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ABSTRACT

Ultrasonic-induced cavitation studies have been conducted in
lithium at 500°F and 1500°F for seven materials including refractory
alloys and stainless steels.

At 500°F the refractory alloys, T-111 and T-222(A), are the most
resistanﬁ to cavitation damage among the materials tested, while the
Cb-1Zr(A) is the least resistant. At 1500°F the refractory alloy,
T-111, is the most resistant, while the stainless steels are the least
resistant. The damage suffered by a material at 1500°F was less than
that measured at 500°F. This indicates that '"thermodynamic effects' are
significant in lithium at 1500°F.

Computer correlations of the cavitation damage data at.500°F with
applicable mechanical properties indicate that elongation, yield
strength, true strain energy, hardness, and tensile strength are good
individual indicators of cavitation resistance in these tests. Correla-
tions of the combined set of lithium data at 500°F and 1500°F require

that suitable fluid properties be included in the analysis.
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CHAPTER 1

INTRODUCTION

A. Importance of Cavitation Studies

Cavitation can be described as a hydrodynamic phenomenon which
relates to the formation and collapse of vapor bubbles in a liquid. In
general terms, these bubbles form in regions where the local pressure is
reduced below the vapor pressure at that temperature and start to col-
lapse as soon as the local pressure exceeds the vapor pressure. The
bubble collapse can be considered as giving rise either to a shock wave
which is propagated through the fluid, or to a small high-velocity
liquid jet, in either case terminating at a containing wall. The
effects produced as a conmsequence of cavitation are twofold. First, for
flow processes, it generally decreases the transferable energy and
causes a loss in efficiency. Secondly, destruction (damage) of the
material may take place at the point at which the shock wave or liquid
jet terminates. Thus, it becomes necessary to investigate carefully
those conditions resulting in cavitation and thé damage suffered by var-
ious materials.

Since the cavitation damage process is apparently very closely

related to damage from droplet or particle impingement or conventional



erosion,* the damage data so obtained for various structural materials
is also to some extent applicable to the resistance of these materials
to these other forms of attack, so that the fields of droplet erosion in
wet vapor streams (as in turbines or other two-phase flow passages),
rain erosion of high-speed aircraft, micrometeorite bombardment of space
vehicles, etc., are involved.

The successful pumping and handling of high-temperature liquid
metals, wherein cavitation itself is a problem, is of considerable
importance in the present and future space program, particularly from
the viewpoint of power generation using nuclear heat sources and liquid-
metal Rankine cycle power-conversion equipment. As has been recently
demonstrated, damaging cavitation attack can occur in bearings,2 close-
clearance passages,3 etc., as well as pumps.ll’5 Recent theoretical
studies6 emphasize, in addition, a form of microcavitation that may also
occur in many high-performance bearing applications and even in compo-
nents such' as gear teeth, so that the pitting which is often found in
such units may well be a result of a form of cavitation. The same prob-
lems are, of course, also important in the conventional nuclear power
plant program,3 which includes several existing and projected reactor

systems using liquid metals as the coolant.

*Reference 1 includes many papers on the relations between these
various forms of attack, including one by one of the present authors.
Also ASTM Committee G-2 has recently been formed to attempt to relate
these various phenomena and form applicable test standards.



In the SNAP application the minimization of size and weight and
the maximization of temperature are of over-riding importance, so that
the fluid-handling equipment must be designed to operate under condi-
tions approaching cavitation or actually in a cavitating regime. Hence,
it becomes necessary to know realistically under what conditions cavita-
tion can be anticipated, and the quantity and quality of damage to be
expected for a given degree of cavitation, since it may not be possible
or desirable to avoid the cavitating regime entirely by over-conserva-
tive design, as has often been the practice for conventional
applications.

B. Importance and Significance of
Accelerated Cavitation Studies

In a prototype system, the damagevdue to cavitation appears usu-
ally only after fairly lengthy operation under design conditions. Hence,
it is clear that 1f a systematic study is to be made, involving a vari-
ety of materials and numerous plant conditions, it will be necessary to
expend large amounts of time and money. An alternate approach, sacri-
ficing direct applicability to some extent in the interests of economy,
is to accelerate the cavitation losses by employing any one of several
laboratory techniques which have been developed for this purpose. One
commonly used method which is also employed in our own laboratory is a
flowing tunnel system utilizing a venturi test section and a centrifu-
gal pump to circulate the test fluid around a closed loop. This system
has been described elsewhere.7 The venturi is reasonably similar to

actual flow systems, but at the same time damage occurs only rather



slowly. As an alternative to a flowing system, various acoustic tech-
niques have been used by researchers in the past to bring about acceler-
ated cavitation.s"g’lo’11 Such studies have been most often conducted
through the use of polarized magnetostrictive or polycrystalline piezo-
electric materials. Various materials exhibit either the piezoelectric
effect or the phenomenon of magnetostriction. Both effects are revers-
ible. The utilization of such acoug;ic techniques appears to allow
economical screening of a wide variety of materials in various fluids
under ambient and elevated temperatures. The method has been widely
used in the past for cavitation studies in water and other ambient tem-
perature fluids, but not until very recently have tests been conducted

L L . 3,12,13,32 .
in high-temperature liquid metals as sodium, lead-bismuth

alJ.oy,M’15 mercury,lg’32 and, of course, the present tests in lithium.
In the past, the utility of acoustic cavitation damage results
has been limited because no direct correlation with cavitation in a
flowing system has been available. However, if such a correlation could
be formulated, it might be possible to substitute relatively economical
acoustic testing for tests in a tunnel facility. Our own laboratory has
conducted cavitation tests in both water and mercury in venturi facil-
1'.tiesl6’17’18 for the past several years and has accumulated much useful
data over this period of time. It is expected that the accelerated cav-
itation data obtained with the acoustic facility can be compared with
the tunnel results, so that a correlation can be obtained, allowing a

more direct application of the accelerated test results. Preliminary

= cdvitation resistance ratings of materials tested in the venturi and



vibratory facilities in both water and mercury show many similarities.19

It is our belief that the accelerated device provides a useful and eco-
nomical screening test, but that final check tests of a few selected
materials should be made in a flowing system such as the venturi
facility.

It has been demonstrated20 that a pulsing technique, whereby a
short period of cavitation is followed by a longer non-cavitating inter-
val, produces more meaningful results in cases where corrosion is impor-
tant. The accumulated non-cavitating time allows a more realistic
opportunity for any corrosion mechanism to manifest itself on the test
specimen. In a purely cavitating experiment of the accelerated type,
the test time involved might be so short that the corrosion contribution
to the total damage mechanism would be negligible as compared to field
conditions, and hence the results misleading. Such pulsing apparatus
can be used for both steady and pulsed cavitation studies. Hence, the
effect of corrosion damage can be quantitatively determined. Although
the present facility has this capability, it has not been used in this
fashion thus far. As discussed later, corrosion has apparently been
quite negligible in the liquid metal tests in this laboratory.

