very much less
than the cold water used for Table 1 (factor is ”V'lOB between atmospheric air
and water).
2). Actual Single-Phase Applications - Several single-phase flow

applications in which erosive wear has sometimes occurred will be considered.
For thermost part these involve high-velocity water flows. However, even for
these cases, a consideration of the possible normal and shear stresses induced
by liquid flow seem to indicate that erosive wear is impossible in the absence
of either corrosive effects, or multiphase phenomena such as cavitation, droplet
impact, ete. Thus, - - . . in cases where erosion has in fact been observed
in these applications, it is the author's opinion that one or more of these

"oxtraneous' effects must have been invclved.
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{. Pelton (Hydraulic) Turbine

In this application w&ter jets with velocity up to the order of
600 f£/s impinge upon a rotating turbine wheel equipped with suitably designed
"buckets", usually of hardened steel, perhaps of the 400 series. If the design
is correct, no significant erosion occurs, at least for thousands of hours of
operation. In some cases, however, prohibitive erosion does occur quickly.
This is presumably due to such factors as improper blade design leading to
cavitation on the blade surfaces, or perhaps to entrained sand in the impinging
water. In any case, it is not, in the writer's opinion, single-phase erosiocn.

ii. Boiler Feed Pump

Modern . - boiler feed pumps also involve liquid
velocities of the ordef 500-600 f/s. With proper design, again, no substantial
arosion occurs. However, there are many cases on record where large erosicn
has resulted (Fig. 1, e.g.) in such pumps. This is usually presumed to be due
to cavitation, even though it has occurred in some cases in the discharge casing,
usually of the first stage. Cavitation in this region is possible 3, at least
for off-design conditions. Again there is no plausible mechanism for erosion
of these materials (probably 400-series steels) under the existing velocity
conditions, except through cavitation and/or corrosion.

iii, Valve Seats

Very higﬂ veloéities can exist across valve seats in some cases
at least of the magnitudes previously discussed. Resultant erosion, sopetimes
called "wire-drawing", has been reported for both liquid and steam valves.
The materials are often hardened steels. Again no plausible mechanism.for
erosion exists unless there is either substantial corrosion (unlikely for
proper material choice), or multiphase phenomena are involved such as cavitation
(for 1iquid-handling valves) and possible water droplet impingement for steam

valves, assuming that wet steam may be involved.
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3. Multiphase Flow

a) General - As indicated in the foregoing it seems most
probable that in most engineering cases involving erosive wear, multiphase flow
phenomena must be involved. These can involve a liquid gas or vapor continuum
with solid.or liquid particles (droplets), or a liquid continuum with entrained
vapor (cavitation), or entrained gas. These cases will be discussed briefly
in the following with reference to the stress-raising mechanisms involved.

b) Solid Particle Impingement - High velocity solid particle
impingement can certainly provoke erosive wear in.maﬂ§ well-known cases, e.g.
dust erosion of helicopter blades, propellor blades, helicopter drive gas-
turbine compressor blades, etc. In these cases, the phenomenon involved is ti
of the rapid motion of the eroded material through a continuum of gas with entr:
solid particles. Other less clearcut cases involving erosive solid particle
impingment are liquid or gaséous slurry flows. Applications:are involved in the
fication of coal, ore-bearing pipelines, etc. Tests have indicated
that such flows are far more erosive than single-phase flows of the same veloci
but the precise mechanism of erosion at this point is not entirely clear.

The state of the art at this time does not provide methods for specifyin
the state of étresses on the eroded ﬁatefial surface (even to the extent possib
for liquid impact)_ . - - - . resulting from impact by particles
of irregular shape, which is the usual case of interest. It is of
course obvious that both shear and normal stresses of substantial magnitude wil
be provoked by such impacts, but no generalized governing relations are as yet
available to the author's knowledge.

The situation for slurry erosion is even more obscure than that for
direct solid particle impact with respect to being able to specify thematerial
or the detailed mechanisms causing the erosion. This is particularly true for

1iquid slurriesssince the velocities are normally relatively low so that stres
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from direct impact should not be of damaging magnitude. An extremely damaging
situation, nevertheless, is that provided by cavitating slurries which have some-
times occurred in pumps (dredging pumps, e.g.) or in solids?bearing transport
pipelines (ore—bearing,‘e.g.).

¢)» Liquid Droplet Impingement - Liquid droplet impingement
erosive wear applications usually involve the rapid motion of the eroded
material through a gaseous or vapor coﬁtinuum with entrained liquid droplets.
Important examples are the motion of high-speed aircraft or missiles, or
propellor or helicopter blades, through air, or the motion of steam turbine
blades through a vapor continuum including relatively large water droplets.
A somewhat similar situation can occur for aircraft gas turbine compressor
blades under atmospheric rain conditions. Inverse cases, where the droplets
are projected against relatively stationary target materials, are not usual
beﬁause it is not generally possible to accelerate . 1iquid droplets of potentially
damaging size to damaging velocities without droplet disintegration, i.e., a
critical Weber number from the viewpoint of droplet stability is involvéd.

The stress regimes applying for liquid droplet impact erosion can be
es;imated much more closely than those applying for the solid particle or slurry
cases discussed above. In general, the order of magnitude of normal stresses
can be obtained from the waéer hammer relation (Eq. 3). Some improvement can
be made if the result is corrected for the non-rigidity of the target material
and for the effects of liquid compression on liquid sonic velocity and density.
Droplet shape' also affects the stress regime, as shown by various recent numerical
and experimental studies, some from our own laboratory {24, e.g.). The last

of these is a numerical study where the target material was assumed elastic rather
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than rigid as in the earlier cases, so that realistic target material stresses
could be computed (4). However, tﬁe”precise state of the,éﬂalysis of lieuid
droplet impact is beyond the scope of the preseﬂc chapters'a;d will not further
be discussed here.. Suffice it to say that the general level of stress magnitude:
comput;£le (and measured) for this case is sufficient to explain and justify

the erosion observed.

, Another interesting point which can be made with regard to droplet impact
erosion is that radial velocities along the impacted surface are generated by
droplet impact which can be several times the oriéinal impact velocity. It has
been :Zsuggested=:i+-»"Ti that the shear stress caused by this high-velocity flow
parallel to the surface might contfigﬁke importantly to the damage. Howeéver,
this hypothesis seems unlikely considering the numerical results in Table 1 and
the form of Eq. 1. Even though the radial velocity in an extreme case might
be 10 times that used for the example of Table 1 (500 f/s), the shear stress
induced by this flow would still be very small, since it 1is proportional only tc
yelocity to the first power. However, the impingement of this high-velocity
radial flow against a small asperity raised from the surface could create failur
stresses. :

This process as well as that of the droplet impact in general is well-illustrate
in Fig. 2 (from ref. 5).  This handbook article co-authored by-the present write
summarizes. the droplet impact and cavitation‘processes here discussed.

d)) Cavitation - Whereas droplet and solid particle impact
involve liquid and solid particles respectively in a gas or vapor continuum,
cavitation involves vapor (with some gas content) "particles" in a liquid
continuum.  However, since these "particles” involve only relatively low densit;

material with little mass, their "impact" with target material is not in genera.

a likely cause of erosion; rather it is a case of the highly-specialized
phenomenon of bubble collapse, discussed in Chapter Iy.. Of course, this statem

may not apply to the combined phenomenon case of a cavitating slurry (mentioned
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Though particle impact per se is not the presumed cause of cavitation
erosion, a combination of shock waves in the liquid, and liquid "microjet"
impact upon the eroded surface. see@’i?epresent*ét this time,- the host=likely detailed
meghanism-fbt’Cavitatiba_erosioﬁ&- This problem is thofoughly discussed in Chapter IV
of the prgsent‘work_as~well.asighe book Cavitation (6) and summarized in ref. (5),
as well as in numerous research articles too numerous to mention here. Bubble
collapse adjacent to a surface with.developmen; of 1iquid microjet is shown - ~
in Fig. 3 (ref. 5). The shock waves emitted during the bubble "rebound" (7,eg)
which often follows original collapse (Fig. 4) are believed to provide-in
many cases important assistance to the damaging process originatiﬂg from the
microjet impact. At least the liquid pressures upon a neighboring wall during
bubble collapse appear to be considefably less than those during4rebound(8,9,eg),‘and
appear to be in fact of sufficient magnitude to contribute to damage for most
materials.>
Actual calculation of the stress regime applied to an eroded surface
by cavitation is not . possible in the present state of the art. This is
.. ==¥ not surprising whgn one considers the complex mix of processes which
are involved (not to mention the important contribution of corrosion in many
cases). The problem of stress calculation appears even more difficult, as compared
with that of droplet impingement, when it is realized that the size and position
of the collapsing bubbles, éo which the damage is presumably due, is not fixed
or well known in most cases. Natural cavitation fields include bubbles cover-
ing~ a large range of diameter. In the usual engineering case,neither range
of diameter, distribution over this range, or number of bubbles involved is known
to any degree of precision. Hence, for the general engineering case, estimation
of the stress regimes to whigh a cavitated surface will be exposed by a given

flow regime is essentially impossiole, whereas for the droplet impact case quite



vV -10-
reasonable estimates can be made,. 3S previously discussed. For laboratory
cavitation erosion test devices, the situation is only slightly less obscure
(depending upon the type of test device) as will be discussed later. While
o ,
from numerical analyses(6,8710,eg)it can be shown that the potentialities for
sufficient stress magnitudes to account for the observed damage exist, it is stil
Vd
true that the best evidence of the stress regimes to which cavitated surfaces
have been exposed can be obtained from examination of the damaged surfaces them-
' or (more difficult to achieve) damage debris.
selves./ Since the damaged surfaces from cavitation and droplet impact often
have very similar appearance, it can be presumed that the two processes are
quite similar in their effects upon surfaces. Of course in most cases the attack
by cavitation is on a smaller and finer scale so that individual-blow craters frc
cavitation have a di;meter typically of only a few mils (11, e.g.), and it appear
-~~~ _==z that the microjet diameter is typically only a few microms (12, eig.).
Typical individual-blow cavitation craters On stainless steel are shown in Fig. .
In a typical case such craters presumably cover the entire surface by an
essentially "random" bombardment, -unt}l large scale fatigue failure eventually

occurs, producing eventual large-scale failuTe (Fig. 1).

3.; Erosive Wear Testing Devices
a. Applications
The applications for erosive wear testing devices can be sub-divided in
the following manner. This division is not entirely parallel to that based on
erosion phenomena previously discussed, since the test devices attempt in genera
for practical reasons, to model one primary factor of the application involved,
rather than the phenomenon itself.
1) High fluid velocity devices where "single-phase"erosion only
is to be evaluated. If cavitation of droplet or particle impact occurs, it is
unintentional, but may be instrumental in the results. Such devices are intended
"

for the study of erosion in steam or liquid ("non-cavitating") valves i.e, "wis

drawing" , boiler feed pump casings, etc.
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2) Solid particle or droplet impact devices wherein the material
to be eroded traverses rapidly a field of essentially stationmary particles or
dropiets. In most cases the target material is whirled through a field of
falling particles or droplets, but in some cases translational motion rather
is used. In some cases liquid jets rather than droplets are impacted. Impact-
ing liquid devices can sometimes generate secondary cavitation, which may con-
tribute importantly to the damage, but usually.this is not intentional.

3) Flowing cavitation devices wherein cavitation is caused by
converting pressure "head" into kinetic "Lead". Numerous geometries have been
used for this purposé as will be discussed later. In general these could be
characterized under the terms "venturi”, "rotating disc", and "miscellaneous”.
These devices are meant to obtain cavitation erosion under flow conditions
as realistic as possible, since damage modelling laws are highly uncertain.

4) Vibratory cavitation devices wherein cavitation is provoked
in an essentially static fluid, as opposed to the flowing cavitation devices
discussed above. Such a device, sometimes called "magnetostriction"
or "ultrasonic" tester, relies usually on the rapidly reciprocating motion of
a submerged test plate, at relatively high frequency, to prowke cavitation. by
pressure oscillation in an essentially static liquid. The necessary pressure

) by the vibraticn.
oscillation is diie to the very high acceleration imposed upon the liquid / This
type of device is used for the study of cavitation damage, since it is the most
economical, both for purchase and operation, of the possible cavitation damage test
devices. It also is a strongly "sccelerated" device in that it can provide
substantia} damage on even the most resistent of materials within relatively
short test periods. However, its major disadvantage is that it does not, by
its nature, relate cavitation damage to flowing system parameters such as
velocity and pressure, so that the conversion of "vibratory" results to projected

performance in field devices is extremely uncertain if not impossible.
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b. Actual Test Devices
1) High-Velocity Single-Phase Erosion Wear Test Devices

Various tests have been made at/Z§£§:u§o evaluate high velocity single-
phase-grosion in cases where this has occurred in field machines, so that
laboratory tests seemed warranted. However, no relaﬁively standé;dized machine
of this type appears to exist. A case in point was the work at Detroit Edison
in thé 40(s) to evaluate erosién in béiler feed pump casings and regulating
valves (13,14,eg.) which were exposed to felative}y high velocity but, supposedly
not cavitation. Some corrosive contribution no doubt was also included with
some of the materials used (carbon steels, etc., but also including the 400
and 300 series later used in this application). High velocities (~s 60 m/s)
were attained by accelerating the pressurized water through a small slit formed
by the materials to be tested. Back-pressure was limited by the equipment
available for the test, so that although the absence of cavitation was one of
the test objectives, it is nevertheless quite likely, in my own opinion, that
it contributed importantly to the results, which included considerable erosion
of most materials tested. As previously discussed, without cavitation(or cor-
rosive attack, probably not important for the stainless steels tested), there is
no plausible mechanism to explain the erosion observed.

other partially pertinent casesin point are the "rotating wheel" devices

developed originally in the 1930(s) probably first by Ackeret and de Haller (15)
This device is shown schematically in Fig. 6 (from Ref. 6), and consists of
a rotating "wheel", to the periphery of which the specimens to be ercded are
attached. These are rotated through a relatively low Qeiocity water jet with
direction parallel to the wheel axis. Since the impact vélocity for these
devices is typically no more than 100 m/s, it is difficult to explain the rapid

erosion of some of the hardened materials tested without the contribution of
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local cavitation, as well as 1iquid impact. According to Table 1, the
"water hammer” pressure for this device at 100 m/s would be ~ 29,000 psi (2000 bar),
but even materials such as stellite are rapidly eroded. These devices were
originally developed to study erosion of impulse hydraulic turbines such as
"Pelton wheels". It was assumed then that this erosion was of similar nature
to that encountered in large steam turbinés (which is now clearly known to

be a case of liquid droplet impact). Actually ghe Pelton wheel erosion is
probably mainly due to cavitation, but fnwolves” a very high liquid velocity
parallel to the blading surfaces, as previously discussed. Thus, since this
rotating wheel test device was developed to study Pelton wheel erosion, which
at first glance appears - a case of high-velocity single-phase erosion, its

introduction in this article at this point is pertinent.

