S03-11- L

PHoeNIX LABS

CAVITATION DAMAGE AND CORRELATIONS WITH

MATERIAL AND FLUID PROPERTIES

/

/‘Y\A/

W
R. ggrcia
F. G. Hammitt

The University of Michigan

Department of Nuclear Engineering

Laboratory for Fluid Flow andeéat Transport Phenomena

Internal Report-05031-11-I

Financial Support Provided By

NATIONAL SCIENCE FOUNDATION
(Grant G-22529)

September, 1966



% :/"‘;‘,/ ‘;v/(j
/< 7 3



ABSTRACT

A comprehensive set of cavitation damage data has been obtained
in a vibratory facility using water, mercury, lithium, and lead-bismuth
alloy as test fluids, and covering temperatures ranging from room tem-
perature to 1500°F. Materials tested include a wide variety of metals
and alloys. From fhis data a simple, reasonably precise, damage pre-
dicting equation has been derived, including only ultimate resilience as
a material property, but also corrections for cavitation ''thermodynamic
effects' and NPSH. It has been found that of the conventional mechani-
cal properties, ultimate‘resilience is the most successful in this
regard.

A direct comparison between venturi and vibratory cavitation
damage shows that the relative rankings of‘materials remains about the
same for mercury, and a good correlation is obtained between the mercury
data from the venturi and ultimate resilience. Neither statement
applies for the water venturi data, possibly because of the greater

effects of corrosion in the low intensity cavitation field.
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CAVITATION DAMAGE AND CORRELATIONS WITH

MATERIAL AND FLUID PROPERTIES

I. INTRODUCTION

For the past two hundred years the phenomenon of cavitation has
been known, and the accompanying losses of component performance and
material damage have been of considerable concern to the designers of
fluid machinery since the turn of the century. In the earliest con-
siderations of the cavitation phenomenon the primary fluid of interest
was water. At the present, however, liquid metals, cryogenics, organ-
ics, and other fluids have also come into prime consideration as heat
transfer media and working fluids in thermodynamic cycles in space,
nuclear, and other more conventional systems. For all of these appli-
cations it becomes necessary to know realistically under what conditions
cavitation can be anticipated, and the quantity and quality of damage to
be expected for a given degree of cavitation, since it may not be pos-
sible or desirable to avoid the cavitating regime entirely by overcon-
servative design, as has often been the past practice for conventional
applications. Thus, the laboratory testing of various materials to
determine their cavitation damage resistance becomes important. Experi-
mental facilities for this purpose may be grouped into two categories:

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



changes in flowing liquids, and those using an acoustic field in a
static liquid to induce cavitation.

In our laboratory we have used both types: a venturi system and
a vibratory unit. While a flowing system such as a venturi presumably
models field conditions fairly closely, the time and cost of its opera-
tion are relatively high, so that the simpler, faster, and more economi-
cal vibratory test is often preferred. In the present investigation the
same fluids and temperatures have been used in both facilities to some
extent. Thus, a direct comparison of cavitation resistance of various
materials in these two types of facilities is available. Such direct
comparisons for a wide variety of materials have not in general been
available in the past.

Data from the present experiments covers a very wide spectrum of
materials, fluids, and temperatures, particularly in the vibratory
device. Hence, correlating relations, which must of necessity include
material, fluid, and flow parameters, have been examined in an attempt
‘to generate a reasonably simple relation, based as much as possible on
physical reasoning, to allow the a priori estimation of damage in a sim-
ilar facility, but with different materials, fluids, temperatures, etc.
This has, indeed, been accomplished.

The fluids tested in this program include lead-bismuth alloy,
mercury, water, and lithium. Since the results from the tests on the
first three fluids have already been reported,1’2’3’4 only the lithium

tests and results are discussed herein.



IT. EXPERIMENTAL EQUIPMENT

The high-temperature vibratory facility and the venturi facil-
ities in this laboratory have been described elsewhere.4’5 Since the
present paper deals mainly with the vibratory facility, a brief summari-
zation of its major features is included. As shown in Figure 1, it con-
sists of an audio-oscillator, power-amplifier, transducer-horn assembly,
test specimen, oscilloscope, frequency counter, high-temperature furnace,
cavitation vessel, and accelerometer (attached to the top of the horn
for amplitude measurement). The signal supplied by the variable-
frequency audio-oscillator is amplified and applied to the piezoelectric
crystals. Their periodic motion generates a standing wave whose ampli-
tude is increased as it traverses the exponential horn assembly, to which
the test specimens are attached‘at the small end. For high-temperature
tests the transducer-horn assembly is installed in the special cavita-
tion vessel which is filled with the appropriate fluid and inserted in
an electric furnace. Argon is used as cover gas above the fluid.

Figure 2 is a photograph of the facility showing the horn assembly
installed in the cavitation vessel, which in turn is inserted into the
furnace.

Figure 3 shows the test specimen design. Dimensions "A" and '"B"
vary with material density to maintain uniform weight for all specimens.

The facility has been operated successfully with various fluids
at temperatures up to 1500°F at a frequency of /V20 Kc./secf and double

amplitude of N 2 mils.
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Fig. l.--Schematic block diagram of the high-temperature ultra-
sonic vibratory facility.