In addition to the cavitation testing program, it is essential
to determine the applicable mechanical properties of the materials
tested at the test temperatures so that a correlation between resistance
to this form of two-phase attack and some combination of the mechanical
properties can be obtained. Applicable mechanical properties certainly

might include the ultimate tensile strength, yield strength, hardness,



strain energy to failure, elongation, reduction in area, elastic modulus,
impact resistance, etc. If such a correlation were available, it would
be possible not only to choose intelligently materials for these various
purposes, but also to specify the most desirable heat-treat program,
surface treatment, etc. Such a procedure would eliminate the necessity
for costly materials-screening programs such as have been necessary many
times in the past after the construction of a particular facility.
Further, it would be possible, to specify materials in critical loca-
tions in advance so that more aggressive designs (and hence more econom-
ical designs, as for liquid metal pumps, etc.) could be used.

C. The University of Michigan High-Temperature
Ultrasonic Cavitation Vibratory Facility

The University of Michigan high-temperature ultrasonic cavita-
tion vibratory facility has been described elsewhere.7’21 However, the
major features of the facility will be reviewed here. Figure 1 is a
schematic block diagram of the high-temperature ultrasonic vibratory
facility showing the audio-oscillator, power-amplifier, transducer-horn
assembly, test specimen, oscilloscope, frequency counter, high-tempera-
ture furnace and cavitation vessel, and accelerometer. The signal sup-
plied by the variable-frequency audio-oscillator is amplified and
applied to the piezoelectric crystals. The resultant periodic motion of
the crystals effectively constitutes a standing wave generator with the
amplitude of the standing wave being increased as it traverses the expo-
nential horn assembly. The use of exponential horns as velocity trans-

22
formers in this fashion was first suggested by Mason. The movement of
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the horn tip, to which a test specimen is attached, results in a rapid
variation in local pressure, causing the periodic formation and collapse
of an intense cavitation cloud. The final result is an accelerated ero-
sion of the test specimens subjected to the collapsing bubble cloud.
The materials of interest can be tested in a variety of fluids over a
wide temperature range. For studies at elevated temperatures the trans-
ducer-horn assembly is installed in the special cavitation vessel which
is filled with the appropriate fluid. Figure 2 is a photograph of the
facility showing the audio-oscillator, power-amplifier, voltmeter,
oscilloscope, timer, temperature controller, furnace, and the transducer-
horn assembly installed in the high-temperature cavitation vessel. The
vessel is inserted in the furnace. The line running to the vessel sup-
plies argon as a cover gas for the fluid.

The cavitation facility has been completely calibrated and oper-
ated at fluid temperatures in excess of 1500°F at a frequency of ~/20
Kc./sec. and double amplitude of ~/2 mils. It is capable of operation

with a variety of fluids.

D. Present Investigation

In a recent test series cavitation-erosion data have been
obtained in lithium at 500°F and 1500°F for 304 stainless steel (U-M),
316 stainless steel (U-M), T-111 (P & W) (Ta-8W-2Hf), T-222(A) (P & W)
(Ta-9.5W-2,5Hf-.05C) , Mo-1/2Ti (P & W), Cb-1Zr (P & W), and Cb-1Zr(A)

%
(P & W). The choice of lithium as the primary reactor coolant in the

*The notations (U-M) and (P & W) following the specimen materi-
als 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.



Figure 2. High-Temperature Cavitation Facility
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SNAP-50 nuclear auxiliary powerplant and a lack of high-temperature cav-
itation data in this fluid are the major reasons for the present studies.
This investigation is part of a continuing effort whose objectives are
the determination of materials showing the greatest cavitation resist-
ance in water at room temperature and in liquid metals at elevated tem-
peratures; the determination of material-fluid parameters to correlate
damage and allow its 3 priori prediq;ion; and the development of a rela-
tionship between the damage incurred in the venturi facilities operated
by this laboratory and the damage noted in the present vibratory stud-
ies. Previously, cavitatibn-erosion results obtained in lead-bismuth
alloy at 500°F and 1500°F,23 in mercury at 70°F and 500°F,19 and in

19
water at 70°F " utilizing the vibratory facility were reported.
y y p



CHAPTER II

CAVITATION STUDIES IN LITHIUM AT 500°F

A. Experimental Procedure

The seven materials tested at 500°F were 304 stainless steel
(U-M), 316 stainless steel (U-M), T-111 (P & W) (Ta-8W-2Hf), T-222(A)
(P & W) (Ta-9.5W-2.5Hf-.05C), Mo-1/2Ti (P & W), Cb-1Zr (P & W), and
Cb-1Zr(A) (P & W). 1Initially, each of the specimens was weighed on a
precision balance to an accuracy of 0.0l mg., and then attached to the
tip of the stainless steel exponential horn, whereupon the unit was
assembled. The lithium test fluid is maintained at the required test
temperature of 500°F throughout the test with a suitable temperature
controller. Variations in temperature during the test amounted to less
than 5°F. Since the piezoelectric crystals must be maintained at a tem-
perature below 150°F, the top plate of the cavitation vessel is cooled
by circulating water through a copper cooling coil that is brazed to the
top plate. In addition a fan in close proximity to the crystals pro-
vides additional cooling. The test specimens aré oscillated by a pair
of lead-zirconate-titanate piezoelectric crystals at A/ 20 Kec./sec. with
the horn tip immersed A/ 1 inch into the lithium. The double amplitude
at the specimen was maintained at ~/ 2 mils for all the tests, as deter-
mined by a precision accelerometer,24 previously calibrated by visual

observation of the horn tip with a microscope. An argon cover gas was

11
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maintained over the molten lithium at an overpressure of 1.1 psig
throughout the 500°F investigations. The value of argon cover gas pres-
sure is chosen for a given fluid-temperature combination such that the
suppression pressure, i.e., the difference between local pressure at the
specimen and vapor pressure of the fluid, is approximately constant for
all investigations involving a variety of fluid-temperature combinations.
In addition it was desired that the argon cover gas pressure be positive
so that in-leakage of oxygen would not occur. Test duration for each
material was 10 hours with the exception of the Cb-1Zr(A) which showed
gross erosion after 6 hours of testing. At frequent intervals the
specimens were visually examined, photographed, and carefully weighed.
The lithium used in these investigations was obtained from the
Lithium Corporation of America, Inc. (Bessemer City, North Carolina) in
the form of individual 1/2 pound cylindrical ingots sized to fit into
the cavitation vessel and fill it, upon melting, to the desired level.
The ingots were shipped, hermetically sealed in individual tin cans,
which were easily opened for charging the lithium into the experimental
vessel. The solid ingot was first placed in a clean stainless steel
beaker which fit snugly into the cavitation vessel and provided for easy
removal and disposal at the conclusion of a test. The loading operation/
was carried out at room temperature (where oxidation would be at a mini-
mum rate) in a glove box under an argon atmosphere. The sealed vessel
was then removed from the glove box and placed in the furnace where the
lithium was brought to the required test temperature of 500°F. Each

.test was conducted with a new, fresh lithium ingot. This procedure
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eliminated the need for transferring the molten lithium to and from the
experimental vessel and eliminated trace heaters, hot traps, cold traps,
valves, etc., from the system design. This procedure resulted in a very
economical design and kept oxide contamination relatively uniform and at
a minimum, since a fresh ingot was used for each test.