2) Solid Particle or Droplet Impact Erosive Wear Test Device

Various devices of this type have been developed and used over the years,
including the relatively low velociﬁy "rotating wheel' device discussed above
(Fig. 6). 1In recent years, solid wheel devices for rotating speeds up to
perhaps 500 m/s have been built in various laboratories thrOughout the world,
particulary for the study-of the droplet impact proplem existing in the low
pressure end of large steam turbines. These more modern wheels are generally
enclosed within a strong stéel casing, both for protection in case of failure,
and to allow operation under vacuum, both to model more closely the steam turbine
problem,and to reduce drive power for the device. Relatively low velocity liquid
droplets or jets are caused to impact the rotating test specimens. Various test
facilities of this type,existing in England, are well described in ref. 16, e.g.
Somewhat comparable facilities also exist . ENVE : - inlghis

country and in Russia, but little descriptive data has yet been published.
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In addition to the wheel devices described above, designed particularly for
the steam turbine application where the materials to be tested are generally
of highly resistent nature such as stellites, hardened steels, et;., another
group of facilities has been developed.in recent years for - droplet impact
erosi&g testing, both in this country and Europe, of aircraft and/pissile componer
materiais where the application is "rain erosion”, i.e., the erosion encountered
when such components are flown through.rain storms. For applications where the
flight velocity exceeds Mach 1 (~ 350 m/s) particularly, erosion can occur very
rapidly,since .the materials involved are not optimum f;r erosion resistance, but
are rather chosen for other prerequisites, i.e., éor radomes, propellor or heli-
copter blades etc. For this application, rotating arms rather than disks are
normally used. Relatively large diameters, and hence low rpmis usually required
for Such—a test device . ©:, since very large "g" loads must not be imposed upbn
the test materials. This requirement is obviously not of such great importance
for the very strong metallic allcys to be tested in the turbine application.
Also required test times for the aircraft type device 1is obviously much shorter.
The largest and highest speed such device (~900 m/s), = =~ . - . - = F — 7,
is that at Bell Aerospace (17). The diameter of the rotating element isN 7 m.-Tl

rotating arm at WPAFB is shown in Chapter VIII.
Another type of device for the study or alr and missile component rain

erosion resistance at very high velocity is theczigiet sled, where test materials
can be driven through an artificial rain field. The largest such device to the
writer's knowledge is that at Holloman Air Force Base (18,19,eg)" where test
velocities up to a~/M§ch 5 (~ ) - 1700 m/s) have been utilized. This
type of device allows higher velocities than do rotating arm devices, which

are limited by centrifugal stresses in the arm. The rocket sled has the

advantage of allowing the test of many material specimens in a single run, and

hence under precisely identical conditions. However, the test is relatively
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expensive, and has the disadvantage that intermediate observation of the
progress of erosion is not practicél.
Many of these aircraft component test devices have also been used for
dust erosion tests, which is an important present day problem for such
applications as helicopter blades.
3) Flowing Cavitation Devices

a) General and Miscellaneous - Flowing cavitation erosion test devices
include machines involving both rotating elemeACS and translatory flows. In general,
these are well described in ref. 6 from which some of the illustrative figures
here used will be taken. No really standard device has yet devolved in this field,
and a variety of devices have been used. These can be considered under the main
headings qf4"venturi" and "rotating disc" devices. However, there exist several
miscellaneous devices such as test speciméns submerged in large water tunnels
(used by Knapp - ref. 6) and a vibrating reed in a flowing stream (20), e.g.
However, since these and other miscellaneous devices are not of major importance
to present-day cavitation damage evaluations, they will not be discussed further
here.

b) Venturi Devices - Venturi devices are here taken to include all
those flow devices employing a flow restriction to convert pressure into kinetic
head, creating a cévitatingvregion when the static pressure falls to the level of
the vapor preésure. For damage studies, relatively standard venturis (Fig. 7,
University of Michigan, e.g.) as well as several quite special designs have been
used. Of these the earliest is probably that of Boetcher reported in 1936 (Fig: 8
from ref. 6, see also ref. Z1. As will be noted from Fig. 8, the arranéement is
-,

such that the cavitating jet impinges upon the test specimen. Such a venturi
geometry does in fact provide a very intense = damaging regime, as compared, for
example, to the University of Michigan design (11, Fig. 7), which, however, does

model more closely the usual flow conditions found in hydraulic machines. (Table 2,

from Ref.(22).
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Another special damage venturi design which has been used fairly broadly
in various countries since its introduction in 1955 (23) is that of Shal'nev
(Fig. 9) in Moscow. The flow geometry consists of a rectangular throat of
constant flow area across which a smail cylindrical pin is placed. Cavitation
occurs in the wake of this pin, and the damage specimens are located flush
with the wall and downstream of the pin (Fig. 9). The damaging intensity
induced by this geometry is also much higher . than the " University of
Michigan design (Fig. 7). However, thé flow regime is that of separated vortici
which may model a relatively special type of caviﬁation quite closely, but is
not particularly similar to the more usual flow regimes encountered in flow
machinery.

¢) Cavitating Disk Devices - A "rotating disk" device developed for

the study of cavitation damage was reported (24.) in 1955 by Rasmussen (Fig. 10)
The flow geometry consists of a flat disk, fitted with pins or through-holes at
various radial locations. The disk is caused to rotate in the test liquid
which is contained within a circular casing. The casing is fitted with radial
baffles to prevent gross rotation of the overall fluid. The traverse of the
disk pins orAholes through the relativel& quiescent surrounding liquid causes
cavitation clouds which follow the rotating disk and collapse upon test specime
fitted flush with the disk surface. Figure 11 (from ref. 6) is a schematic
of a mére recent rotating disk facility built by Pratt and Whitney Aircraft
for eventual use with liquid metals 25). Eroded speéimens of refractory metal
are also shown in Fig. '11.

This type of facility also produces damage very rapidly, more so than
the Boetcher and Shal'nev types of venturi (Table 2). In all these cases,
however, the flow regimes involvel are really quite different. By its very

nature that provided by the rotating disk resembles closely that involved

for regions of separated flow in turbomachines.
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Another valid comparison between these flowing damage tests is the
expense of the facilities involved; The venturis obviously require a loop
facility with driving pump and much other instrumentation and controls. The
rotating disk, however, is not a simple or cheap facility in itself, as can be
seen from Fig. 11 wﬁi;h showé the actual design drawing for the Pratt and
Whitney device (25. An accurate statement comparing the cost of rotating
disk and venturi damage facilities is not possible é; this time, since too
many unknown and complicating factors. are involved. However, it is certainly
true that the vibratory type of damage devices, to be discussed next, are
considerably more economical, certainly in first cost. Operating costs,
primarily that of operator salary, are probaSIy similar. Length of test required
for a.given material, i.e., damage intensity (Table 2), for the vibratory

device covers the same general order as the others.

4) Vibratory Cavitation Devices

The vibratory type of caviiation damage test, already described, is
certainiy. the simplest, cheapest, and most common of all presently known
cavitation damage test devices. .It is also capable of providing erosion rates
of the same general order as the flowing systems already discussed. It is also
the only one for which an ASTM Standard Method has been promulgated (26).
Figure 12 (from ref. 6) is the schematic of the University of Michigan device
of this type which is designed for a variety of liquids, temperatures, and
pressures. This unit is somewhat more complex than the standard ASTM deévice
(26), since the open beaker is replaced by:a sealed tank. = This type of test
device is most useful for comparison of material resistances, evaluation of effects
of different fiuids, temperatures, and pressures, but it is not suitablé for
evaluation of probable cavitation erosion in the usual fluid-handling machine,
since the very important flow parameter of velocity is not modelled. In the

present state of the art it is thus not pessible to predict damage in a flowing

situation from vibratory test results. Recent work in the writer's laboratoryand else-
wnere (27-30, eg) to correlate the damage rate from such a device with bubble collapse
pulse counts measured by an acoustic probe show some positive correlation.(discussed 1

oreon
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Variations of the vibratory device have been used (but not yet standardized),
wherein a cavitation field is provided by the vibrating horn, but the specimen
to be tested is held stationary in the caﬁitating hofn, .2 : 'he specimen to
'be tested is held stationary in the ca§itating field rather than attached to
the eﬁé of the vibratory horn, as in the standard arrangement. T?is arrange-
ment is useful for the testing of matérials which cannot be vibrated by the
horn without deleterious extraneous effects. Since the stationary specimen
is usually located with onlyra small clearance from the vibrating horn, this
stationary specimen test geometry is useful for the testing of materials for
bearings, since the bearing geometry is well modeiled even though the effects

of velocity are absent.

:4; Cpnciusions

Fluid-induced erosion, both single and multi-phase, has been considered
according to the various phenomena from which it may be generated. These
include both simple high-velocity single-phase flows, and also liquid and
sdlid-particle impact, as well as cavitation. These latter phenomena are con-
sidered as mﬁlti—phase in nature. It is concluded that in cases of engineering
interest there is no plausible mechanism for single-phase erosion of relatively
strong materials unless essentially multi-phase phenomena as droplet or
particle impact and/or cavitation are present. Finally, the various types of
erosion testing devices are considered and described as to their range of
utility, limitations, and relative merits. Further discussions of these test

devices is provided in Chapter VIII.
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B Basic Cavitation Damage Mechanicsms
and State of Art

1. INTRODUCTION

It is generally recognized today that the flow phenomenon called "cavitation”,
involving a generally heterogeneous mixture of vapor and gas pockets or "voids",
some of which can be approximately described'as bubbles, frequently causes a
rapid erosion of adjacent material structure?géﬁtég much more rapid than would
be expected for single-phase flow erosion or corrosion for the same conditions
of velocity, temperature, and turbulence, While rapid erosion or damage is only
one observable result of this flow condition, it is the one with which this chapter
is primarily concerned.

There is at present an enormous body of research literature concerned with
the processes of bubble collapse and cavitation damage, This has accumulated at
an increasing rate since the pioneering work of Rayleigh(3l)in 1917. It is the
purpose of the present sectionto briefly summarize the significant results of the
very considerable research which has been concentrated on this problem over the
years, both from the viewpoint of basic understanding of the phenomenon and of
practical information of use to the designer of fluid machinery.

In spite of more than half a century of research there is still only a
very incomplete understanding of the mechanisms by which a "cavitation field"
causes rapid damage to adjacent solid material. Hence, it seems logical to start
this discussion by listing those points which seem to be clearly and directly
based upon observations or experimental measurements, and thus appear at present
to be essentially indisputable. These basic experimental observations lead to
simple theoretical concepts from which apparently clear and incontrovertible ideac

are generated. From this point of common agreement, more complex theory and
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less definite experimental observations lead to more speculative concepts

regarding the detailed mechanisms of cavitation damage, until an area is

For previous partial summarizatior

reached where no general agreement exists. similar material see refs.6 and 3°

The foregoing relates primarily to the basic understanding of the phenomenor
of cavitation damage, considered primarily from the viewpoint of fluid mechanics
rather than material reaction. So far, this basic approach has produced only
scattered practical information of utility to the fluid machinery designer.
Hence, as in many fields of engineering, it has been necessary to formulate semi-
empirical relationships and general rules for the use of the designer, using the
specialized test results which have become available. Generally these attempt
to predict, with varying degreesof precision, the effect of various independent
variables upon cavitation damage in real situations. In a fully-developed form
such relations must involve both fluid and material behavior, since significant
coupling between these often exists in the real situation. This body of semi-
empirical knowledge will be very briefly reviewed and avenues for uset

future research in these areas discussed.

2. COMMONLY AGREED BASIC PRINCIPLES RELATED TO CAVITATION DAMAGE

a. Primary Experimental Facts and Conclusions

It is first necessary to review various well-known indisputable experi-

consideration
mental facts upon which the A of cavitation damage must be based. These

are primarily the following:
1) General Observations
Rapid pitting and erosion often occur in flows where cavitation
is observed to exist. 1Its existence can be determined audibly, by acoustic
instrumentation, visually if windows in the containment systems are providec

machine vibrations, or through decrease or other change in

performance from the single-phase flow condition, For example, a



v-21

measurable decrease in head is produced from a cavitating centrifugal pump for a

”~

given flow and rotating speed. If the cavitation region in a fluid
machine is observed visually, it appears as a "frothy" region. If

optical instrumentation of suitable time and space resolution is used,

it is found that the "frothy" region is actually composed of a heter-
ogeneous mixture of odd-shaped "voids", many of which are roughly spherical
bubbles. 1In some cases a relatively clear cavity attached to the structure
is found, but this is then oftenaggiéggéggai%y a "frothy" region of
traveling "voids™., 1In a cavitating flow the rate of attack can be many
times that due to erosion and corrosion alone in the absence of cavitation.

ii) Cavitation can damage, under certain conditions, even the strongest
of materials such as stellites, tool steels, and any other known structural
materials. This damage can occur rapidly even in cases where chemical
corrosion in single-phase flow with the same liquid-material combination
would not be significant, e.g. cavitation in petroleum products on metals
or glass.

;ii) Cavitation pitting shows the characteristics of mechanical attack.
Such well-known mechanical manifestations as e.g., slip lines in metals,
have frequently been observed. The single craters which are formed in the
early portion of the attack appear under a low-power microscope as "moon
cratersg;:;ére or less symmetrical craters often with a raised rim, as if
formed by single impact rather than corrosion. In fact, damage to materials
from liquid impact tests clcsely resembles cavitation damage both qualita-

tively and quantitatively.
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iv) Mechanical cavitation attack and corrosion can supplement each
other through obvious mechanisms resulting in a damage rate increase,
in cases where both are important, to many times the sum of damage rates
from corrosion andAcavitation acting separately and independently.

v) An important theoretical contribution to the development of the
concept of the mechanical cavitation damage mechanism was given by
Rayleigh£31) He showedﬂfigi %l%%f?gﬁg?%% gg\erical vapor bubble has the
potential for generating extremely high pressures and velocities in the
fluid near the point of collapse. The original analysis, based entirely
on ideal fluid concepts including that of spherical symmetry, showgthat
these quantities,i.e. pressure and velocity, become infinite. Thus,
while more realistic assumptions are required to evaluate pressures and

velocities quantitatively, it is apparent that the possibility exists for

values large enough to be damaging even to very strong materials.