Fig. 2.--Photograph of the high-temperature cavitation facility.
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IIT. EXPERIMENTAL INVESTIGATIONS

A. General. It was desired to determine the cavitation resist-
ance of a wide variety of potentially useful materials, involving as
broad a range of mechanical properties as possible in a wide variety of
fluids and over a large temperature range in order to learn more about
the cavitation damage process as it is affected by fluid and material
properties. Tests in some of the same fluids with the same materials

. . , craes o 057
were simultaneously conducted in our venturi facilities. Table 1
summarizes the material-fluid-temperature combinations tested in both
facilities.
. C e b .

Only the data obtained in lithium has not been previously pub-
lished in the open literature. Hence, it is included in Table 2, both
for 500°F and 1500°F, since no previous data on cavitation damage in
lithium exists to our knowledge even though it is the primary reactor

coolant in the SNAP-50 powerplant.

B. Procedure for Lithium. Seven materials were tested in lith-

ium at 500°F (Table 1), but only four of these (T-111, Cb-1Zr(A), and
304 and 316 stainless steels) at 1500°F. Weights were determined before
and at various intervals throughout the tests (for the lithium as well
as other test fluids) to an accuracy of 0.0l mg. The test fluid was
maintained at the required temperature during the test (500°F or 1500°F
for lithium) within + 5°F. Since the piezoelectric crystals must be
maintained below 150°F, the vessel top plate is water-cooled, and a fan

provides additional cooling of the crystals.



TABLE 1

SPECIMEN MATERIAL-FLUID-TEMPERATURE
COMBINATIONS INVESTIGATED

Fluid

Pb-Bi
& Li
Water Mercury Mercury 500°F &
Material ‘ 70°F 70°F 500°F  1500°F

1100-0 A1 (U-M)

2024-T351 Al (U-M)

6061-T651 Al (U-M)

304 Stainless Steel (U-M)

316 Stainless Steel (U-M)
Hot-Rolled Carbon Steel (U-M)
T-111 (Ta-8W-2Hf) (P & W)

T-222 (Ta-9.5W-2.5Hf-.05C) (P & W)
T-222(A) (P & W)

Mo-1/2Ti (P & W)

Cb-1Zr (P & W)

Cb-1Zr(A) (P & W)

Plexiglas (U-M)

Cu(60% cold-worked) (U-M)

Cu(900°F anneal, 1 hour) (U-M)
Cu(1500°F anneal, 1 hour) (U-M)
Cu-Zn(60% cold-worked) (U-M)
Cu-Zn(850°F anneal, 1 hour) (U-M)
Cu-Zn(1400°F anneal, 1 hour) (U-M)
Cu-Ni(60% cold-worked) (U-M)
Cu-Ni(1300°F anneal, 1 hour) (U-M)
Cu-Ni(1800°F anneal, 1 hour) (U-M)
Ni(75% cold-worked) (U-M)
Ni(1100°F anneal, 1 hour) (U-M)
Ni(1600°F anneal, 1 hour) (U-M)

P B R R
< .

B4 b B DA B
o

B bd Bd B L
o e
o

B DA B B DA B DA B DA B DA B BE b B B -

Notes:
1) "X" indicates test conducted for this specimen material-fluid-
temperature combination in both the ultrasonic and venturi

facilities. "Y'" indicates test conducted for this specimen
material-fluid-temperature combination only in the ultrasonic
facility.

2) The notations (U-M) and (P & W) following the specimen materials
indicate the source of the material, namely, The University of
Michigan and Pratt & Whitney Aircraft (CANEL), respectively;
whereas the notation (A) denotes an annealed condition of the
material.
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The submergence of the test specimen tip is 1 inch for all tests
and the double amplitude 2 mils, as determined by a precision accelerom-
eter8 attached to the top of the horn and previously calibrated by vis-
ual observation of the horn t§p with a microscope.

Tests in all the fluids were conducted at the same static sup-
pression pressure. While it ﬁould have been preferable to maintain con-
stant suppression head for a more proper modeling of the flow, this was
precluded for the heavy liquid metals by vessel pressure-temperature
limitations. Since a positive argon gauge pressure was desired at all
times to prevent possible in-leakage of oxygen, a value of 15.3 psia was
selected for the suppression pressure and maintained constant in all
tests. As a result the argon pressure for the 500°F lithium tests was
1.1 psig, since the vapor pressure at this temperature is essentially
nil. However, the vapor pressure at 1500°F is about 0.1 psia, so that
an argon pressure of 1.2 psig was used for these tests.

A total test duration in lithium of 10 hours was used in all
cases except for Cb-1Zr(A) at 500°F which showed very considerable dam-
age after 6 hours, and T-111 at 1500°F which required an exposure of 30
hours to obtain the desired range of total damage.

The lithium was obtained as individual 1/2 pound ingots, hermet-
ically sealed in individual cans, and sized to fit into the cavitation
vessel and fill it, upon melting, to the desired level. The ingot was
first placed, under argon atmosphere in a dry box at room temperature
(for minimum oxygen contamination), into a clean stainless steel beaker

sized to fit snugly into the cavitation vessel. Thus, easy removal and
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disposal of ingot and beaker at the conclusion of each cavitation test
was assured. The sealed cavitation vessel was then removed from the
glove box, placed in the furnace, and heated to the desired temperature.
Each test used a fresh ingot and beaker. This procedure results in a
very economical facility design, and keeps oxide contamination rela-
tively uniform and at a minimum.