At. the conclusion of each investigation the vessel was removed
from the furnace and quickly air-cooled to a temperature of 375°F, which
is slightly above the melting point ;f 362°F, and below the ignition
temperature of 392°F. With the lithium at 375°F the vessel top plate
was unbolted, and the ultrasonic transducer and specimen were quickly
removed from the molten lithium wﬁile maintaining the argon cover gas
over the test fluid. The vessel was then covered and the lithium
allowed to solidify in the stainless steel beaker. The beaker and used
ingot were then easily removed from the vessel and discarded. The next
run made use of a new clean stainless steel beaker and a fresh lithium
ingot.

After solidification, any excess lithium adhering to the test
specimen and the exponential horn was easily removed by dipping the end
of the transducer into a large container of cold water placed outdoors.
The reaction of lithium with water under these conditions was not very
vigorous and resulted in complete removal of the excess lithium metal in
a few minutes. The test specimen was then removed from the tip of the
transducer and weighed.

This complete procedure of ingot loading, unloading, and speci-

_men retrieval was found to be completely safe and was carried out more
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than 50 times without incident. Personnel wore suitable protective

clothing during the unloading and specimen retrieval operations.

B. Experimental Results

The cavitation results obtained at 500°F in lithium will be dis-
played as accumulative weight loss versus test duration, and also as
accumulative mean depth of penetration (MDP) versus test duration. The
mean depth of penetration, computed assuming that the weight loss is
smeared uniformly over the cavitated specimen surface, is felt to be
more physically meaningful than weight loss, since it is generally the
total penetration of a particular component by cavitation erosion that
would render it unfit for service. Of course, neither weight loss nor
MDP is sensitive to damage distribution and form, i.e., damage may vary
from isolated deep pits to relatively uniform wear, depending on mater-
ial-fluid combination. However, a "figure of merit" such as MDP takes
into account the large variation in density that may occur within a set
of test materials.

The appropriate expression for computing the MDP of a given
material is of the form:

MDP (mils) = C-W
where W is the weight loss expressed in mg. and-C is a constant for the
given material. Values of the constant, C, for computing the MDP of all
the materials tested, along with their densities, are presented in
Table 1.

Table 2 summarizes the cavitation results obtained in lithium at

500°F. Figure 3 is a plot.of accumulative weight loss versus test
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TABLE 1
RELATION BETWEEN WEIGHT LOSS AND MDP
(MDP = C W)
Material __ Demsity __________ Conmstamt, C*
304 Stainless Steel 7.85 g./cc. .033
316 Stainless Steel 7.85 , .033
T-111 17.66 .0147
T-222(A) 17.66 L0147
Mo~1/2Ti 10.22 .0253
Cb-1Zr 8.72 .0296
Cb-1Zr(A) 8.72 .0296

"Valid when MDP is expressed in mils and W is expressed in mg.
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TABLE 2

SUMMARY OF CAVITATION RESULTS IN LITHIUM AT 500°F

—— ]

Avg. Wt, Average
Material Loss Rate MDP_Rate
T-111 ® & W) 1.70 mg./hr. 0.03 mils/hr.
T-222(A) (P & W) 2.48 0.04
Mo-1/2Ti (P & W) 4.61 0.12
Cb-1Zr (P & W) 5.02 0.15
304 Ss (U-M) 10.42 0.34
316 SS (U-M) 10.91 0.36

Cb-1Zr(A) (P & W) 33.70 1.00
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duration, while Figure 4 is the corresponding plot of accumulative MDP
versus test duration for the seven materials tested.

On the basis of either average weight loss rate or average MDP
rate it is clear that the T-111 is the most cavitation resistant of the
materials tested, while the T-222(A) is about 30% less resistant. These
materials exhibited average MDP rates of 0.03 mils/hour and 0.04 mils/
hour, respectively. The refractory @aterials, Mo-1/2Ti and Cb-1Zr, rank
third and fourth, respectively, with average MDP rates of 0.12 mils/hour
and 0.15 mils/hour, respectively. The 304 stainless steel and 316
stainless steel were aboutbequally resistant but suffered 11X to 12X the
damage incurred by the T-111l, The Cb-1Zr(A) was the least resistant to
cavitation damage of the materials tested with an average MDP rate of
1.00 mils/hour, approximately 33X greater than the rate of damage exhib-
ited by the T-111. It is clear from Figures 3 and 4 that the rate of
erosion for each individual material is approximately constant for most
of the test. In some cases the rate of damage is not constant in the
early part of the test due to lack of temperature equilibrium of the
ultrasonic transducer and the smooth surface of the specimen face which
appears to prevent maintenance of a stable bﬁbble cloud. In some cases
the rate of damage decreases with increasing test duration. This is
probably due to a decrease in the number of bubbles generated by some
types of roughened surfaces.33

Photographsvof the test specimens at the conclusion of the cavi-
tation experiment are presented in Figure 5. The materials are arranged

.in order of decreasing resistance to cavitation damage. Note the very
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(1) T-111(P & W) (2) T-222(A) (P & W) (3) Mo-1/2Ti(P & W)
10 Hour Exposure 10 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

Figure 5. Specimens Subjected to Cavitation Damage

in Lithium at 500°F
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heavy pitting suffered by the Cb-1Zr(A), 304 stainless. steel, and 316
stainless steel. The damage is concentrated at the centralvportion of
the specimen with the outer rim nearly undamaged. It is thought that
the lack of damage in the outer annular ring is due to vortex actionzs’26
near the edge of the vibrating horn which results in higher pressures
adjacent to the horn in this region and, hence, fewer bubbles. The dam-
age suffered by the other specimensris somewhat more uniform with the
exception of the T-111. However, the undamaged outer rim is present in
all cases.

It has been noted in these tests with different fluids all con-
ducted at a constant suppression pfessure (lead-bismuth, mercury, water,
and lithium) that the heavier fluids give quite a uniform damage pattern.
The water patterns are intermediate between the heavy liquid metals and
the lithium here observed, in that for the lighter fluids the damage
tends to become concentrated toward the center and less pronounced on
the outer edge. This may be due to the fact that NPSH is much greater
for the light fluids than for the heavier, since suppression pressure
was constant, i.e., the "flows'" may not be properly modeled.

Detailed examination of the 303 stainless steel exponential
horn, the 316 stainless steel beaker, and the sides of the various test
specimens, all of which are not subject to cavitation, but are submerged
in the test fluid, indicates that corrosion effects in the absence of
cavitation in these investigations were negligible, as would be expected

3
for the short durations involved.



CHAPTER III

CAVITATION STUDIES IN LITHIUM AT 1500°F

A. Experimental Procedure

The materials tested at 1500°F were the 304 stainless steel, 316
stainless steel, T-111, and Cb-1Zr(A), which were also tested at 500°F.
The experimental procedure for the 1500°F tests was similar to that
employed for the 500°F tests discussed previously. However, for the
1500°F tests the argon cover gas pressure was raised to 1.2 psig since
the vapor pressure at this temperature is approximately 0.l psi. Total
test duration was 10 hours in all cases with the exception of the T-11l1
which was cavitated for 30 hours. Frequent inspections and weighings
were made. At the conélusion of a test the cavitation vessel remained
in the furnace until it had cooled to 500°F. Then it was removed and
air-cooled until the lithium temperature reached the required 375°F at
which point the specimen was removed.

The cavitation tests at 1500°F were conducted at a frequency of
/)18 Ke./sec. and a double amplitude of /V2 mils at the specimen.

The submergence was maintained at »/ 1 inch for all the tests.