Certain obvious and important conclusions can be drawn from the general observa-
tions noted above. They primarily apply to cases where mechanical effects pre-
dominate, although as has already been mentioned it is evident that if corrosion
effects are significant, they too can add greatly to the overall damage rate.

2) Ccnclusions from General Observations
i) Since observed cavitation fields usually contain large numbers of
essentially spherical bubbles of various diameters, and since as Rayleigh showed(

the collapse of such bubbles could create pressures and velocities large enough

to be damaging, it is likely that the surface of a material exposed to cavitatior

will experience a multiplicity of impulse impositions of widely varying intensiti:

31)
and with locally random spatialdistribution. The Rayleigh theory(' shows

d ti
that the / vre olfmilmposition of such impulses due to individual bubble collapses i:

extremely short, Furthermore,the impulse magnitudes and collapse times

are greater for larger bubbles for a given collapsing
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pressure differential. Since individual symmetrical craters are observed, it
is apparent that some of these impulses are sufficient to cause permanent
material deformations. Since the spectrum of impulses varies widely, it is
to be expected that individual craters with diameters covering a given range

will be formed, (as has been observed (133,34,eg.)

and that in fact many '"blows"
(i.e. impulses) may be of insufficient stremgth to cause permanent material
deformation. A large number of these weaker blows, however, may be sufficient
to also contribute to eventual fatigue failure. Thus it is to be expected that
cavitation damage will often evemtually take the form of fatigue failures, and
this is in fact observed. The concept of a spectrum of blows resulting from a

spectrum of bubble sizes and locations is well summarized by Fig.13, previously

published by the author to describe cavitation damage in a venturi.(34)

ii) As the surface roughness increases due to accumulated cavitation (or
corrosion) damage, the flow pattern near the surface will frequently be importantly
altered. In addition the substantial cold-working of the material surface may
affect its ability to resist further damage (increased strength and hardness
will tend to increase its damage resistance while increased brittleness will
have the opposite effect). Thus it is to be expected that the rate of cavitation
damage in a given situation will not be constant with time. Often an "incubation
period" is observed before substantial material loss occurs, presumably while
fatiguing processes proceed to a point necessary to cause failure. The damage
rate then often increases to a maximum after which it decreases. Later secondary
and tertiary, etc. maxima may occur. This behavior probably depends primarily
‘upon the interplay of flow pattern alteration by virtue of accumulated roughness
and material surface property changes which are themselves due to the accumulated

permanent deformations and stressings. This general situation is well described

in ref. (5).
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b. More Speculative Observations and Conclusions

It will be noted that the foregoing generally agreed concepts relating
cavitation damage do not attempt to specify the detailed mechanism whereby
bubbles collapsing in the liquid continuum can damage materials submerged in
or containing the‘liquid. It has been stated already that a simple ideal
fluid analysis (31) shows that very high pressures and velocities may exist for
a very short time period over a very small space around the center of collapse
of the bubble if this collapse proceeds with spherical symmetry. The detailed
mechanisms whereby the material surface of even very strong materials can be
stressed sufficiently to cause damage was left ambiguous, since
this is an area where at present agreement does not exist. However, certain
additional items of experimental and theoretical evidence can be presented to
throw some light on the probable mechanisms involved. Some of these additional

items are discussed below.

) In typical situations only one out of perhaps ten thousand bubbles

seen to collapse close to a surface actually causes a crater (35,36, eg.)

though such craters, judging from their symmetry and unchanging contours

with odditional exposure(34{ result from individual bubble collapses.

However, in very carefully controlled laboratory conditions, even in a flow-

ing system such as a venturi, a one-to-one correspondence between bubble

collapses and observed craters can be attained if all parameters are adjuste

precisely correctly&?7’389hese facts seem to indicate that some very selectiv

mechanism is involved in delineating damaging from non—damaging bubble
collapses. The model of symmetrical bubble collapse providesonly bubble
wall

diameter andAdistance as "sorting" parameters, while an additional sorting

parameter exists, i.e., orientation, if the collapse is non-symmetrical.
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Intuitively, this latter factor  seéems more consistent with the very

which are
large ratios of damaging to non-damaging collapsesapbserved.

i The collapse of bubbles with approximate spherical symmetry
,i.e. change in radius,
through a radlus ratio,sufficient to generate damaging pressures accord-

A
ing to the Rayleigh analysis (312 close enough to a material surface so
that damage might occur, and in real flow situations involving pressure
and velocity gradients, turbulence, etc. éeems unlikely. This statement
is based upon excellent photographs which generally have been obtained
quite recently (37-42)  as well as theoretical analyses. (43-46>
Wall effects, pressure gradients, gravity, and initial motion are all
sufficient to radically change the mode of collapsé f;om one of approxi-
mate spherical symmetry to an approximately toroidal collapse wherein the
bubble is apparently pierced by a small microjet of liquid before the bubble
volume has been reduced by more than a factor of 10 to 100. This type of
cullapse is shown clearly in recent pictures (Fig.js;) obtained in our

laboratory' %%r bubbles collapsing in a venturi adjacent to a knife-edge

which is aligned parallel to the flow.

i13) Theoretical analyses of bubble collapse assuming spherical
symmetry but real fluid parameters such as viscosity, surface-tension and

(8,9 e%%dicate that the pressures around a collapsing

compressibility
bubble at a minimum distance of the initial bubble radius from the center
of collapse, i.e. the minimum possible distance from the collapse center to
the wall to be damaged if the collapse center is stationary, are not
sufficient to explain the damage observed on most materials. However, if

the bubble rebounds from a minimum volume condition as it theoretically

would if it contained some non-condensed gas or vapor, the calculated
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pressures are greater in the surrounding liquids so that damage from
this mechanism becomes more likely. Also, theory indicates that the
center of a collapsing bubble will tend to move toward an adjacent wall
(or away from a free surface) during collapse. No realistic analysis
has yet been made to show how important such movement might be in the
consideration of damage mechanisms, though an analysis assuming the

(47)

bubble to remain spherical during the motion, shows a significant effect

upon the pressures exerted on the wall.

Motion picture sequences of collapsing bubbles often show
rebounds, i.e. growth of the vapor mass after passing through the minimum
volume condition, though not usually as spherical bubbles€37’e'g') A
rebound would be theoretically expected if the bubble contained trapped
gas (or vapor which behaves as gas during the very short critical portion
of the collapse which may last only about a migrosecond.) Also in some
cases the pressure distribution around a bubble moving at considerable
velocity relative to the fluid,<§4)may have the same effect. However, a
rebound is even more likely if the bﬁbble collapses in a toroidal mode,
since the centrifugal pressures around the vortex ring provide a restoring

mechanism in much the same fashion as trapped gas.

Individual craters caused by cavitation are often very similar to
craters generated by the impact of high velocity liquid. This similarity
is especially striking if one compares the craters formed by actual liquid
droplet impact on plexiglass (Fig. 15\W1th those from cavitation in . a

obtained in our laboratory
venturi (Fig. 16), since the damage pattern for droplet impact on plexiglass

is rather unique, having an undamaged center area surrounded by an arnular

failure area. Another crater configuration illustrative in this respect



v-27

was obtained in our laboratory from venturi cavitation upon stainless

steel plated with a very thin coating of cadmium (Fig.17). The cadmium

is completely removed in the center so that the underlying stainless

steel is exposed. This region is surrounded by an annular area where

the cadmium is partially removed, suggesting the impact of a liquid jet

which then accelerates radially after impact (a common observation for the

impact of actual liquid jets(Asi})and "washes" away the thin cadmium plate.

It is difficult to imagine a similar result caused by the imposition of a

spherical shock front which would merely press the cadmium plate deeper

into the surface, leaving a crater withinhwzich the cadmium plate would
ere

remain on the surface. This was confirmed ,in an experiment wherein hard

steel balls were impacted upon the surface at high velocity (as 100 m/s)

The foregoing points all tend to indicate the probability that in most
engineering situations the mechanical portion of cavitation damage is due more
to the impact of a high velocity microjet upon the damaged surface than to the
imposition of shock waves in the liquid emanating from the center of collapse of
a spherically collapsing bubble, as Rayleigh(Bl)aSSumed. However, even if the
bubble does not collapse spherically, the liquid pressures will rise substantially
around the bubble as the volume is significantly reduced from the initial value.
Intuitively, the pressure rise will be less the greater the departure from spheri-
cal symmetry, and the collapse will generally be slower although local pressure
rises due to the asymmetry might be greater in the non-symmetrical case. Also,
a given diminution of volume in an ideal fluid will produce the same total kinetic
energy in the fluid for both symmetrical and non-symmetrical cases, since this is

equal to (pP.e - pv)z&ﬂf':kfor the bubble.(ag)

Unfortunately, little quantitative
information pertinent to this highly complex problem yet exists. Nevertheless,
in real cases if liquid microjet damage appears to be the most

important mechanical damage component, it is also likely that the pressure rise

*En is upstream pressure and p is vapor pressure.
v
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around the collapsing bubble caused by the reduction of bubble volume according
to the Rayleigh mechanism may also be an important damaging mechanism. It
must be admitted that both schools of thought on the relative importance

of likely damage mechanisms exist at present.

An indication that very high pressures (and hence temperatures) do some-
times exist within collapsing bubbles is afforded by the observation of
"sonoluminescence™. An indication that thermal effects are of substantial
importance in this phenomenon has been provideé}50’51ﬁowever, there is no indica-
tioﬁ(ti§% %ib%le collapse through the large radius ratio required to compress
trapped gas to the extent necessary to cause luminescence can occur near enough
material surfaces to _cause damage, since such a collapse requiresa highly
symmetrical environment. Schlieren and interferometric pictures have succeeded
in showing strong density gradients or shock waves in the liquid around collapsing
bubbles. ¢ 32 e8)

Another manifestation of cavitation damage which is scmetimes observed that
is difficult to ‘either in terms of shock wave effects or microjets is that
of "worm-hole™ pits, i.e., very deep curving pits of a large length/diameter ratio
While chemical effects‘A are probably predominent in this phenomenon, /thggy also
be the result of (a) a wave-guide effect( ®) which tends to amplify shock wave
pressures generated in the liquid, or (b) a microjet mechanism wherein the jet
is repeatedly generated across a liquid-gas interface at the bottom of the pit
where a vapor-gas mixture may be trapped. A concave surface, condusive to the
generation of such jets, would be formed if the liquid wets the walls of the "worm-]
The jet would be triggered by the imposition of pressure loading either from shock

waves or jets at the outside end of the worm—hole.(54)
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The foregoing items indicate that many points relating to the actual
mechanism even of mechanical cavitation damage remain unresolved, and that
there is no general agreement even on the type of event which is occurring.
However, certain apparently relatively firm conclusions can be drawn.

i ) It seems obvious that mechanical cavitation damage is the result of
the highly transient imposition of very intense and highly local forces on
the surface. Since these are associated with bubble collapse rather than bubble
nucleation, it is apparent that the damage occurs in the collapse region. Hence,
modification of the flow geometry in a damaged region of a fluid machine to
prevent further damage will be usually ineffective in eliminating the cavitation
since the bubbles initiate at some point upstream, and only collapse in the damaged
region. Obvious as this appearstoday, it has at times been disputed in the past
literature.

The fact that cavitation loading on a surface is very transient and local
is important in the selection of protective coatings or surface treatment. It is
alse important in the attempt to correlate cavitation damage rates with material
properties, since the mechanical properties of materials measured in the ordinary
fashion do not reflect accurately the resistance of the same materials to the

highly transient loading encountered in cavitation.

ii ) According to present evidence the cavitation-induced loading on a material
surface results from a combination of liquid shock wave effects generated by the
volume reduction of a bubble, with the impact of a high-velocity liquid microjet
directly on the surface to be damaged. Such a microjet is generated when the
bubble collapse becomes substantially non-symmetrical, and in such cases the
magnitude of shock waves is probably reduced. Photographic evidence shows that
approximately symmetrical collapses are the exception (or perhaps even an impossi-

bility) in the vicinity of solid surfaces and/or in regions of strong pressure and
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velocity gradients. Since these conditions are almost necessary prerequisites

to cavitation damage in an engineering device, it is this author's opinion that
the microjet damaging mechanism is probably predominent in most engineering
situations. Considering the jet-impact mechanism in further detail, it is clear
that shock waves within the jet itself are important in the impact phenomenon

and local cavitation around the point of jet-impact may also be a damage mechanis
This appears to be so for large jets which damage relatively strong materials at
surprisingly low impact velocities.* This damage may be at least partially the

result of local cavitation as the jet is deflected around the target specimen.

c. Additional Research for Basic Understanding of Damage Mechanisms

It is apparent from consideration of the foregoing that many years of additi
research may be required to fully delineate the presently rather sketchy
picture of the cavitation damage mechanisms. Such basic studies could well consi
the following areas in which more precise information is required.

i) Detailed bubble collapse behavior. Powerful tools are becoming
increasingly available today which are useful in this respect, such as
ultra-high-speed photographic equipment and other sophisticated optical
techniques. Since the critical part of bubble collapse requires only a
few microseconds and involves an object only a few mils in diameter, it is
clear that extremely sophisticated photographic equipment is required.
Another possible method for obtaining much new and useful information is
holographic photography with a nanosecond light pulse. This technique
can be combined with Schlieren photography or differential interformetry,

hopefully to show density gradients or shock waves in the liquid. Such shock

waves have already been shown by Ellis (57) and Lauterborm (53), for example

*Type 516 stainless stee] was quickly eroded by a 5 mm. water jet impacting at
only about 100 m /sec. (55) in tests conducted for an ASTM study.
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Other important measurements which could be made around a collapsing
bubble include local temperature distributions using a microthermocouple

(56) or

probe, acoustic output from bubble collapse/dls?us§gd ioymorssdetall 1358 this

. veral measurements o
general type have been made, but more precise information and correlation
with other conditions of the experiment would be useful. Another good possibility
which has been employed to some extent is the direct measurements
Aof the peak pressures exerted upon a specimen by an adjacent bubble
collapse. Some excellent measurements of this last type have been reported(57’58’ef

but additional information would be desirable.

ii) The effect of fluid properties, flow field parameters, and wall
(discussed later)

effects  including deflection under bubble collapse loading on bubble
kinetics. It would be very desirable to know the effects of pressure and
velocity gradients, boundary layer parameters, etc. on the very complex chain
of events apparently necessary to produce a damaging bubble cocllapse. If
more detailed information of this type could be achieved, it might become
possible to modify the design of fluid-handling machines in such a way
that cavitation damage would be largely avoided or reduced. Along this same
line, it might eventually become possible to measure the size
and number distribution of the gas nuclei upstream of a cavitating regionm,
and knowing the flow patterns approaching the region, predict the cavitation
bubble distribution within the region. If the damage mechanisms were under-
stood to the extent necessary to predict the required size, location, and
orientation of damaging bubbles, it would then be possible to predict the
rate of damage to be incurred from a given flow situation

If this were possible, it might then be only a small additional step to

modify the flow path design in such a way that damage would be grossly
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reduced or avoided entirely. A few studies have appeared attempting to

predict the trajectory and distribution of bubbles from an initial dis-
(59,60, eg).
tribution and given flow regime.