After each run the vessel was removed from the furnace and
cooled to a temperature ( /VJ375°F) slightly in excess of the lithium
melting point but below the ignition temperature. The vessel was then
opeﬁed and the horn-specimen assembly removed, after which the vessel
was further cooled and the beaker with the lithium removed and discarded.
Excess lithium adhering to the test specimen and horn was easily removed
by dipping the assembly into cold water. The lithium-water reaction
under these circumstances was not particularly vigorous. Further

details of the test procedures are reported elsewhere.

C. Results in Lithium. The lithium damage data in terms of

mean depth of penetration* versus test duration is plotted in Figures 4
and 5 and listed in Table 2. As will be noted from these curves, the
tantalum-base alloys [T-111 and T-222(A) ] are by far the most damage
resistant at either temperature. The position of the Cb-1Zr(A) improves
relative to the stainless steels at the higher temperature, as would be

expected, since its mechanical properties are less temperature-dependent.

*Volume removed (as inferred from weight loss) divided by
exposed area.
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510304 55 (U-M)
- 316 SS (U-M)

A - CB-1ZR (PAW)
O—- Mo-1/2Ti(PBW)
®- T-u(P&W)

B - Cg- IZR(A)PBW)
A- T-222(A)(PBW)

4

O
T

ACCUMULATIVE MDP, MILS
(V)
I

Mo-1/2 T

1871

] | | ]

I
O 1 2 3 4 5 6 7 8 9 10 1l 12 13 14
TIME, HOURS

Fig. 4.--Effect of cavitation test duration on MDP at 500°F in
lithium.
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The materials are rated in Table 2, based on ability to resist cavita-
tion erosion.

Note especially that the damage has decreased by an order of
magnitude for any of the materials when the temperature was increased
from 500°F to 1500°F. As will be discussed later, the precisely oppo-
site effect had been observed in tests with lead-bismuth alloy over the
same temperature remge.z’4

For comparison with other tests, the average mean depth of pen-
etration rate (MDPR) is computed for each test, neglecting the very
early part. It is approximately constant during the test for most mate-
rials. In our experience, as already discussed in greater detail else-
where,3 an approximately, constant rate will continue, after the very
early relatively unpredictable portion of the test, as long as the dam-
age remains fairly uniformly distributed across the surface. This con-
dition of uniform damage persisted to a much larger total MDP for the

)3,

heavy liquid metal tests than for either the water4 or the present
lithium tests, and hence the uniform damage rate also persisted, in some
cases, to total MDP as large as 50 mils.3’4

Figures 6 and 7 show the condition of the test specimens at the
conclusion of the test at 500°F and 1500°F, respectively. Type 316
stainless steel specimens from the lead-bismuth, mercury, and water
tests are shown in Figure 8 for comparison. The damage to the mercury
and lead-bismuth specimens is uniformly distributed over the surface

(there is, however, a very small undamaged ring around the outside),

even though the total volume removed is much greater than that in the:
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(1) T-111(P & W) (2) T-222(A) (P & W) (3) Mo-1/2Ti(P & W)

10 Hour Exposure 19 Hour Exposure 10 Hour Exposure

(4) Cb-1Zr(P & W) (5) 304 sS(U-M)

10 Hour Exposure 10 Hour Exposure

(6) 316 SS(U-M) (7) Cb-1Zr(A) (P & W)

10 Hour Exposure 6 Hour Exposure

1906

Fig. 6.--Photographs of specimens subjected to cavitation damage
in lithium at 500°F.
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o

(1) T-111(P & W) (2) Cb-1Zr (A) (P & W)
10 Hour Exposure 10 Hour Exposure

(3) 316 Ss(u-M) (4) 304 SS(U-M)
10 Hour Exposure 10 Hour Exposure

1909

Fig. 7.--Photographs of specimens subjected to cavitation damage
in lithium at 1500°F.
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(1) 12 Hour Exposure (2) 6 Hour Exposure
Pb-Bi at 500°F Pb-Bi at 1500°F

(3) 12 Hour Exposure
Mercury at 500°F

(4) 12 Hour Exposure
Mercury at 70°F

(5) 36 Hour Exposure
Water at 70°F 2351

Fig. 8.--Photographs of type 316 stainless steel specimens sub-
jected to cavitation damage in lead-bismuth, mercury, and water.
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water and lithium tests. However, in the water tests and even more so
in the lithium tests, the damage is concentrated toward the center with
large undamaged areas around the outside. This difference in damage
pattern is believed due to the already mentioned large differences in
suppression head (NPSH) between the fluids, so that the flow regimes are
not properly modeled. The suppression of cavitation and damage around
the outer edge is believed due to the formation of a ring-vortex adja-
cent to that location, leading to an increase in pressure on the speci-

men surface near the edge.”’

This small pressure increase becomes
important in suppressing cavitation as the NPSH is raised, i.e., for the

lower density fluids.

D. Corrosion Effects. Examination of the horn, beaker, and

sides of the test specimens, all of which were not cavitated, but were
submerged in the test fluid (in the case of the horn for the total dura-
tion of many tests), indicated that corrosion effects in the absence of
cavitation were negligible, as would be expected for these relatively
short durations.11 This was true for all the fluids tested.