B. Experimental Results

The data obtained in lithium at 1500°F will be displayed as

accumulative weight loss versus test duration and also as accumulative

22
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mean depth of penetration (MDP) versus test duration. The expression
and constants given previously for computation of MDP as a function of
weight loss are applicable at 1500°F also.

Table 3 summarizes the cavitation results obtained in lithium at
1500°F. Figure 6 is a plot of accumulative weight loss versus test dur-
ation for the four materials tested, while Figure 7 is the corresponding
plot of accumulative MDP versus test duration.

On the basis of either weight loss or MDP the refractory alloy
T-111 exhibited the greatest resistance to cavitation damage at 1500°F.
This was also true at 500°F. The refractory alloy Cb-1Zr(A) which suf-
fered gross damage at 500°F and ranked last had an éverage MDP rate of
only 0.017 mils/hour at 1500°F and ranked second. The two stainless
steelswere the least resistant of the four materials tested at 1500°F,
as expected from mechanical properties considerations. The 316 stain-
less steel sustained 7X the damage rate of the T-1l1l whereas the 304
stainless steel exhibited 9X the damage rate. It is clear from Figures
6 and 7 that the rate of erosion for each individual material was
approximately constant for all the materials tested during most of the
test.

Photographs of the test specimens at the conclusion of the cavi-
tation experiment are presented in Figure 8. The materials are arranged
in order of decreasing resistance to cavitation damage. Very little dam-
age is apparent on any of the specimens.

Corrosion effects on the non-cavitated surfaces in the tests at

-1500°F were negligible, as was also the case for the 500°F tests.
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TABLE 3

SUMMARY OF CAVITATION RESULTS IN LITHIUM AT 1500°F

Avg. Wt. Average
Material Loss Rate MDP Rate
T-111 (P & W) 0.26 mg./hr. 0.004 mils/hr.
Cb-1Zr(A) (P & W) 0.58 0.017
316 Ss (U-M) 0.81 0.027

304 ss (U-M) 1.04 0.034
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(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

Figure 8. Specimens Subjected to Cavitation Damage
in Lithium at 1500°F



CHAPTER IV
COMPARISON OF CAVITATION RESULTS AT 500°F AND 1500°F

Table 4 suﬁmarizes the cavitation data obtained in lithium at
500°F and 1500°F. The seven materials tested at 500°F and four tested
at 1500°F have been rated on the basis of cavitation resistance as
determined by MDP, with a rating of "1" indicating the most cavitation
resistant material, while a rating of "7" at 500°F and "4" at 1500°F
would denote that material most susceptible to cavitation damage at each
temperature.

The tantalum alloys, T-111l and T-222(A), are the most resistant
to cavitation damage at 500°F, while the T-111 is the most resistant at
1500°F, T-222(A) not having been tested at this temperature. The
Cb-1Zr(A) which had a rating of "7" at 500°F ranked second among the
four materials tested at 1500°F., The 304 and 316 stainless steel were
among the least resistant materials at 500°F (although superior to
Cb-er(A», but ranked last at 1500°F. Thus, the expected superior per-
formance of the refractories at the higher tempefature, due to their
less temperature dependent mechanical properties, was verified. At both
temperatures the T-111 was approximately 10X more resistant than the

stainless steels,

28
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TABLE 4

COMPARISON OF CAVITATION RESULTS AT 500°F AND 1500°F

500 °F 1500°F
Material (Avg. MDP Rate) Rating (Avg. MDP Rate) _Rating
T-111 0.03 mils/hr, 1 0.004 mils/hr. 1
T=-222(A) 0.04 2 -- -
Mo-1/2Ti 0.12 3 -- -
Cb-1Zr 0.15 4 -- -~
304 S8 0.34 5 0.034 4
316 SS 0.36 6 0.027 3

Cb-1Zr(A) 1.00 7 0.017 )
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It is important to note that for each of the four materials
tested at both temperatures the amount of damage sustained by the speci-
men at 1500°F was less than that sustained at 500°F for constant testing
time. The exact opposite behavior was noted in the cavitation tests con-
ducted earlier in lead-bismuth alloy23 and mercury19 where the damage
sustained by a given material at the higher temperature was greater than
that measured at the lower temperature. One might expect this latter
behavior due to the reduced strength of the materials at the elevated
temperature. However, the variation of the fluid properties with tem-
perature is also important and must be considered. A recent paper by
Leith27 presents predictions of cavitation damage in a vibratory facil-
ity exposed to atmospheric pressure for liquid metals as a function of
temperature for a material possessing constant mechanical properties,
i.e., not a function of temperature. Leith's interpretation of the pre-
viously available data indicates that the specific gravity, vapor pres-
sure, viscosity, and surface tension are important fluid properties which
affect the amount of damage sustained as a function of temperature. In
the case of NaK, potassium, lithium, rubidium, cesium, and sodium, Leith
concludes that cavitation damage as a function of temperature reaches a
maximum at a temperature 15% to 20% up the melting-boiling range, fall-
ing off below and above this maximum damage temperature, The mechanical
properties of several refractory alloys, such as T-111, T-222(A),
Mo-1/2Ti, and Cb-1Zr, tested in our investigations are very weak func-
tions of temperature, and Leith's analysis would apply more closely to

these than to the stainless steels.
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It is our present feeling that the trend in the lithium results
can be explained primarily on the basis of cavitation '"thermodynamic
effects,"35 as follows. At 1500°F the vapor pressure of lithium is many
times greater than at 500°F. When the cavitation bubbles collapse at
the higher temperature, the heat of condensation from the condensing
vapor trapped within the bubble must be conducted into the surrounding
fluid. 1If this does not occur rapidly enough, then the uncondensed
vapor serves to cushion the bubble collapse with a resultant decrease in
collapse pressures and reduced damage to the test specimens. This
effect was not operative in the lead-bismuth tests since the vapor pres-
sure was essentially nil even at 1500°F. In the mercury tests the tem-
perature range (70°F to 500°F) was not sufficient to make the effect

important.



CHAPTER V..
TEMPERATURE DEPENDENCE OF CAVITATION DAMAGE IN LITHIUM

As previously mentioned, the damage suffered by all materials
tested at 1500°F in lithium was less than the corresponding damage meas-
ured at 500°F. To obtain further information on this somewhat surpris-
ing result, the temperature dependence of cavitation damage in our
vibratory rig in lithium for a few selected materials over the range
from 500°F to 1500°F was investigated. The 304 stainless steel, T-1l1,
and Cb-1Zr(A) were chosen for this purpose. The mechanical properties
of the 304 stainless steel vary greatly over this temperature range, and
the predictions of Leith27 would not be expected to apply without intro-
ducing corrections for this effect. The mechanical properties of the
refractory materials, T-111 and Cb-1Zr(A), are weak functions of temper-
ature, so that their behavior should more clearly illustrate the effects
of fluid property changes over this temperature range.