3. SEMI-EMPIRICAL RESULTS OF UTILITY TO DESIGN ENGINEERS
been -

Various groups of information havgﬁccrueﬁ.through the many years of cavita-

tion experimentation which can be summarized in a form useful to the design

engineer. Some of these are discussed below.
a. Basic Information

1) Effects of Flow Velocity and Pressure. In many flowing devices such as

(25)
rotating discs, jet impact devices (which have been used to study "cavitation",

since it was observed that damage produced by such impact and true cavitation
damage were very similar), tunnel devices using separated flow past a pin such as

(61,e.8.)

that pioneered by Shalnev , or flow over an ogive as used by Knapp(6’?6)

it has been observed that damage rates are proportional to a relatively high power
of the velocity. . The 6th power was suggested by Knapp(363 and this seems fairly
representative for the damage obtained with these types of devices. Later tests
have shown that the exponent varies with many factors such as accumulated
damage(33’3ﬁ) It appears that no geheral rule is possible, since there is an inter
relation involved between velocity and pressure in the collapse region that depend
upon the actual flow regime. It seems clear theoretically that pressure is actual
the primary variable. If pressure in the collapse region increases rapidly with
velocity so that collapse intensity is strongly increased, thén damage rates shoul
be very sensitive to flow velocity. On the other hand, if the pressure in the
collapse region is not affected by velocity, as in a conventional venturi, then

damage may not increase strongly with velocity. Such a condition was observed

(34
in our own laboratory .) Nevertheless, from the designer's viewpoint it must
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be recognized that damage rates may increase very rapidly with velocity, so
that a small increase in velocity may convert an otherwise non-damaging, but never-
theless cavitating flow, into one of substantial damaging capability. In cases
where there is little or no cavitation, a very small increase in velocity may
cause a cavitation field to form, with subsequent significant damage. In such
a case, the "velocity exponent™ could be very large. Although cavitation
damage is primarily pressure dependent, it is the velocity fields which are

directly under the control of the designer.

2) Effects of Gas Content in the Fluid. There appear to be two opposing
effects. If total gas content is increased it is likely that entrained gas,
generally thought to be most important (as compared to dissolved gas) for bubble nuclea-
tion, will also increase. In this case there should be more cavitation bubbles
produced for the same pressure, temperature, and velocity, i.e., "cavitation
number™, conditions. Thus damage should increase. On the other hand, if the
cavitation bubbles actually contain a higher quantity of non-condensible gas, the
bubble collapses are restrained and reversed at a larger radius than otherwise, so
that the resultant pressure waves in the liquid are reduced in amplitude. The
analogous effect on the microjet collapse mechanism is less clear, and intuitively
appears to be less important. Still, for either mechanism damage would be reduced.
The interplay of these opposing trends is uncertain in the general case, but
experience appears to indicate that large quantities of injected gas do indeed

substantially reduce cavitation damage. These trends are discussed in further detail
in ref. 62, and also elsewhere of this book.

- \
3) Effect of Cavitation Number. The effect of cavitation number (& = 2'?(%,_‘”—’)— /‘
«©

upon cavitation damage rates is similar to that of gas content in that much the

same opposing trends are evident. If cavitation number is increased for a given
flow situation (e.g. by raising the pressure and maintaining constant velocity),

the number and mean diameter of bubbles will be decreased> but their collapsing
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pressure differential increased. Thus collapse violence will be increased,
although the number of bubbles will be reduced. Hence, it is conceivable

that a slight raise in the cavitation number, if accomplished by raising

pressure at constant velocity, could cause an increase in damage, ‘This has
various (63-66) ’
in fact been reported for A vibratory test facilitiesg It is of course clear

that a sufficiently large pressure increase will cause a reduction in damage,
since cavitation will cease entinely if the préssure is raised sufficiently.

If cavitation number is increased in a given situation by reducing velocity
and maintaining constant pressure, the general evidence related to a velocity

effect, already discussed, indicates that the damage will probably be decreased.

4) Effect of Fluid Temperature at Constant Cavitation Number. If fluid
temperature is raised at constant cavitation number, the density of vapor within
the bubbles is increased. Due to thermal restraints bubble growth and collapse
are inhibited. ThuE/gegn diameter of bubbles may be reduced, tending to reduce
cavitation damage. Due to the thermal restraints upon collapse velocities,damage

is also reduced. The overall mechanism, described as the "thermodynamic
effect",(67’68) involves a thermal restraint upon bubble collapse and growth
due to a potential alteration of the vapor temperature in the bubble. This will
become actual,and affect the pressure in the bubble, if heat transfer in the vicin
of the bubble is not adequate to transfer quickly endugh the latent heat componen
involved in either bubble growthor collapse. The resultant vapor pressure chang
within the bubble is in such a direction as to inhibit either growth or collapse.
The effect of increased fluid temperature in reducing cavitation damage has

been adequately demonstrated in vibratory cavitation damage tests ¢63-66, 68,69,
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where it is shown that damage decreases rapidly for temperatures larger than
the approximate average of melting and freezing temperatures for the liquid.
Figure (18-a) demonstrates the effect from tests in our laboratory, though
somewhat similar data was also reported earlier (71) The
decrease of damage rate at temperatures approaching the boiling temperature in
such a test is of course also partially a result of the decrease of collapsing

\though the same effect is observed when static NPSH is maintained constant (43-66,68,69,
pressure differential as the fluid vapor pressure is increased appreciably;)\(Fig.lg_%%).

11 cases the decrease in damage rate becomes significant at temperatures below those
for which the increase in vapor pressure seems significant.

A study in this laboratory of this effect using a variety of fluids
including water and high temperature liquid metals, but conducted at constant
pressure with a vibratory cavitation damage device, showed that damage was not
affected by thermal restraints as long as a modified "thermodynamic parameter™
was in a range typical of low vapor pressure fluids, but that damage became very
strongly reduced when this same parameter reached values typical of fluids such as

hot water (70), The correlation presented in that paper is not entirely

satisfactory, and somewhat more complex relations have since been presented bv
by Bonnin ( 69, eg) using two 'thermodynamic parameters.'
5) Material Property Effects. Cavitation damage rates are of course very

a) General
strongly affected by material properties, but no generally applicable relations

appear to exist. The subject is extremely complex and cannot be treated in
t ,although more detailed information is given in othetr section

adequate detail herej While any body of damage data on various materials can be
q g

adequately fitted by a sufficiently complex expression combining various material
properties, there is little likelihood that such an expression will fit new data
unless it is based on adequate physical reasoning. In addition such complicated
empirical expressions are likely to be too complex for general utility. On the

other hand, relatively simple expressions do not adequately fit the data, unless a
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factor

probable error on the order of X3 is considered satisfactorg; This general
N (70,73» ) and elsewhere ( 48-50,eg).,

problem has been explored recently here Lgsing very comprehensive

setsof data generated both in vibratory and venturi facilities. As a
result of these studies and others, it appears

that the statistically best overall correlation with a
single mechanical property for metals is obtained in terms of "ultimate resilence™
= (Tensile strength)z/Elastic Modulus, as oriﬁ?nally suggested by HobbsQﬂiz or

 with other relatively similar combinations of these terms.,
Ultimate resilence is the energy per unit volume necessary to cause failure if the failur

A

were of the brittle type, so that ductility apprently does not play a very effective

Since the earliest days of cavitation damage investigations, it has been the
practice to use hardness as a simple indicator of probable cavitation resistance

for a material. For brittle material%,particularly, hardness still Seemsberhaps th

most suitable
‘ijndex. Furthermore, it appears to be relatively generally a licable within groups
PP y g pPp p

of materials of the same general type. It is further recommended by the fact that

it is comparatively easyto measure for a given material. It is probably still
the most widely used parameter for this purpose, and,as a result of the relatively
complex statistical studies mentioned above, its predicting value is not sub-

. other
stantially worse than that of anygmechanical property parameter. The questions arc

further discussed in Section C of  this chapter,
b. Complicating Factors

Further complications in the attempt to predict>caVitation damage resistance

of anew material in terms of easily measurable mechanical properties exist as a

result of the following facts. even if the effect of corrosive influences are comp
neglected.
i) Cavitation damage is created by a very transient impulsive loading

while the standard mechanical properties are measured under semi-static condi
tions. Time dependence of mechanical properties differs significantly betwee:
materials.

ii) The response of a given material to pressure waves or liquid impact
involves some coupling between fluid and material properties. A suitable
coupling parameter is presently not known and perhaps must await the develop-

ment of a more precise understanding of the cavitation damage mechanisms.
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1ii) The material to be damaged in most operating machines is under
substantial stress in its normal mode of operation. The cavitation-induced
stresses are thus superimposed on the already existing stresses, so that
the resultant stress regime depends upon its initial state of stress. Thus
damage rates in operating components may not be entirely predictable from
tests on unstressed specimens. Some initial work on this problem has been

done by this laboratory(xs’77')and also by Shalnev.(78)

In addition to the above, and perhaps even more im;ortant, are ;he
possible effects of corrosion on the otherwise mechanical damage problem.
It is primarily this effect which often renders laboratory cavitation
damage tests inapplicable to prototype field conditions, since scaling of
the correct "mix" of mechanical and corrosive effects in accelerated
laboratory tests is almost impossible to achieve. The problem of pre-
diction of erosion resistence from laboratory tests will be discussed

in mcre detail in another section of the book.

c; Useful Additional Research. It is clear from the foregoing discussion

that there are many avenues for additional research which would be useful in
assisting the equipment designer. However, it is difficult to list a limited
number of especially desirable studies as was done in the case of basic research,
since the results to be expected from applied research of the type involved here
are generally highly specialized to the actual geometry, etc. which was used.
While the gap between the basic understanding of the cavitation damage process
remdins as large as it is at present, so that the practicality of predicting

engineering results from basic principles remains small, it is clear that

many applied investigations will continue to be necessary
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C. MATERIAL PARAMETER EFFECTS
1. INTRODUCTION

Over the past half century very much experimental data upon cavitation
and liquid droplet impingement erosion rates for numerous materials and
with various liquids over a range of temperatures and pressures has been
accumulated. This is reported in articles toc numerous to list here, but

summarized up to the mid-sixties in the previous book, Cavitation ().

However, in general it had not been possible over this. 7'-'_' . extended

period to provide good and usable correlations between measurable material
and/or fluid properties and measured erosion rates. It has also not been
possible to predict with reasonable engineering precision erosion rates
in field devices from laboratory tests. While this is still gene;:ally

the case, some meaningful progress has been made, and this will be reported

‘ . pertinen
in the present section. A- °~ . portlon of theﬁfesearcﬁ

""-was done in this laboratory ‘62'5 7 -
_One of the major objectives of much past and present erosion
research, either cavitation or impingemrer}lufftbe to establish a

mathematical model with fluid-flow and material parameters as

input data which would allow the engineering prediction of erosion

rates for given, as yet untested, materials. A precise model of
this sort has so fa}zl‘z‘gfgcferd investigators. This appears to be inevitable

in view of the highly complex and varied natures of the erosion
processes, even though produced by droplet impingement or
cavitation, for example, alone. Nevertheless, it is desirable, using
a large and diverse group of data, to attempt to determine optimum
correlation relationships, and also to determine roughly what degree
of precision can be expected from correlation models using easily

measured standard engineering parameters as input data. A
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fairly complex sets of data, including both impingement and cavitation results
has been used for the study here reported. This combination of data

seems reasonable due to the presuﬁéd basic similarity of the erosion phenomena

in impingement and cavitation, as discussed elsewhere in this book. The

model chosen for further investigation hag been made dimensionally-consistent

and as simple as possible, in hopes of obtaining maximum generality and

applicability. This objective is also enhanced by the use of a diverse data

set including items generated in different impact and cavitation-type tests.

2. MATHEMATICAL MODEL

The relatively poor fit achieved so far in correlating measured erosion
data with material properties indicates the desirability of a predicting model
based closely on the details of the physical processes involved. However,
such a desirable resolution has . not yet been attained.

A model similar to that suggested by Hoff et al(79), relating the rate
of erosion (MDPR = mean depth of penetration rate) to the kinetic energy
impacting the target, the efficiency of energy transfer between drop and
target (), and a material parameter (E) with dimensions of energy per unit

has been used.

target material volume) Krhe resulting equation relates MDPR to the impinging

kinetic energy and the energy necessary to remove material:

A
MOPR = M,y f effy o3 ——- (c-1)
€ Ae 2

This equation attempts to compartmentalize and rationalize the effects involved.
It also shows the real complexity of the phenomenon and the extreme difficulty
of a reasonably rational analysis. The evaluation of the material parameter &
in terms of mechanical material properties, as well as of the effect of the
energy transfer efficiency term g/ which depends upon material and fluid

parameters are areas in which some progress may be possible.
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Incidentally, for implementation of Eq.(c-1)it is necessary to use

only data wherein the total MDPR vs. exposure curve is availab]:e so that

only comparable portions of this curve will be compared, . * i1t is by
; " perhaps first but now well recognized
now well recognized, as / emphasized by Thiruvengadam (80) eg) that

damage is not linear with time. For the present purpose, data from various
types of facilities, both impact and cavitation , have been compiled
together and used to evaluate and generate 'best fit" erosion predicting

equations.