Figure 9 is a 100X photomicrographic section through the surface
of a 304 stainless steel specimen cavitated in lithium at 500°F for 10
hours, while Figure 10 is a 500X section from the same specimen taken
just below the surface. There is no evidence of corrosion on the sur-
face (corrosion products may have been removed by the scouring action of
the cavitation). Also, there is no evidence of intergranular corrosion
below the surface. Cross-section examination of specimens from the

lead-bismuth tests at 1500°F similarly provided no evidence of corrosion.
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Fig. 9.--Photomicrograph of type 304 stainless steel specimen
tested in lithium at 500°F (specimen surface, magnification 100X) .
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Fig. 10.--Photomicrograph of type 304 stainless steel specimen
tested in lithium at 500°F (interior of specimen, magnification 500X) .
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Specimens examined included 316 stainless steel, T-222(A), and
Cb—IZr(A).4 While it cannot be concluded that chemical effects are of
negligible importance in these tests, there is also no evidence to sup-
port their importance. Pulsed-type tests similar to those used by

12
Plesset in water would be necessary to further clarify this issue.

IV. THERMODYNAMIC EFFECTS

13
A. General. As perhaps first suggested about 10 years ago,

it has come to be accepted that fluids showing strong 'thermodynamic
effects do not cavitate as readily or to the extent of '"conventional"
fluids (cold water, e.g.), nor is cavitation as damaging in such fluids.
Very qualitatively, the measure of this tendency is the thermodynamic
parameter, B, which is the ratio of vapor volume formed to liquid volume
supplying the necessary heat of vaporization when the suppression head
(NPSH) is reduced by unity14 adiabatically under conditions of thermal
equilibrium. That damage with such fluids is reduced is presumably a
result of the "cushioning'" of collapse by trapped vapor which cannot
condense sufficiently rapidly, and, hence, behaves as a non-condensible
gas during the final portion of the bubble collapse process.

It has long been known that this effect is also operative in
vibratory cavitation damage tests.15’16’17’18 If such tests are con-
ducted at atmospheric pressure in water, it is found that the damage
rate peaks sharply at about 50°C, falling off to near zero both at lower

19
and higher temperatures. Figure 11 shows the result of such a test

recently conducted here. It is clear that the damage would decrease
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somewhat at high temperature due to reduction of static NPSH. However,
it seems logical that the very large decrease in damage at temperatures
where NPSH is still appreciable is primarily due to vapor cushioning
involved with the '"thermodynamic effect."

The damage decrease at lower temperature in water has been
assumed due to cushioning from increased non-condensible gas in the
water due to increased solubility at low temperature.17 However, this
effect would not apply to tests with molten metals where the gas solu-
bility is essentially nil at any temperature. The decrease in damage at
lower temperature in water may also be partially due to increased vis-
cosity and decreased chemical activity, mechanisms which might apply to
liquid metals. A single test of type 304 stainless steel in lithium at
400°F did indicate a small reduction in damage rate from the 500°F
tests.

The presently available liquid metal vibratory cavitation damage
data, where examination of this effect is possible, includes our own
tests and also tests in sodium at both 500°F and 1500°F conducted by

20,21
? From these various tests it appears that the

Hydronautics, Inc.
thermodynamic effect was important for lithium and sodium at 1500°F (but
not at 500°F), water at room temperature, but not mercury at room tem~-
perature or 500°F, nor lead-bismuth alloy at 500°F or 1500°F. Since the
vapor pressure of lithium at 1500°F (where there was an effect) is an
order of magnitude less than that of mercury at 500°F (where there was

no effect), it is clear that the reduction of damage sometimes

encountered at high temperature is not to be explained unaided on the
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basis of vapor pressure or NPSH alone, as some of the previous investi-

, 15,17,22
gators have tentatively suggested.

B. Detailed Consideration. The vapor-cushioning mechanism pre-

viously mentioned can only exist when there is an appreciable quantity
of vapor in the collapsing bubbles, and when the latent heat from this
vapor as it condenses cannot be conducted away into the liquid at suffi-
cient rate to prevent a substantial local rise in temperature, which
would then terminate the condensation process until the vapor pressure
had attained the new saturation level. With small enough heat conduc-
tion rates in the liquid it is clear that the vapor would behave essen-
tially as a non-condensible gas, and thus terminate the collapse. Since
the thermodynamic parameter, B, already discussed, does not involve heat
transfer rates, it is clearly inadequate for the present purpose.

This overall problem is of general importance in two-phase flow

. . . 23,24
phenomena and, hence, has been examined by several investigators. ~’~ ’

25,e.g. 2
1©-8 Of these, the recent study by Florschuetz and Chao 3 seems best
adapted to the present purpose in its relatively rigorous consideration

of the pertinent mechanisms. In this paper a revised thermodynamic

parameter, B,¢¢ , is defined:

P 2 P 1/2
B = L G, AT By L
e .

P w2

(1

where:

N

liquid density, 1bm./ft .3

vapor density, 1bm./ft.3

-~
<
I
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(@]
i

specific heat of the liquid, Btu/lbm.°F

>
—
]

temperature drop in liquid film due to vaporization, °F

(o
i

latent heat of vaporization, Btu/lbm.