Cavitation damage data for 304 stainless steel was obtained at
400°F, 500°F, 700°F, 900°F, 1100°F, 1300°F, and.1500°F using the experi-
mental procedure previously discussed. Total test duration at each tem-
perature was 10 hours. Table 5 summarizes the data obtained for 304
stainless steel in lithium at the various temperatures. Figure 9 is a
plot of average weight loss rate versus test temperature, while Figure

10 is the correspondingﬁﬁléﬁsof average MDP rate versus test temperature.
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TABLE 5

EFFECT OF TEMPERATURE ON CAVITATION DAMAGE
304 STAINLESS STEEL

P ———— —— ———— —— ]

Temperature Avg. Wt. LoééﬂRate Avg. MDP Rate
400°F 7.23 mg./hr. 0.24 mils/hr.
500 10.42 0.34
700 5.39 0.18
900 2.88 0.10

1100 1.50 0.05

1300 1.21 ' 0.04

1500 1.04 0.03
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The damage rate reaches a maximum at approximately 500°F and decreases
thereafter, presumably due to the thermodynamic effects mentioned pre-
viouély. The shape of the curve is similar to Leith's plot27 of cavita-
tion damage veréus percentage of the melt-boil range for lithium.
Leith's prediction for lithium is shown as a dashed curve in Figure 10.
Similar experimental data was obtained for T-111 and Cb-1Zr(A)
at 500°F, 1000°F, and 1500°F, Total test duration at each temperature
was 10 hours. Table 6 summarizes fhe data obtained, while Figures 11
and 12 are plots of average weight loss rate versus temperature and
average MDP rate versus temperature, respectively, for the T-111 and
Cb-1Zr(A) . The T-111 damage rate decreases by a factor of 7 from 500°F
to 1500°F while the Cb-1Zr(A) damage rate decreases by a faétor of
approximately 60 over the same temperature range. A very large decrease
in damage in sodium tests in a similar facility over the same tempera-
ture range is reported by Hydronautics, Inc.,13 although in their tests
stainless steel appeared very much superior to the refractories at
1500°F. This is, of course, inconsistent with the mechanical properties

of these materials (Tables 7 and 8).
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TABLE 6

EFFECT OF TEMPERATURE ON CAVITATION DAMAGE
- T-111 AND Cb-1Zr(A)

Material Temperature Avg. Wt. Loss Rate Avg, MDP Rate
T-111 500°F 1.70 mg./hr. 0.025 mils/hr.
1000 0.61 0.009
1500 0.26 0.004
Cb-1Zr (4) 500 °F 33.70 mg./hr. 1.00 mils/hr.
1000 8.10 0.24
1500 0.58 0.02
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CHAPTER VI
MECHANICAL PROPERTIES DATA FOR THE TEST MATERIALS

In order to obtain a meaningful correlation between the cavita-
tion resistance of the various mategials tested, their mechanical prop-
erties, and suitable fluid coupliﬁg parameters, it is absolutely
essential that the applicable mechanical properties be measured at the
test temperatures using tensile bars machined from the same bar stock as
were the cavitation specimens. Otherwise the variations between materi-
al lots due to differences in heat-treat, cold work, etc., are too large
to allow useful results. Accordingly, all cavitation test specimens,
tensile bars, and special hot hardness specimens for each material were
machined from the same piece of bar stock. It was found that handbook
values or those supplied by vendors were not sufficiently accurate to be
of use in this context even for relatively standard materials. It has
been the experience of this laboratory that supposedly identical materi-
als taken from different heats may have variations in applicable mechan-
ical properties as great as 50%. Among the properties which appear
important are tensile strength (TS), yield strength (YS), engineering
strain energy (ESE), true strain energy (TSE), hardness (H), elongation
(ELON) , reduction in area (RA), and elastic modulus (E).

The mechanical properties data for the stainless steels and

.refractory materials were determined at 500°F and 1500°F at Pratt &
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rather than ductile failures are typical of cavitation damage. The
remaining values listed in Tables 7 and 8 are rather commonly reported
metallurgical properties and need no further explanatory remarks. The
hardness.values‘listed were measured with a diamond pyramid indenter and
1.1 Kg. load.

Examination of the mechanical properties data in Tables 7 and 8
strongly suggests that it will be difficult to correlate the combined
lithium cavitation data at 500°F aﬁa 1500°F in terms of mechanical prop-

erties of the test materials only, although the experimental data and
mechanical properties data at each temperature separately are consistent.
As mentioned previously, the damage measured at 1500°F was less than
that measured at 500°F even though all the strength and energy proper-
ties which have been considered of the test materials are reduced at the
higher temperature. This again suggests the importance of the fluid
properties and their role in determining cavitation damage. Further
studies are presently being conducted in order to isolate the contribu-
tion of various fluid properties such as density; surface tension, net
positive suction head, bulk modulus, kinematic viscosity, specific heat,
thermal conductivity, heat of vaporiz#tion, thermal diffusivity, Prandtl
Number, and vapor pressure. The present report discusses results only
of correlations of the experimental data obtained at 500°F with appli-

cable mechanical properties.



CHAPTER VII

CORRELATIONS OF CAVITATION DATA WITH

MECHANICAL PROPERTIES DATA

A, Introduction

In order to fully investigate the dependence of cavitation
resistance on the mechanical properties of the test materials and on the
fluid properties, and to obtain a better understanding of the damage
mechanisms involved, it is desirable to subject the experimentally-
determined cavitation data and the appropriate mechanical and fluid
properties data to a least mean squares fit by means of a suitable digi-
tal computer program. For these studies the University of Michigan IBM
7090 digital computer facility has been utilized along with a very
sophisticated least mean squares stepwise regression program which was
first proposed by Westervelt30 and later revised by Crandall.31 This
program has been discussed in detail in previous reports.19 However,
for the sake of completeness in this report, the detailed explanation is
included in the Appendix. |

B. Single Property Correlations of
Lithium Data at 500°F

As a first step in the analysis, an attempt was made to corre-

late the damage data obtained at 500°F with each mechanical property
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individually to determine the relative importance of each alone with
respect to predicting the observed cavitation damage. Table 9 summar-
izes the results of this effort. The 10 properties considered, the
statistically best predicting equations generated by the program for
each property, the coefficient of determination (CD)* for the analysis,
and the average absolute percent deviation (AAPD) for‘the analysis are
noted. The predicting equations are arranged in order of decreasing
statistical significance based on the coefficient of determination. It
is seen that the elongation, yield strength, true strain energy based on
reduction in area (ISER), hardness, and tensile strength are quite suc-
cessful as single correlating parameters. The other mechanical proper-
ties listed do not suitably account for the experimental data on an
individual basis.

It is further noted that the average MDP rate is inversely pro-
portional to powers of yield strength, true strain energy based on reduc-
tion in area, hardness, and tensile strength. The dependence of average
MDP rate on elongation is not as easily determined, since two terms in
the predicting equation are functions of elongation, each contributing
to the average MDP rate in an opposite manner. One might conclude that
the cavitation resistance of a group of materials in lithium at 500°F
could be at least qualitatively predicted on the basis of these five

mechanical properties.

*The coefficient of determination 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 0 (nogpreédiction) to 1.0 (perfect prediction).
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C. Ten Property Correlations of
Lithium Data at 500°F

Further attempts at complete correlations of the experimental
data were conducted in which all ten mechanical properties noted pre-
viously, each raised to ten exponents, were possible terms in the pre-
dicting equation. Hence a total of 100 terms plus a pure constant were
considered by the program. Table 10 summarizes the statistically best
predicting equations obtained under these conditions. The coefficient
of determination and average absolute percent deviation are noted for
each of the correlations presented. Note that each equation contains
only one mechanical property. In fact the equations containing the yield
strength and the hardness are idéntical to those obtained in the single
property correlations. The true strain energy based on reduction in area
enters to the power (-1) in the ten property correlations, while it was
present to the power (-1/2) in the single property correlations. Of
course, the mechanical properties involved in the ten property correla-
tions are those that were also quite successful in predicting cavitation

damage individually, as expected.