The best hope of achieving a relationship of the generality

necessary to allow possible applicability over a broad range of
materials, requires a relation which is directly

related to a physical model of the erosion process, is
dimensionally consistent, and is as simple as possiBie. While
it will be possible often to achieve a better fit for a given data set
with more complex mathematical expressions, its utility in
fitting other data sets has alway§ been poor. Following
this line of reasoning, P : the basic energy

flux model su%gisﬁeﬁd._by Hoff et al. !79) may be useful. This assumes simply
that the product of the rate of volume loss per unit exposed

area (MDPR) times the exposed area (Ae) is proportional to the
product of the impacting kinetic energy per unii projected area

times the projected area. The constant of proportionality is the
quotient of the efficiency of energy transfer between impacting

drop and material damage processes (117) and a material parameter

(€) describing the energy per unit material volume absorbed in

the material in such a way as to cause damage. This relation. is

——— et e ey e ey ————

expressed byh_ggl_C—l '

——— e e e e g——_ . _ .. e e e e ot e
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The efficiency,/n of energy transfer is

influenced by several factors, and may perhva";‘)‘s b‘e«amconsidered as

a product of several separate terms reflecting each of these

mechanisms. Considering the details of the jet impact process (assumed

BRRIAERTS HolfihagRy atdon smdedEsRlotuima)

fl-.?‘?‘ﬂd be a function of (a) material and liquid properties

perhaps as reflected by the acoustic impedance ratio (8z,ez.)

(b) geometrical factors involved in the collision, i.e., shape

of impacting drop, angle of impact, surface réughness, etc.,

and (c) velocity of impact which will affect the pressure applied

to the surface and hence the degree of surface deformation

and the departure from the concept of an elastic material.

Since material and liquid properties involve no other

parameters of the collision, we have lumped their consideration

into that of the energy parameter &, assuming as a first_ _ __ .

approximation that this portion of the efficiency term may be
comprehensive ™~ T

some function of the acoustic impedance ratio. No#attempt has

yet been made to evaluate the remaining portions of ﬂ); but some dis-

cussion of possibilities will be presented later.

3. _Evaluation of Energy Parameter, 5

a. General Rema rks

From the foregoing, it is desired to find a material mechamnical property
with units of e..ergy per unit volume having the characteristic

that for a given test (impingement or cavitation) with fixed test



parameters (velocity, fluid conditions, geometry, etc.), the
as

product of MDPR x & will be4near1y constant as possible

over a broad range of test materials. The material property

must appear only to the first power. Thus a polynomial expression

L suffice
for theenergy term will not /- ,5ince this would destroy the
Also
dimensional consistency of eq. (1). - -t’:o be of use in a predicting

equation, the energy term must be measurable in a simple
mechanical test, Hopefully it will already be available in the literatu
for most standard materials.ﬁ Among the parameters meeting

these conditions are those energy terms which can be computed from
the standard stress-strain curve. Our own previous work (83,e.g.),
primarily that of Hobbs n(84, and Ra%t\'al{7?gll, incidently for
cavitation tests) and Heymann (74,85) for a combined data set

suggest that the best single parameter correlation is to be

found with''ultimate resilience = T.S.Z/ 2E, i.e. the area under the
elastic portion of a stress-strain curve if elastic’ strain were
continued up to the full tensile strength (T.S.). Thiruvengadem

(80, e.g.), on the other hand, has reported that the best fit is

in terms of strain energy (area under the complete stress-strain

arameter

curve of a material). This latter,can be evaluated either as the

""engineering strain energy'' (SE), i.e., area under the conventional
stress-strain curve where tensile strength is computed from the
observed breaking-load without consideration of reduced
area) or ''true strain energy' (TSE) where actual breakihg stress
is used. Approximations of both have been used for the present purpose.

. - g}R). . . .
For ultimate resilience, ;for simplicity
has
the observed breaking load onlyA been used, since for many

materials, reduction of area data is not available. Also,
our previous work  (33) indicated this to be
preferable.

*E = Elastic (Young's) Modulus
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can be considered ]
Another parameter which/\approximately energy per unit
volume, and which is easily available for most materials, is hardness. This
also has been considered (Table 3) as a possible correlatingparameter in the
form of Brinell hardness, but is difficult to use in a ''rational' damage equatio

b. Selection of Data for E/valuation

For maximum applicability and generality
as broad a group of data as possible has been used for evaluation of the
"material coefficient" of , E/Y) from Eq. (c-1),

including some from
cavitation tests, and some from impingement tests. It was also
necessary that accurate stress-— ‘ -
strain curves for the materials used be available. Also
the damage data must be such N that the entire MDR"»

vs. time curve be available so that a comparable portion of this
(83,egD
: € used in all cases. Consistent with our own
curve could A as well as following fairly
previous practice ~and that of Hobbs(gs ) /we have used

maximum MDPR as the characteristic value for the material.
The largest single portion of the present data set is that

generated by our own vibratory cavitation facility ir water following

the E)(resent ASTM standard conditions (gg), i.e., 24°(C,
mil double amplitude Other

data has been incorporated into the analysis only when tests

were available for at least one common material, preferably from
_ specimens ; .
identical rnaterlal}\ from same bar stock, if at all possible .

A ratio between maximum MDPR for the common
material in the differing tests or facilities was established, and
the additional materials tested in the other facility (or test condition)

own -
normalized to the common material in ours vibratory facility.

Thus values of tnese comparative amplitude constants are relevant to our

(89¢9g ) ALepoi sanpsooiad pojdope AyTwiousld £

articular vibratory facility. In this manner,it is possible to incorporate data
from various types of tests, since the efficiency factors involving
test geometry and velocity are thus removed from consideration,
Data from the following sources , in addition to our own

mbratory cav1taulo*1 datahave been used:

- . . .. - e gy ——— P e = ==
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Impact tests by King of RAE (g7) in Dornier rotating
arm facility

y, -
Impact tests by Electricite de France (55,88) on rotating
wheel

Venturi tests by Rao et al (75)

Vibratory cavitation tests in our laboratory (77) using
stationary specimen arrangement in close proximity o
to vibrating horn (same unit also used in standard

set-up). ~

The materials and their mechanical properties are listed in

Table 3.

¢c. Best Fit Results Attained

Predominant Mechanical Property

Previous work here and elsewhere led to the
conclusion that the most likely form for an° energy parameter &
would be a combination of ultimate resilience and strain energy

so arranged that the resultant term would have the units of energy/

volume. To attain reasonable flexibility within this limitation,
gt
the following relation was assumed:
e a b
(UR UR ———— . -
€ = C, (F5g) UR + C,(Z5aSE e (S

et e - —
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where -Cl' CZ, a, and b are constants to be computed by a

least square fit regression analysis of the data. Investigation of
this relation showed that the best values for a and b were close to
zero, so that the simpler relation of eq{C-2) was indicated. An
additive constant, Co, was used since this improved the data fit,
The physical interpretation of Co is that. of a threshold energy
necessary to cause measurable damage, i.e., a concept

analogous to that of threshold velocity,

€ = <, +CIUR+CZSE----‘--‘----_-(0_3)

Using the least mean square fit analysis with eq. (c-3) or

the following special case versions of it

E =c¢C + CUR - . - . . _(a)
€ =C % CIISE - - - - - _(b)
€ =°C_ #CTSE - - - - . (¢ -..._. - (C-4)
s =C $c1UR+CSE--“(d)
g_:%lUR-----Z----(e)

it was found that the best correlation coefficient and the smallest

percent standard error of estimate resulted from eq. (4 -4d),

although

(4-a) was in all cases nearly‘ as good,

indicating that ultimate resilience was the material parameter

of major importance. This was further verified by the dominance

of the second term over the third in eq. (4-d). The statistics of the
correlation with either eq. (4-b) or {4-c) were relatively very
poor with TSE, worse thaxfic::S.E. Hence SE is used in eq. (4 -4),

This data is summarized in Tables 4 and 7. While the
correlation with eq. (4-d) is better than that with (4-a), it is

only slightly so. Hence for simplicity it is

permissible to use eq. (4.a) in preference to (4-d),
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so that the only mechanical

property involved in the correlation becomes ultimate resilience.

Since the best wvalue of Coin eq. (4-a) is relatively very small,

@L,-ei where this threshold

it isjustified to use
energy term is neglected.

The standard error of estimate(72) was computed in

e e A e e s e

— ——— e ——

such a way that it is. always approximately propbrtional -

e n o — e - g e o e e

to give equal  weight to both weak and strong materials

in the correlation, and allow the reasonably accurate prediction of

MDPR for materials of low a

————— ek

\
————

2) Determination of Efficiency Factor, 4

It seems reasonable that
one factor of an overall energy-transfer efficiency term in the
basic eq. (C-1l)i.e. /)769 , may be represented to a first
approximation as a function of the acoustic impedance ratio (AI)

between liquid and material (Al = PLCT/PSCS )

The "water-hammer equation', discussed in detail in another sectior

this book, is usually assumed for matarials of finite elasticity to give
reasonable approximation of the pressure applied to the material surface
under droplet impact (77 . e.g.). Examination of this equation indicates
the importance of AI in determining this pressure, and in fact snecests

form
a functional /N of AI, f(AI), which might be tried.

-

<
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Ap = PLCV

Al + 1 N (o)

so f(AI) = AI + 1

f(AI) is taken as a direct factor in the relation describing
the pressure generated at the point of impact. Since pressure has
units of energy per volume, its use here is
dimensionally consistent with the general model assumed.
Another possible form of f(AI) is the 'transmission coefficient”
giving the ratio of absorbad to reflected energy for the case of
a shock wave impinging upon a solid surface in'a continuous

medium (which is not identical to the present case).

2
Then f(Al) = ar+y L

4 AI (€-6)

The best fit correlations have been investigated for both

forms. It was assumed _that:
n N T
/?&= f(Al)", where n= -1,-2,-3 - - - - - (C-]
Table 5 summarizes the results. It appears that there is no

substantial improvement in the correlation to be attained by the use of
f(AI) in any of these forms. This is “surprising in the light of
Heymann's result (74,85) that the fit with UR was improved by using
UR x E, since EZ = SDE = ?Zcz for the metals used. As also
suggested by Heymann (74) it seems necessary that A7,

differ substantially between materials, since the ratio between
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of
the extremes/ material erosion resistance is orders of magnitude

greater than that between the corresponding material energy'@;
Nevertheless, in light of the present results "7&. must be

assumed unity, and omitted from subsequent relations. Further disc
of effieigey factore, 19 wevided dp pegion

i. Polynomial Energy Parameter Fit

The postulated basic Eq.(c-1_ requires a first

power energy term for dimensional consistency. In order to

-

verify that the assumption of such a linear relationship with
energy is reasonable, polynomial data fits of the type

LT

& =C + C(UR) +C(UR)Z+C (UR)
o 1 2 3

were investigated. (Table 6 While there was some improvement over th

linear fit in "correlation coefficient", the '"standard error of estimat

becomes worse. Thus it appears that the linear relationship, being

physically reasonable, is most suited for the present purpose,

where the maintenance of dimensional consistency is important.

2
ii. Fit with UR x E

Heymann's study (,74,85) showed some improvement by usir

UR x E2 rather than UR x E. However, the statistical fit for either of the
terms according to the present data set is not as good as that with UR alor

and of course is dimensionally inconsistent with the assumed model (Table 6

4) Recommended Relations

The following relations seem most useful (in "English

engineering units') for common metals and alloys.
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& = Co + CIUR - - = = = = = - = = = =({-9-a)
E = C1 UR - - - - - - - - == =" "(P:.:P)rp
(9.a) " (9-b)
where Co = 0.463 - -
C1= 1. 999 2.330
Coefficient of Correlation = 0.808 0. 808
Standard Error of Estimate = 1. 981 2.007

(multiplicative factor)
Since the improvement due to the inclusion of the threshold energy C

is small, the simplest form (9-b) is perhéps most useful.

- +& :
Tables 7 listg the full data set used along with measured

and predicted values of E (which is equivalent to MDPR for

data normalized in the fashion here used), according to Eq. _0-9.‘

The predicte& and measured
values are tabulated for both eq. ( 9-a) and ( 9-b) along with
the deviations for each material. Fig.I19, presents the same
information graphically for the recommended egq. §9;b) where the

"triangular' standard error of estimate band is shown. Table 6

summarizes statistically various best fit equations mcludmg those which

are non-linear (2).

Figure3@Qshows information very similar to Fig. 19 from a different
but also very comprehensive data set, provided by Heymann (19) in a
discussion to our earlier paper (2). Heymann plotted his and our data
together (Fig.20) and the very close agreement between these two correla-
tions based upon independent, but large, data sets is heartening.
Heymann's analysis leading to Fig.20 is further discussed in his article

(20) at the same ASTM symposium.

The amplitude constants apply to the UM vibratory facility
only. Constants for other facilities are found by multiplying
[~]

the given constants by the ratio between maximum damage rates in the

other facility and the UM facility.
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4. Interplay of Corrosion and Mechanical Effects

a. General
All the previous discussion, as well as the

mathematical model proposed, has considered only the mechanical
aspects of cavitation erosion of materials, i.e., possible cor-
rosive effects have not been considered. However, it is obviou
that with certain ligquid-material combinations corrosive effect
will also be significant, and of course corrosion-induced erosi
is a major topic in its own right. Corrosion per sé is not
within the scope of this book; it is treated in detail in vario
other works. However, there are many important applications
which include cavitation effects but also substantial corrosive
attack. The most obvious case may be marine propellors fabrica
of corrodible materials, or other machines operated in sea wate
Other cases are hydraulic turbines in some cases even in fresh
water, machines operating with other corrosive liquids, and
numerous other similar applications. An important case,
usually involving only very mild cavitation combined with stron
corrosive effects, are diesel engine coolant "liners". In this
case the cavitation is apparently of vibratory, rather than
flow origin.

b. Mechanism and Results of Combined Cavitation-—-Corrosic
Erosion

Numerous experimental observations clearly indicate
that the combined erosion due to a combination of cavitation
and corrosive effects is often very much greater than the sum-

mation which would be obtained if the two effects were to act
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singly. This multiplied combined effect is usually attributed
to the following interactive mechanisms.

i) Mechanical cavitation removes the protective layer
which normally inhibits rapid corrosion with most materials,
thus continually exposing fresh metal for renewed corrosive
attack.

ii) Corrosion roughens the surface causing increased local
cavitation, beyond that which would be incurred in the absence

of such surface roughening.