= thermal diffusivity of the liquid, ft.2/hr., = k /P ¢,

S
I

= thermal conductivity of the liquid, Btu/hr.ft.°F

=
o
]

equilibrium bubble radius, ft.

decrease in liquid pressure corresponding to a decrease
AT in liquid temperature, 1bf./ft.2

>
o
i

Bogg, can be expressed in terms of B, as:

B = B
eff. (NPSH)
R, (2)

They show that for low B,gg bubble growth and collapse are heat
transfer controlled, i.e., "thermodynamic'" effects are important, and
for high B ¢¢ (fluids such as cold water), these processes are inertia
controlled.

To compute B g¢ it is necessary to assume values for R; and
NPSH. For the present purpose, we have assumed nominal values of 1 cm.
for the former and 1 ft. for the latter. Hence, the present numerical
results reflect these assumptions. The justification for the use of
constants for these two parameters follows. The NPSH seen by the grow-
ing and collapsing bubbles in a vibratory facility is composed both of
a steady-state (static) and a transient component, the latter being
induced by, and in phase with, the motion of the horn. Since the tran-
sient component is relatively large compared to the static, it may be

reasonable to assume that the "effective'" NPSH is constant. This
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directly justifies a constant value for NPSH in calculating Bggg . If
so, RO would also be constant to a first approximation.

The values of the applicable thermodynamic parameters (B and
Beff.) for the fluids and temperatures of interest are listed in Table
3. Examination of equation (1) indicates that the following factors
among others lead to important thermodynamic effects: large latent heat
of vaporization (condensation) and vapor density; small thermal diffu-
sivity, specific heat, and density of the liquid. Vapor pressure enters
only as it affects vapor density. Thus, the potential importance of
thermodynamic effects cannot be delineated simply by vapor pressure.
The ordering of Bg.¢f, (Table 3) according to the various fluid-tempera-
ture combinations is hopeful in that from the cavitation damage data it
is clear that the thermodynamic effect is operative for the higher tem-
perature water tests, and the 1500°F sodium and lithium tests, but not

for the mercury or lead-bismuth tests at either test temperature.

C. Application to Present Data. The thermodynamic parameter,

B.gf » can be applied quantitatively to the present data only if that
data can be normalized in a fashion to remove its dependence upon other
effects and mechanisms. This has been accomplished by using the data
for type 304 stainless steel (Table 3). A thermodynamic effect correc-
tion to cavitation damage data derived for this material should, at
least approximately, be applicable to any material.

To remove the effect of fluid property dependence other than
through the thermodynamic effect, the data for each fluid has been nor-
malized to a given data point in that fluid. These results are listed

in Table 3.
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It is next necessary to remove the dependence upon material
properties, as they are affected by the different test temperatures, as
far as possible. For this purpose an approximate material property
damage-predicting equation, derived from the data as a whole and to be
discussed later, was used, i.e., as an example, the 1500°F lithium dam-
age data is to be multiplied by a factor less than unity (actually 0.129
from Table 3) to make it directly comparable to the 500°F lithium data,
since the test material is severely weakened at 1500°F as compared with
500°F. When this correction had been applied, the 'Corrected Normalized
MDP Rate' results. Note that the correction factor for the water data
is unity since the temperature variation for this set is not sufficient
to affect the properties of the test material. The '"Corrected Normal-
ized MDP Rate' should now be unity for those cases where the thermody-
namic effect is not operative, and less than unity for those cases where
either this effect or other effects such as increased gas content for
water, e.g., may act to reduce the damage. However, in the cases of
mercury at 500°F and lead-bismuth at 1500°F, values somewhat greater
than unity were obtained. This cannot be due to the thermodynamic
effect since increased vapor content, etc., can only act to reduce dam-
age as the mechanism is presently understood. The increase in damage
for these high temperature tests, over and above that forecast by the
predicting equation based on mechanical properties, can be due either to
the inaccuracy of the predicting equation or to increased chemical
activity at the higher temperature, lower viscosity, changes in surface

tension, etc. The test data scatter itself is not of sufficient order
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to explain these discrepancies. For the purpose of examining the thermo-
dynamic effect, those values greater than unity were assumed unity.

In Figure 12, the Log Corrected Normalized MDP Rate (Table 3) is
plotted against Log B ¢ (Table 3) for the liquid metals. Figure 13 is
a similar plot for the water data, which was plotted separately since it
involves the complicating factor of dissolved gas effects. For those
fluid-temperature conditions for which the logarithm of the corrected
rate is zero, the thermodynamic effect is negligible, while the correc-
tion factor to be applied for this effect to fluid-temperature condi-
tions to the left of the break in the curve is indicated. Tests in
mercury at somewhat higher temperature to determine more accurately the
break in the curve woudd be desirable. A dashed vertical line through
this break-point has been used to indicate an approximate division
between regions of heat transfer and inertia control and corresponds to
a value of B gg = 1000.

The compafable curve for the water data (Figure 13) includes a
dotted curve to illustrate the position and shape of a curve influenced
only by the thermodynamic effect (effect of dissolved gas is negligible),
assuming again that a value of B,gg = 1000 is the division between
inertia control and heat transfer control. The actual data points
(Table 3) determine the solid curve which is to be used for the correc-
tion factor for water.