D. Correlations of all Lithium Data

The combined lithium data obtained at 500°F and 1500°F was also
submitted to the leastbmean squares regression analysis. As mentioned
previously, one would not expect particularly good predicting equations
in this case since only mechanical properties are allowed as independent
variables. Thermodynamic effects are apparently quite important in

1ithium at 1500°F. Hencg, #‘suitable correlation must involve fluid
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TABLE 10

SUMMARY OF BEST CORRELATIONS WITH TEN PROPERTIES
CONSIDERED--LITHIUM AT 500°F

—
(1
Avg. MDP Rate = -0.899 + 43.40(ys) " }/3
Coefficient of Determination = 0.959

Average Absolute % Deviation = 3.27%

(2)
Avg. MDP Rate = -0.,039 + 8.21x10°(TSER) "1
Coefficient of Determination = 0,928

Average Absolute 7% Deviation = 40.6%

3

Avg. MDP Rate = 0.114 + 3.17x10°(H) ™3

Coefficient of Determination = 0.924

Average Absolute 7% Deviation = 37.3%
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properties of lithium such as density, surface tension, net positive suc-
tion head, bulk modulus, kinematic viscosity, specific heat, thermal con-
ductivity, heat of vaporization, thermal diffusivity, Prandtl Number, and
vapor pressure. Such a correlation, involving both mechanical and fluid
properties, is presently being undertaken. Nevertheless, single property
correlations and full ten property correlations of the combined lithium
data as a function of mechanical prqperties only were investigated. It
was found in both cases that no suitable predicting equations existed for

the combined data, as expected.



CHAPTER VIII

COMPARISON OF CAVITATION RESULTS IN LEAD-BISMUTH,

MERCURY, AND LITHIUM

A. Experiments at 500°F

Previously, cavitation studies were carried out in this labora-
tory in lead-bismuth alloyz3 at 500°F and 1500°F, and in mercury at
70°F and 500°F. It is interésting to compare the results obtained in
lead-bismuth, mercury, and lithium at the same test temperature of 500°F
in a further effort to determine fluid effects on cavitation damage.

Table 11 summarizes the cavitation results obtained at 500°F for
the various materials tested in the three fluids in terms of average MDP

rate. The following comments apply to the comparison:

1) The tantalum-base alloys, T-111l and T-222(A), are the most
resistant in all the fluids, while the Cb-1Zr(A) is the least
resistant. In fact, the order of ranking of the various materi-
als based on abilify to resist cavitation damage 1s quite simi-
lar for all three fluids, with only minof deviations being noted.
Particularly, the stainless steels rank quite low in lithium
after being only 20% to 45% less resistant than the best refrac-

tories tested in lead-bismuth and mercury.
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TABLE 11

SUMMARY OF CAVITATION RESULTS IN LEAD-BISMUTH,
MERCURY, AND LITHIUM AT 500°F

v s
Average MDP Rate

Material - Lithium Mercury Lead-Bismuth
T-111 0.03 mils/hr. 0.43 mils/hr. 0.72 mils/hr.
T-222(A) 0.04 0.46 0.76
Mo-1/2Ti : 0.12 1.09 0.78
Cb-1Zr 0.15 2.43 1.63
304 SS 0.34 0.69 0.93
316 SS 0.36 0.63 0.88
Cb-1Zr (A) 1.00 3.73 3.54

Carbon Steel -- 0.61 --
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2) The damage suffered by a given material in lead-bismuth and mer-
cury was of :the same order of magnitude. This is not surprising
considering the similarity of the fluid properties. However,
the amount of damage sustained in lithium was less than that
measured in mercury or lead-bismuth by a factor ranging from 2
to 30. The density of lead-bismuth and mercury is about 25

times that of lithium.

B. Experiments at 1500°F

The cavitation results obtained in lead-bismuth alloy and lith-
ium at the same test temperature of 1500°F are summarized in Table 12
for purposes of comparison. Only four materials were tested in lithium

at 1500°F. The following comments apply to the comparison:

1) The tantalum-base alloys, T-11l1l and T-222(A), are the most
resistant in lead-bismuth alloy, while the T-11l1 is the most
resistant in lithium (T-222(A) was not tested in lithium at
1500°F) . The 304 stainless steel was the least resistant in
both fluids.

2) The damage suffered by a given material in lead-bismuth alloy
was 100 to 400 times more severe than the damage sustained in
lithium. This is undoubtedly due not only to the much greater
density of the lead-bismuth test fluid but also to thermodynamic
effects which are very important in lithium at 1500°F, but neg-

ligible in lead-bismuth at this temperature.

In order to fully determine the effect of various fluid proper-

ties on cavitation damage, it will be necessary to conduct computer
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TABLE 12

SUMMARY OF CAVITATION RESULTS IN LEAD-BISMUTH
AND LITHIUM AT 1500°F

—  — ———————— —— —— "
Average MDP Rate

Material Lithium Lead-Bismuth
T-111 0.004 mils/hr. 0.84 mils/hr.
T-222(A) -- 0.88
Mo-1/2Ti -- 1.08
Cb-1Zr , -- 2,07
304 S8 0.034 11.30
316 SS 0.027 2.80

Cb-1Zr (A) 0.017 3.80
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correlations involving both mechanical properties of the test materials

and fluid properties of the test liquid.



CHAPTER IX

SUMMARY AND CONCLUSIONS

Ultrasonic-induced cavitation studies have been conducted in

lithium at 500°F and 1500°F for seven materials including refractory

alloys

report.

a)

b)

c)

d)

e)

and stainless steels. The detailed results are listed in the
Various salient features include the following:

The ultrasoﬁic cavitation facility is capable of operation at
témperatures up to 1500°F in fluids including reactive liquid
metals.

At 500°F the refractory alloys, T-111 and T-222(A), are the most
resistant to cavitation damage among the materials tested, while
the Cb-1Zr(A) is the least resistant.

At 1500°F the refractory alloy, T-11ll, is the most resistant,

-while the stainless steels are the least resistant among the 4
materials tested.

The damage suffered by a material at 1500°F was less than that
at 500°F. This verifies the importance'of thermodynamic effects
in lithium at 1500°F.

The amount of damage sustained in lithium was less than that
measured in mercury or lead-bismuth by a factor ranging from 2

to 30. The large variation in this ratio shows that coupling
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parameters between fluid and material are necessary to obtain a
comprehensive correlation.
It was found that corrosion effects in these investigations were
probably small since there was no observable attack in those

areas which were submerged in the fluid but not subjected to

cavitation.

Computer correlations of the cavitation damage data with appli-

cable mechanical properties indicate the following conclusions:

a)

b)

At 500°F elongation, yield strength, true strain energy based on
reduction in area, hardness, and tensile strength each individu-
ally predict the cavitation damage adequately. The ten property
correlations also involve these mechanical properties.