These interactive mechanisms often result in a much greater
overall attack than would result from their separate application.

c. Cathodic, Anodic and Other Effects

1) Cathodic and Anodic Voltages

"Cathodic protection", i.e., application of a negative
electric potential, to a material under corrpsive attack in water,
particularly sea-water, has been used for many years to reduce
or prevent ordinary corrosive attack. Experiments have also
been made to evaluate the effect of cathodic protection upon
cavitation damage (89, 90, eg.). It has been found that cavita-
tion damage is thus reduced for various metallic materials (8%, eg).
However, it was later stated (90, eg.) that this was primarily
a result of electrolytic gas evolution at the eroded surface,
which then "cushioned" cavitation bubble collapse, rather than
of the expected inhibition of the corrosive component of the
overall attack. Presumably either of these mechanisms is over-
simplified in general; both,as well as perhaps other presently

unknown mechanisms, are involved in many real applications.
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Recent experiments have also been made to include the
effects of both positive and negatiye voltages applied to
cavitated metallic specimens (91, 92, eg). Generally it seems
to be indicated that for vibratory horn cavitation damage
tests there is a continuous progression toward increased
damage as the applied voltage is increased from strongly
negative, through zero, into the positive range. Much greater
damage rates are observed for positive (vs. zero) voltage.
This observation does not appear consistent with the concept
of reduced damage due to "gas cushioning” (90), since approxi-
mately similar rates of gas evolution are observed at either
positive or negative applied voltages. It thus appears at this
time that the effects of applied voltages are not well under-
stood, and that additional careful research is required.

2) Gas Effects

As discussed in the foregoing, "gas cushioning”
has been proposed in the case of "cathodic protection” as a
possible mechanism for reduced cavitation damage. This mechanis
also presumably explains the reduction of damage observed for

more
large gas contents with various liguids as discussed in detail

A
in Section V~D. Also air injection is used in some field appli-
cations for the purposeful reduction of cavitation damage. How-
ever, in some cases there may be a partially countering effect
due to the increase in corrosion which would be expected with

higher oxygen content. Again this is a region in which very

little quantitative information exists at this point.
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3) Stress Corrosion

The phenomenon of "stress corrosion" represents an
obvious interplay between applied mechanical stress and corrosion.
In those cases where liquid-handling components encounter "stress
corrosion", there is also a possible interplay between cavitation
and corrosion effects, if cavitation is in fact present. Again
this appears to be a field wherein very little gquantitative
information is availabie.

4) Cavitating Slurries

Cavitating slurries involve erosion which may
result from both corrosive and particle impact effects, in
addition to ordinary cavitation mechanical attack. While
some field experience shows that very high rates of erosion
may result from cavitating slurries, there is virtually no

qualitative information available at this point.
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5. SUMMARIZATION

The most likely form for an equation
relating material, liquid, and test parameters with cavitation or
impingement erosion rates with good hope for general applicability,
is one which is based on a simple physical model with dimensional
consistency. For the evaluation of impingement erosion rates,
consistent with the previous suggestion of Hoff, et al (6) the

equation
3

Vv
MDPR = (Mimay(Pp apetr V) - - - oo
& A 2

has been chosen

A statistical evaluation of & , which must have units

of energy per volurne, has shown the best fit w1th a cornprehenswe

data set ﬁ generated in various laboratories with various types of test
devices and various test materials, including both impingement and cavit

tion data in the form

1 .
PR ¢ £ = C UR e L

(terms previously defined)

Neither higher power terms in U%nor terms in SEAimproved the
statistics of the fit substantially, and the fit in terms only of

SE was relatively very poor. It is thus concluded that for

the large group of metals here used the best linear energy per
volume mechanical property correlation for volume loss rate under
droplet impingement or cavitation attack is the expression

eq.C-9-b) in ultimate resilience alone.
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Traditionally hardness has been used as the indicator of cavitation
or impingement liquid erosion resistence. This parameter at least has the
merit of extremely easy laboratory determination, where values are not
already available. In terms of a predicting equation)BHN (Brinell hardness)
requires an exponent of A 1.8 (Table 6) as opposed to ultimate resilience
where the best exponent is essentially unity (Eq. 9-6). Another very useful

predicting equation is then:

1 _ 1.8 -
moﬁrf =C (BHN)""° = - (C-10)

_ The statistical fit of Eq. C-10 is not quite as good as that of
Eq.C-9-b), but it is not very much worse (Table 6), and BHN is much more

easily determinable than is UR, in most cases.

For these, or any correlating'equations, there are certain materials
(Stellite, eg) which lie very far from the predicting line. 1In any case,
a standard error of the order of X 3 must be expected. Since there is a range
of A x 104 between the resistences of weak materials such as soft aluminum
and strong ones as Stellite 6-B (eg), this apparently large standard error

may not be too surprising.

Liquid impact erosion in particular is discussed in further detail

in Chapter VI of this book.
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D. Cavitation Damage Scale Effects

1. Introduction

A review of the state-of-the art for cavitation damage "scale

here Nucleation scale effects were discussed in Chap. III.

effects" 1spmade. ‘The most prominent such damage scale effects (for
constant sigma) occur with variation of velocity, pressure, or size,
but no precise prediction of the magnitude of these effects is as yet
possible.

A relatively comprehensive bibliography of pertinent literatureis

this

included, butjis by no means complete.

"Cavitation damage scale effects" are here taken to include all
those phenomena which result in a change in cavitation damage rates in
a given flow regime occurring as a result of changes in operating condi-
tions such as velocity, pressure, machine size, fluid and fluid condition
(temperature e.g.), all at constant sigma, with geometric and nominal
similarity maintained. In most cases the operative mechanisms, and the
fact that such changes in damage rates exist at constant sigma, are fairly
clear. Howéver, it is in general not possible in the present state of
the art, to estimate the changes to be expected other than empirically.
In most cases, reliable empirical information is also not available,

cases

although in manx‘it is at least possible to know the dirasction of the
trends to be expected. Hopefully within the next decade or two, these
matters will be substantially clarified as a result of continuing research.
For the present purposes, it 1s best to divide the overall subject into
several portions according to the type of effect to be considered, although
in many applications several of the mechanisms operate simultaneously.
The various separate effects will be considered in the following sectioms.

The operative mechanisms will be described as they are presently understood

and important literature sources will be cited. More detail on this
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subject is found in the survey report (93) prepared by Working
*
Group No. 1 of Hydraulic Machinery Section of IAHR, and a subsequent

summary article (94).

2. Velocity and Pressure Effects

The most prominent and well-known cavitation damage scale
effects are probably those due to variations of velocity or suppréssion
pressure. Assuming, however, that "scale effects" presuppose the
maintenance of constant sigma, it is obvious that velocity and suppression
pressure cannot be varied arbitrarily and independentlg,
if sigma is to be maintained constant. It is also obvious that tests
at varying pressure and/or velocity, but with varying sigma, will result
in large changes in cavitation damage rates. However, these are not
"scale effects".

a. Pseudo-scale effects

Considering cavitation damage tests wherein suppression
pressure is varied but velocity held constant, sigma
varies as determined by the variation of suppression pressure. In such
cases it is obvious that as suppression pressure (and sigma) is reduced
from a very high value at which cavitation is completely suppressed,
cavitation damage rate will increase from zero toward a maximum. As
suppression pressure is further reduced, experience and theory show that
damage rate will decrease again toward zero. This general behavior is
clearly indicated in tests using a vibratory type facility (95-99,e.g.) and
in flowing tests such as in venturi-type devices (11,100-104,eg .However,
these results are not, strictly speaking, damage ''scale'" effects, since

sigma is varied.

*International Association for Hydraulic Research
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Other related tests in which the effect of velocity variation
has been examined at constant suppression pressure are those using
liquid jet or droplet impact devices. While these aré not basically
cavitation tests (though local cavitation may be involved), it has been
assumed for many years, and demonstrated experimentally to some extent,
that cavitation and liquid impact erosion are very similar phenomena,
perhaps governed by the same parameters. .In these tests, damage exponents
vary over the range A5 to ~10 (1C5-108e.g.). The same is approximately
true for cavitation tests using rotating disc devices in which the
nominal pressure is held constant, but the velocity varied (24,25,109,e.g-)-
This, and other somewhat anomalous resﬁlts, may be due to the highly comple:
tﬁree-dimensional nature of these flows.
3. "True'" Damage Scale Effects

True damage scale effects are those encountered at constant sigma
with variation in velocity (or pressure), while the other parameter is also
varied in such a way as to maintain constant sigma. Under these conditionms.
to a first approximation, i.e., neglecting ordinary "scale effects", if
the size is also constant, the number and size of bubbles in the collapse
region should be very approximately constant, as should the flow regime
in general, although the very non-linear nature of bubble growth and collaps
equations makes even this approximateion hazardous. This is not a good
approximation for cavitating wakes, where periodic cavity shedding is involx
(110,e.g.). Here the number of bubbles and the cavity shedding frequency
may increase with velocity. However, the energy involved in the collapse
of a bubble of a given size would then be directly proportional (to a first
approximation) to suppression pressure, and hence its damage capability

greater for greater suppression pressures. Of course, it cannot be
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assumed as a consequence that damage rate will also be proportional to
suppression pressure. This general situation, using many idealized

assumptions, has been examined by Thiruvengadam (111-114, e.g.)

"True" damage scale effects are then defined as those for which
sigma and flow geometry are constant. As pointed out in the foregoing,
many tests involving the effects of velocity change upon cavitation damage
rates do not meet these conditions, and of course vibratory tests are in-
applicable, since velocity is not an important parameter for such tests.
However, tests reported in the literature of this type will be dis~
cussed in the following.

a. California Institute of Technology (CIT) Tests

In.water tunnel tests at CIT in which velocity was varied, but sigma

now
held constant, Knapp (6,115) deduced the ,well-known velocity-damage "exponent

" and assigned the exponent a value 6. His observations were based on

law
counting pits in a soft aluminum specimen of ogival shape immersed in the
working section of the large water tunnel at C.I.T. No weight losses were
involved, only pit counts. Velocity was varied, but minimum pressure in
the working section remained P, The variation of pitting rate with velocity
on soft aluminum was later confirmed in a test on a water turbine in the
field (6,116). A somewhat similar program involving damage comparisons
between vibratory, rotating disk, and hydraulic turbine with different test
materials has been reported at the Institute of Fluid Flow Machines, Polish
Academy of Science, Gdansk, Poland (117-119).

b. 1Industrial experience

It is generally recognized in the industry that pumps, turbines, pro-

pellers, or other machines designed for an acceptable sigma from the

*Damage o V'. It is sometimes assumed that Damagect:(V—Vo)m, where

o is a "threshold velocity" below which no Substantial damage occurs.
Exponent m is then less than exponent n.
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viewpoint of head drop, loss of efficiency, etc. will be satisfactory
from the viewpoint of cavitation damage, if the velocity is sufficiently
low. Thus, in most cases, sigma is fixed from the viewpoint of fluid-
dynamic performance, and damage will be negligible (or at least acceptable)
if the pressure and velocity are sufficiently low. For fixed sigma, a
low velocity of course implies a low pressure, and vice versa. A case
in point is the comparison between condensate pumps and boiler feed pumps.
It is common practice to design condensate pumps for operation in the
cavitating regime, which has been used sometimes as a method of flow
control. In this type of pump, operating with very little suppression
pressure, the velocities are necessarily low to provide the desired sigma.
On the other hand, for boiler feed pumps (operating after the condensate
and booster pumps in a powerplant system, and thus provided’'with much
higher suppression pressure) a small amount of cavitation can lead quickly
to prohibitive damage. Other similarly related industrial experiences

exist, but do not in general lead to quantitative predicting
relations regarding the damage scale effect. Examples of related industrial
experience are reported from Voith by W. Thuss (120) and from Electricité
de France by H. Giraud (121, e.g.)-
4. Venturi Damage Tests at Constant Sigma

Tests at the University of Michigan in a cylindrical-conical venturi,

wherein damage specimens were inserted through the wall into the region
of bubble collapse, have been conducted recently (11,100e.g.). Figure 21
shows the venturi geometry used. Many series of tests have been performed
at essentially constant sigma, on various materials. However, the geometry
of the cavitating region as viewed through the transparent wall was kept
constant so that sigma actually varied slightly. In general of course there

should be an unambiguous relation between ¢ and cavity length.
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Test fluids were water and mercury. These tests showed that the
"velocity exponent" depended upon the "degree of cavitation", i.e., the
extent of the cavitating region into the venturi diffuser, with the
exponent being greater for more limited extent of the cavity region.

In all cases the exponent was less than had been expected from previous
116)

tests such as those of Knapp {6,115/ It ranged for water fromaas 1.7 to

~4.9 for a cavity length extending into the diffuser up to the position

of the test specimen. In the mercury tests, the increase of damage with

velocity was generally small, and in some cases a decrease was found (1,100-102)

In these particular tests, a reduced cavitation damage exponent for

increased cavity length was generally observed, explainable by the fact

that the pressure in the collapse region for this particular geometry

(Eig. 21) is insensitive to velocity for the cases of well-developed cavita-

tion, since the damage test specimen is then completely immersed within

the cavity region, where the pressure is essentially vapor pressuré at

all velccities.

On the other hand, for a degree of cavitation near initiation, the
pressure in the bubble collapse region increases approximately with the
square of the velocity, thus strongly increasing the collapse "intensity"
for increased velocity. These results emphasize the fact that, in general,
in order to estimate the effect of velocity change on cavitation damage
rates, it is first necessary to estimate the effect of velocity change on
suppression pressure, both in initiation and collapse regioms.

Other recent damage tests in a venturi type geometry (Fig. 22) are
those at the Indian Institute of Science at Bangalore ( 103 While the
velocity was varied over a considerable range, tests at constant sigma

and variable velocity were not made. 1In any case the velocity exponent
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increased from about 6 to 17 as velocity was increased, but then became
negative, i.e., damage decreased with further increase of velocity, with

the exponent eventually reaching a negative value of .74, A

) data

large scatter of velocity exporent is,consistent with the University of
A" XNalsa

Michigan tests described above. Again, it appears that the key lies in
a knowledge of the behavior of the pressure regime and cavity extent in

a particular system.

A summarization‘of éﬁe sigma vs. damage rate effects from the University
of Michigan venturi tests is shown in Fig. 23. Here sigma is based upon the
minimum wall pressure measured for the various flow conditiomns, Figure 24
shows the venturi flow path in which these tests were made, and Fig.25 typical
measured wall pressure profiles from which the sigma values used in Fig. 23
were calculated.