Figure 14 shows Log B.gf as a function of fluid temperature for

the various fluids considered.
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Figures 12, 13, and 14 can be used to approximate the change in
damage to be anticipated in a given fluid for a change in operating tem-
perature, if NPSH and degree of cavitation are constant, and if a sepa-
rate correction is made for the change in material properties accompany-

ing a temperature change.

V. CORRELATION OF CAVITATION DAMAGE WITH
MECHANICAL AND FLUID PROPERTIES

A. General. Attempts to correlate cavitation damage data both

6,7
from the venturis °  and from the vibratory facility ’

individually
have already been reported. A least mean square fit regression analysis
was used wherein it was attempted to represent the MDPR in terms of a
power series involving v;rious applicable material and fluid properties,
each term multiplied by a suitable coefficient and raised to selected
exponents. This computer program has been described previously in
detail.2’4’26’27

In general, it was found that arbitrarily good correlations
could be obtained if a sufficient number of terms were allowed, but no
relatively simple, reasonably precise, correlation applicable to more
than small subsets of the data could be found in terms of the relatively
standard fluid and material mechanical properties. These latter
included tensile strength, yield strength, engineering strain energy,
true strain energy, hardness, elongation, reduction in area, and elastic
modulus (each property having been defined earlier for the present

3,6,28
purposes) .
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Very recently Hobbs18 reported that he obtained the best corre-
lation with "ultimate resilience'" for his vibratory data for a variety
of materials in water. We have found very recently that this parameter
also provides the best correlating parameter for our own data. As here
used, ultimate resilience is the energy per unit volume required to
stress the material to the true breaking stress, assuming no plastic
deformation (Figure 15). To justify the use of this parameter it must
be assumed that the loading rate in cavitation attack is so great that
"brittle fracture' is the common mode of failure. It is true that exam-
ination of test specimens often does support this viewpoint. It is also
true that very strong materials with low ductility, such as stellites,
tool steels, etc., show yery great cavitation damage resistance as com-
pared with ductile materials of lower strength but comparable strain
energy to failure (engineering strain energy). Hence, very qualitative-
ly, ultimate resilience appears to be a potentially successful correlat-

ing parameter.

B. Initial Application to Present Data. To obtain a correla-

tion between cavitation damage and material properties using our pres-
ently available data, it is clear that that portion of the data obviously
influenced by "thermodynamic effects'" should not be considered. Even
when this is omitted, it is still necessary to take some account of

fluid properties if data obtained in different fluids is to be used.

The most prominent fluid property variation in the present data is that
of density (about 0.5 g./cc. for lithium and 13.6 g./cc. for mercury).

Therefore, the total data set, excluding the 1500°F lithium data (since
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it was obviously influenced grossly by thermodynamic effects), was sub-
jected to the correlation program which was allowed to consider all the
mechanical properties previously mentioned (including the ultimate
resilience) and fluid density. The best correlation obtained included
only ultimate resilience of the material properties and also density, a
highly encouraging result in view of the highly complex and imprecise
results which had been obtained before the inclusion of ultimate resil-

ience among the possible mechanical properties.

C. Final Damage Predicting Equations. To obtain a "final" pre-

dicting equation, as generally applicable as possible, it is necessary
to include a correction for the thermodynamic effect, and also for the
fact that static NPSH vatied over a factor of about 30 for these tests.
As previously mentioned, the effect of increasing NPSH appeared to be a
reduction of damage, as an increasingly large undamaged annulus adjacent
to the specimen outside diameter and a concentration of damage toward
the center were noted. Thus, the damaged area is decreased as NPSH
increases. Very roughly it was estimated that the decrease in damaged
area between mercury and water was by a factor of f\/Z. If it is
assumed that the total NPSH including the transient component is about
the same for all fluids, since it is dominated by the transient compo-
nent which depends primarily on the specimen accelerations, then the
number of bubbles per unit area of bubble cloud may remain fairly con-
stant. Hence, the number of bubbles seen by‘the specimen surface would
also be roughly proportional to the damaged area. Since the ratio of

the damaged areas between mercury and water was about 2, the correction
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factor to be applied to the water data, taking the mercury as a standard,
is precisely 2. The NPSH correction can be expressed as the ratio of
NPSH values of mercury (standard) and the fluid in question, raised to a
suitable exponent to match the mercury-water comparison already cited.
Thus:

(NPSH)H 0

2
(NPSH)Hg

it

2 = Ratio of damaged areas

]n 0.266

[(35.3)/(2.60)

il
N
=

I}

Then for lithium we have:

0.266

(NPSH) _
L = [(70.6)/(2.60)1%°%%% = 2.41

(NPSH)Hg
In a similar fashion the correction factor to be applied to the lead-
bismuth data is found to be 1.075. Thus, the cavitation damage data
obtained in water, lithium, and lead-bismuth alloy should be increased
by the above appropriate factors to take account of the variation in
bubble population due to the variation in static NPSH.