In order to properly correlate the combined set of lithium data

at 500°F and 1500°F, it is necessary to include applicable fluid

properties in the analysis.



APPENDIX

COMPUTER REGRESSION ANALYSIS OF CAVITATION DATA

A least mean squares stepwise regression computer program was
used to correlate the cavitation damage data with mechanical properties.
Using the first-order interaction form of the program, the problem at
hand can be simply stated as folldﬁé: it is required to determine the

appropriate coefficients and exponents in a predicting equation of the

form:
_ a b c d q
Y C0 + Clx1 + C2X2 + 03X3 + C4X4 R Can
where CO’ Cl’ CZ’ 03, C4, ceseaeany Cn are constant coefficients;
a, b, ¢, dy ........, q are constant exponents; the X's are the inde-

pendent variables, in this case the mechanical properties of the materi-
als and the fluid properties; and Y is the dependent variable, the aver-
age MDP rate. The independent variables are allowed to appear in the
predicting equation any number of times, each time raised to a diffefent
value of exponent and multiplied by an appropriate coefficient. The
program allows great latitude on the possible exponents for the independ-
ent variables. The form of the pfogram used in this investigation
allows any or all of the independent variables to be raised to the fol-
lowing exponents: + 1, + 2, + 1/2, + 3, + 1/3.

A predicting equation of the type noted above would be obtained
by allowing only a "first-order interaction' of the possible terms, i.e,,

" terms involving producté. of ‘the independent variables would not be
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allowed. The program, however, does allow the option of a '"second-order

'i.e., allows terms involving products of different inde-

interaction,'
pendent variables. The choice must be made by the individual programmer.

In the present analysis (permitting only first-order interaction)
the allowable mechanical properties (independent variables) were taken
to be the tensile strength, yield strength, engineering strain energy,29
true strain energy,29 hardness, percentage elongation, percentage reduc-
tion in area, and modulus of elastiéity. In addition, the ratio of
acoustic impedances19 of test fluid and specimen material was also
included among the independent variables for all the correlations.

Hence, in a given correlation, there were 10 independent variables and
10 possible exponents for each independent vafiable. As a result a
total of 100 terms are possible candidates for inclusion in the predict-
ing equation plus a pure constant. From a physical point of view, it is
hoped that a good statistical correlation will be possible with a mini-
mum number of terms so that the predicting equation may hopefully be
justified on physical grounds. This possibility would be unlikely if
more than 5 or 6 terms were needed for the correlation.

A brief outline will be given here of the mechanics of the pro-
gram. The interested reader is referred to the literature previously
cited for the details. The major features of the program are as follows:

1) of the 100 possible terms that are candidates for inclusion in
the predicting equation, the program randomly selects a subset
of 40 terms to be analyzed.

.2) A correlation coefficient is computed for each of the 40 terms.

The correlation coefficient is a measure of the ability of each



3)

&)

5

6)

7)

8)

9
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term to individually explain the experimental data, i.e., pre-
dict the average MDP rate.

The term with the greatest correlation coefficient is then
included in the predicting equation, which at this point is of
the form:

Yy=Cc +¢Xx2

0 11
where C0 and C1 are constants to be determined.
The constants C0 and C1 are computed using the least mean

squares criterion.

The initial 40 terms are then sorted into 2 subsets, those that
are included in the predicting equation at this point, and those
that are not.

An importance: factor is computed for each term now in the equa-
tion. The importance factor is a measure of the total contribu-
tion made by each term in explaining the experimental data.

The importance factors of the terms in the equation are compared
to a minimum level of importance set by the user. A typical
range of values is 1% to 5%.

Terms having an importance factor less than the minimum level
are deleted from the equation.

A potential importance factor is computed for each term not in
the equation. The potential importance factor is a measure of
the ability of each term not in the equation to explain the pres-
ently existing variance between the experimental data and the

predicted data.
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10) The potential importance factors of the terms not in the equa-
tion are compared to a minimum level of importance set by the
user. A typical range of values is 1% to 5%.

11) Terms ﬁot in the equation having a potential importance factor

greater than the minimum level are entered into the equation.

This procedure is used to examine the subset of 40 terms chosen randomly
and is terminated either wheh all qgalified terms have been entered into
the equation or when certain statistical criteria (such as the coeffi-
cient of determination and standard error in the dependent variable) set
by the user have been satisfied. Whenever a new term is entered into
the equation, the least mean squares criterion is used to compute a new
set of coefficients. For a given problem it is possible to analyze
several subsets of 40 terms, each chosen randomly from the set of 100
possible terms available. Such a procedure is advisable in that it
increases the probability that the most significant terms contained in
the initial set of 100 terms will enter the predicting equation.

The output from the program includes the terms in the predicting
equation along with the appropriate exponents and coefficients, pre-
dicted MDP rates based on the correlation, experimental MDP rates, per-
cent deviations, standard error in the dependent variable, coefficient
of determination for the analysis, average absolute percent deviation
for the analysis, etc. As a result it is possible to show graphically
the statistical accuracy of the predicting equation by plotting the pre-
dicted MDP values versus the experimental points and noting the deviation

< from a 45° line which would signify a perfect fit.



10.

11.

BIBLIOGRAPHY

Royal Society Discussion on Deformation of Solids Due to Liquid
Impact, May 27, 1965; London, England.

Decker, 0., "Cavitation Erosion Experience in Liquid Mercury Lubri-
cated Journal Bearings," First Annual Mercury Symposium, November,
1965, Atomics International, Canoga Park, California, p. 14.

Shoudy, A. A., and Allis, R. J., 'Materials Selection for Fast
Reactor Applications," Proc. of Michigan ANS Fast Reactor Topical
Meeting, April, 1965, Detroit, Michigan.

Wood, G. M., Kulp, R. S., and Altieri, J. V., "Cavitation Damage
Investigations in Mixed-Flow Liquid Metal Pumps," Cavitation in
Fluid Machinery, ASME, November, 1965, pp. 196-214.

Smith, P. G., DeVan, J. H., and Grindell, A. G., 'Cavitation Damage
to Centrifugal Pump Impellers During Operation with Liquid Metals
and Molten Salt at 1050-1400°F," Journal of Basic Engineering,
Irans. ASME, September, 1963, pp. 329-337.

Hunt, J. B., "Cavitation in Thin Films of Lubricant," The Engigger,
January 29, 1965, pp. 22-23.

Hammitt, F. G., "Cavitation Damage and Performance Research
Facilities," Symposium on Cavitation Research Facilities and
Techniques, pp. 175-184, ASME Fluids Engineering Division, May,
1964. See also ORA Technical Report No. 03424-12-T, Department of
Nuclear Engineering, The University of Michigan, November, 1963.

Plesset, M. S., and Ellis, A. T., '"On the Mechanism of Cavitation
Damage,'" Transactions ASME, Vol. 77, No. 7, October, 1955, pp.
1055-1064.

Thiruvengadam, A., and Preiser, H. S., '"On Testing Materials for
Cavitation Damage Resistance,'" Hydronautics, Inc. Technical Report
233-3, December, 1963. ’

Rheingans, W. J., "Accelerated Cavitation Research,' Trans. ASME,
Vol. 72, No. 5, July, 1950, pp. 705-719. |

Kerr, S. Logan, 'Determination of the Relative Resistance to Cavita-

tion Erosion by the Vibratory Method,'" Trans. ASME, Vol. 59, July,
1937, pp. 373-397. ’

62



12.