The general shape of the sigma vs. damage rate curve (Fig. 23) is as woul
be expected, i.e., vary/iow or very high sigma produces low damage rate (MDPR
mean depth of penetration rate), whereas an intermediate sigma produces
maximum damage rate. However, the value of the maximum damage sigma and the
detailed shape of the curve depends on other related parameters such as test
liquid and material, velocity, temperature, and details of the flow geometry
(which differs slightly for the two curves shown in Fig. 23). It can thus be
concluded that cavitation sigma is a very important parameter for developing
an overall correlation between externally measurable parameters and damage
rate, but that it is not.alone a sufficient correlating parameter. While it
is perhaps the most logical externally measurable parameter with which to
start in the formulation of damage rate correlations, it must be considered

along with the other related parameters discussed above,
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The reasoning leading to the expected shape of the damage-sigma curve
is simply that for sufficiently high sigma, cavitation is entirely suppressed;
for very low sigma, driving pressure to collapse the bubbles and generate
damage is lacking, i.e., "super-cavitation" develops. The case of saturated
boiling is obviously very similar. Incidentally, the same pressure~damage
relationship is exhibited by the vibratory test, but facility limitations so

far limit this to the low pressure part of the spectrum 122, eg.).

A somewhat similar and related investigation, producing relatively
similar results, is that by Hutton, et al at the University of Southamptorn
in England (123, e.g.).

Aﬁother problem to be considered, aside from prediction of damage
rates, is the prediction of the pressure and velocity conditions which
correspond to the inception of cavitation damage in a given situation.

This approach has been followed by Tullis, et al. (124, e.g.) in a study of
cavitation downstream of sudden enlargements. They present empirical
equations from which the velocity for inception of cavitation damage can

be estimated.

5. Other Parameter Effects
a. Size Effects

The problem of cavitation damage scale effects with change in
machine size (as from model to prototype) at constant sigma (or constant
"degree of cavitation" from the viewpoint of head loss, efficiency loss,
etc.) is highly complex. In the first place, due to ordinary performance
scale effects, constant sigma and constant degree of cavitation are not
synomonous. Neglecting that rather secondary difficulty for the moment,
and assuming that damage scale effects imply constant degree of cavitation

(or cavitating regime), in a given machine, the area to be damaged will be
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proportional to the square of any characteristic dimension. The average
bubble size attained, however, will be greater for increased machine size,
since the time of exposure of the bubble to the same underpressures will

be greater, and hence the energy of bubble collapse will be greatef.

Due to the non—lineérity of the bubble growth and collapse equations, the
total bubble collapse energy (considering all bubbles in the field) will
not in general be directly proportional to size scale, but (intuitively)
will probably increase with an exponent considerably’greater than unity.*

A numerical study of this situation by Canavelig kizs)predicted an increase
of total volume loss on this basis proportional to DS. Hence it appears
that the volume loss exponent with size lies between 2 (based on the simple
area effect) and at least 5. Experimental studies in a venturi by Shal'nev
and various co-workers (110,e.g.) indicates a diameter exponent of 3? and

a velocity exponent of 5. More recent studies by Meier and Grein(126) and
Schielie and Mollenkopf (127) also indicate a D3 and V6 dependence. Malyshev
and Pylaev (1238) confirm the D3 dependence. General experience in the
hydraulic turbine industry appears to be that a diameter exponent of about
3 is realistic. Tests by Thuss at Voith (120) indicate a velocity exponent

of ~v 4.

b. Temperature ("Thermodynamic") Effects

The effect of fluid temperature variation on cavitation damage under
éonditions of constant sigma and similar geometry can reasonably be
included in the family of damage scale effects, although it is perhaps not
usually considered as such. This effect has been explored in most detail
in vibratory horn cavitation damage tests (40,43, 70,71,95-99,122,129). To

first approximation, it has been shown that, for a variety of fluids

*In general, of course, collapse energy is proportional to p.dv ol pD3.
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, -~ 129)
(including liquid metals(70,96,97,122,/ there is a very strong diminutionm

of damage rate as temperature is increased beyond a certain intermediate
value for which the damage rate is 2 maximum. The foregoing assumes no
change in material mechanical propérties due to temperature variation,
i.e., the diminution of damage at increased temperature would be at least
reduced if the material were at .the same time weakened substantially by
the high temperature.

In the vibratory tests there is also a relatively mild decrease of
damage rate as the temperature is reduced beyond the temperature for
ma>»imum damage rate. The reason for this decrease in damage at low temp-
erature is not fully known, but probably involves increased viscosity, and
other changes in the liquid properties with temperature, including gas
solubility. The decrease in damage at high temperature, which is much
more pronounced, is presumably primarily the result of "thermodynamic

_ also in this book.
effects" /explained elsgwhere4 The overall result of these effects is the

confifhed existence of a maximum damage temp;rature for all liquids tested.
This general behavior, common for all fluids so far tested, covers
the temperature range between the freezing and boiling temperatures corres-
ponding to the static pressure under which the test is conducted. The
maximum damage temperature is in general about midway between these limits.
There is no reason to doubt that the same trends exist in flowing situations,
but there are as yet no pertinent precise data. It is thus likely that
cavitation damage is not a serious problem for liquid conditions for which
the "thermodynamic effects" are predominant. This is probably true of water
at temperatures of the order of 300° F(99 Jor sodium at high temperature,
e.g.,4416OO°F(122:12§)and also for cryogenic liquids such as hydrogen or

oxygen, but at much lower temperatures.
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These trends have long been recognized industrially, the name
"thermodynamic effects" (which is really a misnomer) originating probably
from the pioneering paper on this subject by Stahl and Stepanoff (§7)

The primary mechanism involved is the fact that heat transfer from the
vapor in the col;apsing bubble to the surrounding liquid becomes a
limiting mechanism as the temperature 1is increased, because of the rapid
increase of vapor density with temperature. While very high liquid
velocities can be achieved if the collapse is inertia-controlled, this is
not the case for thermally-céntrolled collapses, so that cavitation damage
rates are greatly reduced under these conditions. While there have been

a great many theoretical and experimeﬁtal studies of this problem, parti-
cularly in recent years (0,122,129-134) it is still not possible to predict
"a priori'- the degree of reduction of damage to be expécted from these
effects in a given situation with any fluid.

c. Fluid property effects

Fluid property effects, cther than temperature, may also not normally
be considered as true scale effects, even though they i;volve tests con-
ducted at constant sigma and similar geometry. However, as with tempera-
ture, they are very important, particularly from the viewpoint of damage.

Aside from temperature, probably the most important fluid property,
from the viewpoint of damage, is liquid density. Constant sigma for
fixed velocity implies constant suppression "head"f Thus, to a first
approximation, bubble collapse velocities would also be fixed. The pressur:
then generated by contact between the collapsing bubble wail and the
structure, i.e., the microjet impact or shock wave imposition, would then be
directly proportional to liquid density, if other pertinent properties

(such as velocity of propagation of sound in the liquid, e.g.) remained

*Here defined as energy/mass,i.e, f:t-1bf/lbm in English "engineering units"
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constant. The situation is obviously highly complex, but it seems probable
that fluids with higher density, under constant sigma conditions, will
produce higher pressures upon neighboring structural walls, and thus be
more damaging. However, as yet no directly applicable experimental data
appears to exist.

Another i}uid property which has in the past been discussed in relation
to damage 6135)13 surface tension. While numerical studies show that it is
not likely to affect the collapse process (9) , it can importantly affect
nucleation, and thus the existence of cavitation itself, in a given situation.
If cavitation does in fact exist, however, the number and size of bubbles
in the collapse region will be affected, thus having an important indirect
effect on damage. The foregoing argument leads to the conclusion that high
surface tension will reduce cavitation damage by reducing the number and
size of bubbles. Nd direct evidence is available to our knowledge, since
any experiment in which different values of surface temsion are involved,
alsc involve changes in numerous other related parameters.

Other fluid properties of probably less importance to damage, (except
for extreme variations) are viscosity, sonic velocity, and bulk modulus.
Numerical calculations of bubble collapse (9, ,e.g.) show that even relatively
large viscosities do not have much effect upon collapse velocity. Pre-
sumably increased viscosity can only reduce damage, but no pertinent tests
where only viscosity is varied are available to our knowledge. The same is
true of sonic velocity and bulk modulus, although in both cases reduced
values should in general reduce cavitation.damage.

A final and most important fluid property to be considered is corrosivity.
This is certainly not in the nature of a "scale effect", but it can obviously

strongly affect damage rates under conditions of constant sigma an¢ similar
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geometry. However, its increase certainly leads to increased damage
(except for "completely" non-corrodible materials). In the same category
might be considered the solids content of the liquid, in cases where
this is a factor (as with slurry flows). Little information pp this effect
appears to exist at the moment, although it can be important in certain
solids-transporting pipeline applications (ccal or ore-bearing pipelines).
6. Conclusions

One general conclusion is that damage rate can increase very strongly
with increased velocity, pressure or size, when sigma is maintained constant.
Damage rates are in general more sensitive to these parameters than to any
others. The velocity damage exponent is likely to lie in the range 4-6,
and the diameter exponent in the range 2-4. Considerable further systematic
experimentation is required before these effects can be délineated more
closely. Uncertaiﬁty in erosion scale effects is also due to the lack of
any unive;#ally accepted criteria in the measure of damage parametars.
Damage intensities from only rather identical eroding environments can use-

fully be compared at this time.
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and Possibilities

1. Introaucticrn

One of the- major problems at present concerning ligquid

cavitation and impact erosion is our relative inability to

predict erosion rates, or even the likely existence of important

efbsion, in field devices, from available laboratory tests or theoreti

cal models.

This problem exists for all liquids of interest ranging from cryogenic
to water.tﬁ ligquid metals such as sodium, used:  ~ as coolants for

nuclear fast breeder reactors. Even the relative erosion

resistance of materials measured in the same type of facility,

but with minor differences in operating parameters, are often

not the same even to a useful engineering approximation. 1In

addition, there is no presently known technique for applying

this type of test result- to field devices. This was illustrated

forcefully in a recent "round-robin" conducted by ASTM Committee
G-2(88)for the simplest and most readily standardizable type of
cavitation test device the vibratory horn, described in detail in

Cavitation (¢) and in numerous other papers and articles,

A similar situation exists for 1liquid impact erosion,
for which a second ASTM "round-robin" has also been held (136)
. . Liguid impact . - is even more difficult to standardize
~avitation
sbecause of the present lack of a relatively conventional test
device, a situation which is even worse for the case of solid
particle impactwhich is not within the scope 6f this book.~ -
This section attempts to summarize the status of liquid erosion
laboratory testing and its relation to erosion in field machines.
In addition, some of the pertinent experimental and theoretical

work .. ' . to improve this situation is here

summarized. It is treated more fully in other sections.
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One of the major difficulties involved in the prediction

of field machine erosion from laboratory tests is due to the fact
that liquid erosion involves both mechanical and corrosive effeci
In long-term field expcsure, the corrosion effects can be relatis
1y much more important than in the laboratory devices which in
general arzs intended to accelerate the mechanical effects, and
thus provide tests of short enough duration to be feasible from
the viewpoint of laboratory tests. To provide realistic mcdelim
for specific field applications, it is necessary either to accel

both modes of attack in suitable proportion, or to provide metho

of measuring them separately, ie, identify somehow the mechani-
cal and corrosive effects in laboratory tests, so that a more
meaningful application to field devices can be made. Work . ._ .

to achieve these goals is described in detail in another section.

One objective then
has been previously

is to measure, with greater precision than /- . possible, the
. or liguid impact
characteristics of the cavitatibnkregime in both labecratory and
field devices, and thus make more meaningful predictions than
previously possible of probable prototype field results from

laboratory tests. To accomplish this goal, one possibkbility is ¢

measure and count actual individual pressure pulses from bubble
or droplet impact

lapse / originating from the ficw regime . . in both laboratory

and field devices. Thiswould have the advantage : of incre:
or impact flow reg

ing basic understanding of the cavitation -/ involved, and

providing a comparison of their "intensity" in varicus field

and laboratory devices.
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Liguid impingement is now supposec (5:6 , eg) to be &
major contributory mechanism in cavitation erosion through
the asymmetric collapse of bubbles and the generation of a
liquid-“microjet" which impinges upon the material surface.