The correction factor to be applied to the data for the thermo-
dynamic effect can be determined directly from Figure 12 for liquid met-
als and from Figure 13 for water (in which case it also includes the
correction for dissolved gas). Note that the correction factor to be
applied to the experimental data is the inverse of the corrected normal-

ized MDP rate taken either from Figure 12 or 13. In the present case
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this correction for thermodynamic effect is unity except for the 1500°F
lithium data and the water data. All the raw experimental data is then
multiplied by the two correction factors, one for thermodynamic effect
and one for variation in static NPSH. This corrected data was then sub-
jected to the correlating program, which was allowed only ultimate
resilience and fluid density as correlating parameters, since, as
already discussed, these had been most successful with the limited data
set previously used. A choice among the exponents: +1, +2, +1/2, +3,
and +1/3, was allowed by the program. The statistically best predicting
equation then generated involved only ultimate resilience, since appar-
ently the previous density dependence was removed through the NPSH

correction:

MDPR = 0.142 + 8.918(UR)"1/2

Coefficient of Determination® = 0.780
Average Algebraic % Deviation™ = 51.3%

Average % Deviation™*" = 139.0%

*The coefficient of determination26’27 is a statistical quantity
that can be interpreted as the proportion of the total variation in the
dependent variable that is explained by the predicting equation. Its
values range from O (no prediction) to 1.0 (perfect prediction). It is
here considered as the figure of merit for the correlation obtained.

**The percent deviations between the experimental and predicted
values of MDP rate are algebraically summed. The average algebraic per-
cent deviation is then the algebraic sum divided by the number of data
points.

Fokek, . . .
The percent deviations between the experimental and predicted

values of MDP rate are summed without regard to algebraic sign. The
average percent deviation is then this total deviation divided by the
number of data points.
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A complete predicting equation would then be of the form:

MDPR = C;-Cp[0.142 + 8.918(UR) ~1/2] (3)

where C1 is the correction for variation in static NPSH and can be com-
puted as:

C, = 1.29(NPSH) -0.266

C, is the correction for thermodynamic effect and is exactly the cor-

rected normalized MDP rate plotted in Figures 12 and 13, Note that:
0< C1 <1 and 0< C2 <1

While the statistical precision of equation (3) is not as good as might
be hoped, it is recommended by its simplicity. The precision is suffi-
cient for engineering es%imates, and may be the best that can be
expected considering the great complexity of the cavitation phenomenon.
An alternate predicting equation was obtained by treating the
data without correcting for varying NPSH. This form includes the den-
sity and still retains the inverse square root dependence on ultimate
resilience. It is statistically somewhat less suitable than equation

(3):
MDPR = C,[0.284 + 7.254(UR) "M% - 0.331(6)'2] (4)

Coefficient of Determination = 0.744
Average Algebraic % Deviation = 49.5%

Average 7% Deviation = 164.7%

It is clear from the above that density and/or NPSH must be

somehow considered. Since in the present data NPSH always varies in
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proportion to 1/{), there is no way to separate the effect of these two
parameters. Hence, further tests where one is varied while the other is

maintained constant are necessary.

D. Comparison With Other Correlating Parameters. A final check

to determine the relative merit of ultimate resilience as a damage cor-
relating mechanical property was made by obtaining optimum single-prop-
erty correlations with other mechanical properties which have been
previously considered as potentially useful in this respect. The entire,
fully corrected data set (70 observations) was used. The parameters so
tested were tensile strength, diamond pyramid hardness, engineéring
strain energy to failure, and true strain energy to failure (corrected
for elongation and reduction in a;‘ea).28 The resulting predicting equa-
tions are arranged in order of decreasing statistical significance in
Table 4 along with the correlations previously discussed for ultimate
resilience for the fully corrected data set (equation 3) as well as that
obtained without NPSH correction (equation 4).

Both of the ultimate resilience equations (3 and 4) are statis-
tically better than any of the others. Tensile strength is reasonably
good, hardness considerably worse, and the two strain energies consider-
ably less successful. Note that the engineering strain energy is by far

the worst of the group.

VI. COMPARISON OF VENTURI AND VIBRATORY FACILITY RESULTS

A. Predicting Equations. The venturi damage data involves

tests in both mercury (70°F) and water (70°F). Since the velocities
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were not the same due to facility limitations, the data from the two
fluids cannot be considered together. Predicting equations had previ-

57

ously been generated for this data, but no generally applicable
simple relation was found in terms of the various mechanical properties
already mentioned, but excluding ultimate resilience. Since the vibra-
tory data had correlated well in terms of ultimate resilience, the ven-
turi data was also tested for a correlation with this property. It was
found that the mercury data could be correlated well in terms of the
square root of ultimate resilience (as had the vibratory data) , which
was, in fact, a better correlation than any other single property corre-
lation previously obtained with this data.6 However, no significant
correlation existed between ultimate resilience and the water data.
This may be due to the fact that in the relatively low intensity venturi
cavitation field corrosion effects are considerably more important than
in the vibratory facilify, and probably more important relatively in
water than mercury, since the mechanical attack is much more intense
with mercury than with water.* The proposed correlating parameter does
not in any way consider corrosion.

The resulting correlating equation for the mercury venturi data

with relevant statistical information follows:

MDP* ¥ = 0.034 - 0.879x10~3(UR) 1/2 (5)

Coefficient of Determination = 0.878

*A correlation of the water-only data from the vibratory
facility shows that ultimate resilience is less successful

than tensile strength and hardness (Table 7).. .
**%* Total mean depth of penetration incurred during test.
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B. Relative Material Rankings. Table 5 shows the 70°F mercury

data for both facilities, which is the only liquid metal data for which
a dirgct comparison can be made. Venturi damage is given as MDP in 50
hours, and average MDPR is used for the vibratory facility. The materi-
als tested in the two facilities are of similar properties and constitu-
ents, but not identical in any of the cases. As an example, T-111 is
Ta-8W-2Hf, so these two are of identical composition, whereas T-222 dif-
fers slightly in composition from Ta-10W. For both facilities the mate-
rials have been listed in order of decreasing cavitation resistance.