13.

14.

15.

16.

17.

18.

19.

20.

63

Thiruvengadam, A., Preiser, H. S., and Rudy, S. L., 'Cavitation
Damage in Liquid Metals,' Technical Progress Report 467-2 (NASA
CR-54391) For the Period January 1, 1965 to March 31, 1965,
Hydronautics, Inc., April 28, 1965.

Thiruvengadam, A., Preiser, H. S., and Rudy, S. L., "Cavitation
Damage in Liquid Metals," Technical Progress Report 467-3 (NASA
CR-54459) For the Period April 1, 1965 to May 31, 1965, Hydro-
nautics, Inc., June 30, 1965.

Garcia, R., and Hammitt, F. G., '"Ultrasonic-Induced Cavitation in
Liquid Metals at 1500°F," Internal Report No. 05031-1-I, Department
of Nuclear Engineering, The University of Michigan, February, 1965;
also Transactions of the American Nuclear Society, Vol. 8, No. 1,
pp. 18-19, June, 1965.

Garcia, R., and Hammitt, F. G., '"Ultrasonic-Induced Cavitation in
Liquid Metals at 500°F," Internal Report No. 05031-3-I, Department
of Nuclear Engineering, The University of Michigan, April, 1965.

Hammitt, F. G., "Observations on Cavitation Damage in a Flowing
System," Journal of Basic Engineering, Trans, ASME, Series D, Vol.
85, September, 1963, pp. 347=-359.

Hammitt, F. G., Barinka, L. L., Robinson, M. J., Pehlke, R. D., and
Siebert, C. A., "Initial Phases of Damage to Test Specimens in a
Cavitating Venturi as Affected by Fluid and Material Properties and
Degree of Cavitation,'" Journal of Basic Engineering, Trans. ASME,
June, 1965, pp. 453-464,

Robinson, M. John, "On the Detailed Flow Structure and the Corres-
ponding Damage to Test Specimens in a Cavitating Venturi," Ph.D.
Thesis and ORA Technical Report No. 03424-16-T, Department of
Nuclear Engineering, The University of Michigan, August, 1965.

Garcia, R., Nystrom, R. E., and Hammitt, F. G., "Ultrasonic-Induced
Cavitation Studies in Mercury and Water,'" ORA Technical Report No.
05031-3-T, Department of Nuclear Engineering, The University of
Michigan, December, 1965. See also '"Comprehensive Cavitation Dam-
age Data for Water, Mercury, and Lead-Bismuth Alloy Including Cor-
relations with Material and Fluid Properties," to be presented at
ASTM Annual Meeting, Atlantic City, New Jersey, June, 1966, and
published by ASTM; also available as ORA Technical Report No.
05031-4-T, Department of Nuclear Engineering, The University of
Michigan, May, 1966.

Plesset, M. S., "The Pulsation Method for Generating Cavitation
Damage," Journal of Basic Engineering, Trans. ASME, Vol. 85, Series
D, No. 3, 1963, pp. 360-364. See also '"Pulsing Technique for
Studying Cavitatign Etosion of Metals," Corrosion, Vol. 18, No. 5,
pp. 181-188, May, 1962.




21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

64

Garcia, R., and Hammitt, F. G., "Ultrasonic-Induced Cavitation
Studies," ORA Technical Report No. 05031-1-T, Department of Nuclear
Engineering, The University of Michigan, October, 1964.

Mason, W. P., "Internal Friction and Fatigue in Metals at Large

Strain Amplitudes," Journal of the Acoustical Society of America,
Vol. 28, No. 6, pp. 1207-1218, November, 1956.

Garcia, R., and Hammitt, F. G., 'Ultrasonic-Induced Cavitation
Studies in Lead-Bismuth Alloy at Elevated Temperatures,' ORA Tech-
nical Report No. 05031-2-T, Department of Nuclear Engineering, The
University of Michigan, June, 1965. See also "Ultrasonic-Induced
Cavitation Studies in Lead-Bismuth Alloy at Elevated Temperatures,"
Internal Report No. 05031-4-1, Department of Nuclear Engineering,
The University of Michigan, September, 1965, to be published in
Corrosion.

Garcia, R., and Hammitt, F. G., "Amplitude Determination of an
Ultrasonic Transducer by Means of an Accelerometer Assembly,"
Internal Report No. 05031-7-1, Department of Nuclear Engineering,
The University of Michigan, December, 1965.

Jackson, F. J., and Nyborg, W. L., "Sonically-Induced Microstream-
ing Near a Plane Boundary. I. The Sonic Generator and Associated
Acoustic Field," Journal of the Acoustical Society of America, Vol.
32, No. 10, October, 1960, pp. 1243-1250.

Jackson, F. J., "Sonically-Induced Microstreaming Near a Plane
Boundary. IIL. Acoustic Streaming Field," Journal of the Acousti-
cal Society of America, Vol. 32, No. 11, November, 1960, pp. 1387-
1395.

Leith, W. C., "Prediction of Cavitation Damage in the Alkali Liquid
Metals," to be published in ASTM Proceedings, 1965.

Personal Communication from Henry P. Leeper, Project Metallurgist,
Pratt & Whitney Aircraft (CANEL), to F. G. Hammitt; February 26,
1965, and May 13, 1965.

Harrison, Curtis A., Robinson, M. John, Siebert, Clarence A.,
Hammitt, Frederick G., and Lawrence, Joe, 'Complete Mechanical
Properties Specifications for Materials as Used in Venturi Cavita-
tion Damage Tests," Internal Report No. 03424-29-1, Department of
Nuclear Engineering, The University of Michigan, August, 1965.

Westervelt, Franklin H., "Automatic System Simulation Programming,"
Ph.D. Thesis, College of Engineering, The University of Michigan,
November, 1960.



31.

32.

33.

34,

35.

65

Crandall, Richard L., "The Mathematical and Logical Procedure of
the Stepwise Regression Program with Learning," University of
Michigan Computing Center Internal Report, 1965.

Young, S. G., and Johnston, J. R., "Accelerated Cavitation Damage
of Steels and Super-Alloys in Sodium and Mercury,'" to be presented
at ASTM Annual Meeting, Symposium on Erosion by Cavitation or
Impingement, Atlantic City, New Jersey, June 1966; to be published
by ASTM.

Plesset, M. S., and Devine, R. E., "Effect of Exposure Time on
Cavitation Damage," ASME Paper No. 65-WA/FE-23; to be published

Journal of Basic Engineering, T;ans. ASME ,

Crofford, W. N., Kovacina, T. A., and Miller, R. R., "Isothermal
Study of Concentration and Transport of Radioactive Stainless Steel
Components in Liquid Lithium," NRL Report 5572, U.S. Dept. of
Commerce, Dec. 29, 1960.

Stahl, H. A., and Stepanoff, A. J., "Thermodynamic Aspects of Cavi-
tation in Centrifugal Pumps," Trans. ASME, Vol. 78, 1956, pp. 1691-
1693.



!lHIH\IHHNI\iIII\HIHIIHH\IUHI\HHHIIHHIHHHH\I

3 9015 03126 6946