- _laboratory) .
] others have, therefore, developed various numerical models of indivaidual

droplet or jet impact, with the goal of providing the capability
for estimating actual stresses and strains in a material so
impacted. These models of course apply to direct droplet or

jet impact as well as to cavitation. Hopefully, it may eventual-

ly become possible to then compute expected rates of erosion

if size, velocity, shape, and number of impacting droplets is
known. The likelihood of a realistic calculating capability

of this type for droplet impact appears to be much éreater than
for cavitation erosion because in most cases the details of the
attacking flow regime, i.e. "microjet", pressﬁre pulses, etc.,
are known much less. precisely. It is for this reason that many
present efforts on cavitation are primarily concerned with pro-
vidiné a technigue for measuring and counting bubble collapse
’pulses.. These spectra can hopefully be used as a measure of
the "intensity" of the cavitation regime attack. Brief details
of the mathematical modelling of liquid impact =and bubble collapse

will -be provided here. However, further details are given in other

sections.
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2. Computer Modelling of Bubble Collapse and Droplet and Jet Impac

a. General Background

The phenomenén-6f”iiquid—solid impact has technologica

importance in various engineering applications; including steam
turbines, rain erosion of aircraft or missile components, aﬁd

also cavitation through the liquid "microjet" mechanism previously
discussed. Its detailed study using sophisticated computer models
is thus worthwhile in attempting to prémote the ability to predict

damage. It has thus been pursued vigorously in- this laboratory

over the past several years as well as elsewhere. For simplicity, prim
our own work will be here discussed as illustrative (2-4,;137-139) Previou
we had also conducted several detailed studies of bubble collapse utili

both high-speed photography (9,140, eg.) and computer models (12,51
eg). Some of these studies { 9,51 , eg) considered spherically
symmetrié bubble collapse, but included all per;inent real-£fluid
effects, including "thermodynamic" restraints (Sl, eg). Our other
studies ccnsidered the effects of non-symmetrical influence§ upon
bubble collapse (12,140-143, eg) such as the presence of adjacent
walls, pressure gradients, relative ("slip")velocity around the
collapsing bubble, and multibubble effects (142,eqg), but neglected
real-fluid effects other than viscosity. Photographicz studies

here (12,14U-141) and elsewhere (39,41 ,eg) had shown the controlling
importance in many cases of these non-symmetric effects. Unfortu-
nately it does not appear feasible at this point to include
asymmetry and real-fluid effects, or the effects of multiple bubble

in a completely general computer program together.
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In summary (5,6,eq) the results of the above and other
recent studies indicates the probable predominence of the liquid
microjet mechanism in cavitation damage. it is ?ossible from
these studies to estimate the probable velocity (~300m/s) and
diameter (~1-10 microns) of such microjets in typical cases. Hence,
the microjet velocity magnitude is roughly typical of other droplet
or jet impact applications, such as the steam turbine droplet
erosion problem, but its diameter is orders of magnitude less, since
droplet diameters of the order of 1 mm are typical in ccnventional
droplet erosion problems. Hence it may be assumed that cavitation
and conventional droplet erosion are very similar in mechanism
as well as appearance, although the cavitation erosion may be
generally of finer texture, and this has in fact been the general

observation for many years. Full details of these and other computer

studies are given ih

the appropriate sectionsg

pu—

3. Cavitation and Impact Erosion Prediction Technigues

a. General

The previous section has discussed computer modelling of
the basic phenomena and high-speed photography as basic tools
for develqping the .ability to predict cavitation or liguid
impact erosion rates. It may eventually become possible using
this approach to estimate realistically the stress-time regimes
existing in the material as a result of liguid impact or cavitation.
This capability is clo§g¥:for impact than for cavitation, since

the cavitation phenomenon is basically considerably more complex.
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However, even if thic capability should be attained, there
would still remain the apparently even more difficult prcblem
of accurately modelling the material removal process, given the
pertinent time-dependent stress-strain values. Computer modelling
of the erosion process would obviously depend upon the type of
material, the relative mportance of corrosive effects, as well as
many other complicating factors, so that a general solution of

this portion of the overall }iquid erosion process seems even more
remote than that of the fluid flow phenomena, previcusly discussed.
Nevertheless, continued, though relatively gradual, progress from
the side of computer modelling of the basic phenomena is certainly
useful in increasing basic understanding of the phenomena involved,
and gradually improving overall predicting capabilities.

b. Noise and Bubble Collapse Pulse Spectra

"/ Since the capability for predicting erosion ratos“a priori

_ presently
from relatively basic principles does not /. exist, another

1

possibility is to measure some easily and quickly measurable
aspect of the cavitation or impact phenomenon, and then correlate
this measurement with measured damage. The measurement of "noise"
provides such a possibility, which appears to be of potential
importance.
The use of noise for the detection of cavitation has been an
< several
accepted practice for years, and [/ recent attempts have been
made to correlate overall noise with erosion (1@4;146,'eg.}.
Some success has been obtained in specific experiments with individ
or venturis.

ual pumpsa However, 1t appears that useful general correlations

cannot be attained in thijg way. Hence,we have here

attempted to develop a technique whereby bubble collapse pressure

pulse "spectra" are measured. If it is assumed that bubble

collapse pressure pulse durations are roughly uniform (or at least
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uniguely related to the pressurc magnitude), then tne aree under
such a spectrum curve provides a measure of the total impulse
delivered to the damaged surface, or tg a probe presumably
located at a position eguivalent to that of the surface to be
damaged from the viewpoint of the cavitation field. Such a
technique is sensitive to not only the number of "blows" delivered
to the surface, but also to their strength. It thus appears to
provide vital information beyond that provided either by a simple
noise measurement or a noise freguency spectrum. Somé;relatiﬁe}y limited,
successful experimentation with methods similar to those here
suggested has been reported (?7,29,145) using primarily vibratory

cavitation damage facilities,-as we -have-also-in our work-to

date (30, 148,149, eg.).

Our .experiments have included cavitation damage rate measure-

ments ir both water and molten sodium over a range of temperatures

and suppression pressures in a __ o
t20 kHz)

horn cavitation damage facilitxf Detailed results are found else-
149,150) ' )

where {30, ‘but Fig.26 illustrates the type of correlation obtained

(38 jam) vibratory

between measured bubble collapse pressure spectrum area and measured

damage rate (MDPR = "mean depth of penetration", i.e., volume loss
rate per unit exposed area). The best-fit relation is described
by Eq. E—l

MDPR = C(Spectrum ) R (.E-1)

where C is a constant obtained empirically. The average value obtained

for the exponent, n is ~5. for higli intensity tests.
[ .~ - — -

and 1 for lower intensitv results.
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The pulse count energy spectrum area measurement will also allow com-
putation of the "efficiency" of the delivery of energy to the damaged surface
from the region of bubble collapse, as compared with the energy operative

quantity
in the erosion process. This lattei, according to much previous work, can
best be expressed in the form of an Ultimate Resilience, UR (see Section V-C),
i.e., "strain energy to failure", if failures are of brittle (rather than

ductile) nature, as generally appears to be the case for cavitation. Such a

relationship would then be of the form:

Spectrum Area = C-7-UR €-2)
This equation considers the erosion rate model discussed in Section C, where
erosion energy efficiencies of this type are discussed. However, the measure-
ment of Spectrum Area would allow the computation of the otherwise unknown
"efficiency factor". 1In Eq.(E-Q} C is a constant involving the calibration
constant for the bubble collapse pulse measuring pressure probe, and 7y is
the "efficiency" sought.

I1f found appropriate after additional research, material failure energy
properties other than URéﬂDULi/hﬁéed in Eq. (E-1) above. If n were thus known
for a class of cavitation regimes, then erosion rate, MDPR could be calculatec
from the pulse count measurement.

Figures 27 And 28 show respectively a typical bubble collapse pulse heig
spectrum for water in the U-M venturi and typical individual pulses measured

measured by the U-M microprobe.
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The standard percent error for the MDPR correlations (Eq. E-1) wag only

4 20%. This seems surprisingly small for experiments of this kind.
The required next step is to continue this type of experiment in a venturi
facility with water, and eventually in field devices, but no such experiments
had been reported by the time of writing.

Though the evidence yet available is relatively sparse, it appears
that an "a priori"” erosion rate predicting technique may be developed in
the relatively near.future for application to many field devices. Such a
capability, within even very rough limits of possible engineering utility,
is unfortunately virtually non-existent today.

While the pressure pulse spectrum technique has so far (148-150, eg.)
been applied only to cavitation erosion, it appears applicable also to
impact erosion cases, depending of course on geometrical consideratioms.
Its eventual application to rotating components also seems feasible, but
obviously involves geometric considerations pertinent to specific applica-
ticas.

Figure 27 shows a typical bubble collapse pulse spectrum measured in
our cavitating venturi, and Fig. 28 typical microprobe output from these
tests. The rapid oscillations accompanying the initial pulse are believed

to result from the probe "ringing" frequency.
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c. Erosion "Acoustic Fmission Noise"

"Acoustic emission" from material deformation {(microcrack formation, etc.)
is a well-known phenomenon, so that it is conceivable that this could be used
to detect and measure erosion directly from an acoustic probe attached to the
eroding surface. However, at the present time this appears to be improbable of
success since it appears that the level of acoustic emission noise is orders of
magnitude less than that of cavitation, so that the cavitation noise itself
would mask the acoustic emission noise making it impossible to detect. However,
since little or no pertinent research appears to have as yet been doue, it is
possible that this expectation may prove to be in error.

Somewhat pertinent to this possibility is an observation from a high-
speed motion picture sequence taken here of an apparent ejected particle from so
aluminum. It had an ejection velocity of #7100 m/s normal to the surface, and

was of elongated shape (~”1 mm length). If such high ejection energy is
typical, the associated noise could be sufficient to detect, considering the
good acoustic transmission to a probe attached to the surface, as compared

to that from collapsing bubbles in the liquid.
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d. Erosion Particle Size

Pertinent to the possibility of detecting erosion by its associated
"emission noise" as discussed in the foregding, is knowledge of eroded particle
size and mode of removal from the eroded surface. Some information concerning
the "ejection velocity” of such a particle was: _  discussed in the last
section. Very few studies exist ‘as yet concerning the size distribu-
tion of cavitation debris. However, one such study was conducted some years

test
ago here (151) where neutron irradiated stainless steel}specimens were used
in a2 water venturi system. The irradiated eroded particles could thus be
isolated from other miscellaneous particles in the system and sieved. It
was found that particle diameters ranged up to 4/ 0.1 mm, with the greatest
Typical results are shown in Fig. 29.

number of particles much smaller.’\lt can thus be concluded from this study,
and also whatever other fragmentary information exists, that the debris
particle sizes are certainly not uniform, no doubt depend strongly upon the

material and flow parameters, that no minimum size can be specified, and that

the mz¥imum in some cases could be the order of a millimeter.
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Table 2
Comparative Damage Intensities for Different Types of
Facilities
1. Magnetostriction Intensity (watts/cm2 X 107)
Devices #1 - #7 0.004 - 2.5
2. Venturis
##8-#9 Boetcher type 0.1 - 0.1 x 1072
#10 Shalnev type 0.1
#11 " 0.03
#12 " 0.1
#13 U-M 0.3 x 1074
3. Rotating Disc
#14 4
#15 0.34
#16 1.0

Ref. A. Thiruvengadam, "A Comparative Evaluation of Cavitation Damage Test
Devices", Tech. Report 233-2, Hydronautics, Inc., Nov. 1963
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TABLE. 5
Acoustic Impedance Correction

2
fAn”? Al +1 (AI +1)
4A]
n Correlation Standard Error Correlation Standard Error
Coefficient of Estimate Coefficient of Estimate

0 0.808 2.007 0.808 2.007

1 0.807 2.005 0.807 2.101

2 0.807 2.003 0.782 2.324

3 0. 806 2.001 0.743 2. 668

-1 0.808 2.009 0.781 2.070
22 0.808 2. 011 0. 721 2.431]

-3 0.809 2.014 0.582 3.745



TABLE 6

Equations Using Non-linear Parameters

Equation Correlation
e fficg
& = 2.330 UR . 0.808
2 .
€ = -2.681 + 3,343 UR -0.087 UR™ ' 0.870
& = 0.266 UR + 0.412 URZ- O.-019UR3 0. 919
& =3.685 UR x EZ 0.678

& = 1147 + 1.444 UR x g2 0.678

Standarg Error

of F‘cﬁmafp
2,007
5.616
4.459
5.714

4.271
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FIG. 6. Jerimpact damage device (schematic). (Ref. 6)
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Figure 13- Hypothezised bubble energy spectra
for various cavitation conditions at a constant

velocity, for a given material.
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Figure 14 - Selected frames from a sequence taken
at 550,000 frames per second of a spark genersted
cavitation bubble pear a splitter im 2 venturi,
exposure 1.8 p sec per frame, flow right to left,
magnification 5 x,
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Figure 17 - Craters produced by cavitating water
on 0.6 jm cadmium-plated stainless steel, magni-
fication 180 x.
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Figure 18-aEffect of temperature on average
damage rate for 304 stainless steel cavitated
in water at one atmosphere pressure, University
of Michigan tests. (45) (Open beaker test)



3)

Increased NPSH causes a strong increase of

damage in this type of facility up to at least 4 atm.
Obviously, damage must maximize at socme higher

NPSH.

NPSH and then decrease to near zero, since the number

and size of bubbles decreases with increasing NPSH

(though their collapse violence increases), reaching

zero at sufficiently high NPSH, depending upon facility

frequency and amplitude.
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308 CHARACTERIZATION AND DETERMINATION OP EROSION RESISTANCE HAMMITT ET AL ON CORRELATING VOLUME t0ss 309

Conclusions

It bs postulated that the most likely form for an equation relating ma-
berial, liquid, and test parameters with impingement or cavitation erosion
wics with good hope for general applicability, is one which is based on a
dear physical model with dimensional consistency. For the evaluation of

\WH.N@ (9, Chop. 5~

: impingement erosion rates, consistent with the previous suggestion of
4 48 et al [1] the equation has been chosen:
< . N
“ Py
: m m m E m M "o Q ¥ ! A V3
L I \ :azd ¢ X ZUEW.;.A,E ALVAPF;v:e
popd s 3 3 \ iz 8 i . e /\4./\ 2
RN S F |
5 - $8% . . . .
25 mmym N E2 kel = .m wheve g, represents factors affecting energy transfer efficiency not included
Taifd: § 3% \ s
Bapakia & & HEs3 . e . . .
o o w q = \ guxs -8 y Astatistical o<p_==:c=.& ¢, which must Jpﬁw units of energy per volume,
\ . as shown the best fit with a comprehensive data set including both im-
. 4 \ e * 382:. and oww;p:g data, in the form:
z \ x
i & =CUR ... (10b)
- \ 3
3 £ 3
\ a ™ Kefther higher power terms in UR or terms in SE improved the statistics
g LI | of tbe fit substantially, and the fit in terms only of SE was relutively very
<3 ~ gwor, Thus it is concluded that for the large group of metals here used the
3 : et linear energy per volume mechanical property correlation for volume
a jwe rate under droplet impingement or cavitation attack is the expression
0. ~ o £4q 100 in ultimate ..omw:.msom alone. .
M ~ o 8 Rocket sled rain erosion data have been statistically cvuluated to find
n....mn ~ ~ ’ vt values for threshold velocity and velocity exponent, us well as the
o ~ - g ewfBcient n in the Eqs 4 and 5:
~ d MDPR=K(Vsin8—Vy)e/sin"0 ............ (4a)
<0
- g _ , . . . . .
mmw " B was found that the statistical fit is relutively insensitive to a so that
6% ol Is a suitable value. It was also found that for many materials, the
2% , el . L .
F=A g q gatistical fit is also insensitive to the choice of a threshold velocity Vo, so
M dat only slight reduction in the “goodness’” of the fit occurs for most
1 L \ 1 i o saterials if it is assumed that Vo=0. However, the best fit values for K
. . - i » M » ~ - ° 4 aad & are sensitive to the choice of V, and n. It was found that there is a
s .:..:. m (magh correlation between best fit K and «, with K decreasing approxi-

mately linearly with increasing a. Thus, it might be possible to charancterize
» material by a single figure of merit in terms of Eq 4a, if a best fit relation
rewsen K and « i8 determined, so that either may be eliminated in terms
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Rate of entrapment =.¥ X Activity (cpm/hr)
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¥16. 7, Percentage stainless steel which permeates filter
\vs filter rating.