The first five materials and the last have identical rankings in each
facility, while the remaining three differ only slightly in relative
ranking between facilities. However, although the relative rankings are
quite closely preserved between the two facilities, the factors separat-
ing damage in the venturi are several orders of magnitude larger than in
the vibratory facility. This may be due to the fact that chemical
effects are probably more prominent in the venturi facility.

Table 6 shows a similar comparison of damage in the two facili-
ties for the water tests. There is much less agreement in relative
rankings between the facilities than was the case for mercury. Again,
this may be due to the relatively prominent role played by chemical

effects in the water venturi data.

VII. CONCLUSIONS

A) A cavitation-damage predicting equation, which is suffi-

ciently consistent with the present vibratory facility data for
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TABLE 5

COMPARISON OF CAVITATION EROSION DATA IN MERCURY AT 70°F -
VENTURLI AND ULTRASONIC FACILITIES

Venturi Data

Ultrasonic Data

Material MDP at 50 Hours Material Avg. MDP Rate

Stainless Steel .28x10"2 mils 304 SS .32 mils/hr.
316 SS .33

Ta-8W-2Hf .85x1072 T-111 .35

Ta-10W 1.71x1072 T-222 43

Mo-1/2Ti 2.10x1072 Mo-1/2T1i .57

Carbon Steel 2.94x10"2 Cb-1Zr .92

Cb-1Zr (A) 5.87x102 Carbon Steel 1.03

Cb-1Zr 29.0 x1072 Cb-1Zr(A) 1.61

Plexiglas 225  x10" %" Plexiglas 3.99

*MDP at 25 hours.
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TABLE 6

COMPARISON OF CAVITATION EROSION DATA IN WATER AT 70°F
VENTURLI AND ULTRASONIC FACILITIES

Venturi Data Ultrasonic Data

Material MDP at 50 Hours Material Avg . MDP Rate
Cb-1Zr 3.50x10"3 mils  T-222 0.02 mils/hr.
Stainless Steel 5.27x1073 T-111 0.06

. Mo-1/2T1i 0.09
Ta-8W-2HE 7.62x10 316 SS 0.09
Ta-10W 11.11x1073 304 SS 0.10
Cb-1Zr(A) 20.29x1073 Cb-1Zr 0.15
Plexiglas 67.25x10" 3% Cb-1Zr(A) 0.18
Mo-1/2Ti 99.72x10"3 Carbon Steel 0.23
Carbon Steel 769.2 x1073 2024 Al 0.57
2024 Al 1618 x1073 6061 Al 0.72
6061 Al 1976 x1073 Plexiglas 1.39
1100-0 Al 2451  x1073 1100-0 Al 2.70
Cu-Zn 39.77x10"3 mils 0.38 mils/hr.
Ni 14.85x1073 0.44
Cu-Ni--1800°F anneal 8.58x10"3 0.47
Ni-1600°F anneal 4.04x10"3 0.48
Ni-1100°F anneal 14.63x1073 0.58
Cu-Ni--1300°F anneal 13.29x1073 0.63
Cu-Zn--1400°F anneal  25.09x10 > 0.68
Cu-Ni 19.23x10"3 0.70
Cu-Zn--850°F anneal 25.72x1073 0.72
Cu 24.29%1073 0.95
Cu-1500°F anneal 27 .62x1073 0.95
Cu-900°F anneal 23.75x1073 1.02

*MDP at 4 hours.
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engineering estimates, and which is relatively simple in form, has been
found. The data used in determining this equation was obtained in
vibratory cavitation damage tests in water, mercury, lithium, and lead-
bismuth alloy, with an extreme temperature range for the latter two
between 500°F and 1500°F. The materials tested include a very wide
spectrum of metals, including some refractory alloys. The predicting

equation follows:
MDPR = C;-C,[0.142 + 8.918(UR) ~1/2]
An alternate equation, which is nearly as good statistically, is:

MDPR = C.[0.284 + 7.254(UR)"L/2 - 0.331(9)'2]

CZ[
B) Damage correction factors for the cavitation 'thermodynamic
effect" and for variable static NPSH used in the vibratory test have

been derived and evaluated for use in the above predicting equations.

C) It was found that ultimate resilience was by far the most
successful single material property for predicting cavitation damage.
The other properties which were investigated, listed in decreasing order
of success, were tensile strength, diamond pyramid hardness, "true"

strain energy, and finally, "engineering' strain energy.

D) Relative rankings of different materials based on damage
obtained in the vibratory facility and in our venturi facility were
almost identical for mercury (the only liquid metal used in the venturi).
Also, a predicting equation in terms of ultimate resilience, quite simi-

lar to that found for the vibratory data, applied also to the mercury
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venturi data. However, the relative rankings of materials tested in
water in the two facilities differed widely, and no correlation with
ultimate resilience was found for the water venturi data. It is
believed that these discrepancies in the case of water are due to the
relatively large role presumably played by chemical effects in the low

intensity water venturi cavitation field.
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