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CHAPTER I

INTRODUCTION AND LITERATURE SURVEY

A. Introduction

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., While
this definition implies a distinction between phase transitions associ-
ated with reduction of pressure atvconstant ambient temperature, on the
one hand, and addition of heat at constant pressure (i.e., boiling), on
tbe . other, heat transfer effects may play an important role in many
cases of cavitating liquids. Such effects are especially important in
liquids near their boiling points in the undisturbed condition. From a
purely physical-chemical point of view, of course, no distinction need
be made between boiling and cavitation, at least insofar as the question
of inception is concerned, and many of the basic physical ideas regard-
ing inception, vapor mass transfer, and condensation apply equally in
either case.

The bubble collépse associated with cavitation can be considered

as giving rise either to a shock wave which is propagated through the
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fluid, or to a small high-velocity liquid jet, in either case terminat-
ing at the wall of the fluid container., The effects produced as a con-
sequence of cavitation are twofold. First, for flow processes, it
generally decreaées the transferéble energy and causes a loss in effi-
ciency. Secondly, destruction (damage) of the material may take place
when the shock wave or liquid jet terminates on structural material sur-
faces. Thus, it becomes necessary to investigate carefully those condi-
tions resulting in cavitation and the damage suffered by various
materials, |

Since the cavitation damage process is apparently very closgly
related to damage from droplet or particle impingement df 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 tﬁrbines or other two-phase flow passages),
rain erosion of high-speed aircraft, micrometeorite bombardment of space
vehicles, etc., are involved.

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 concefn 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 importance

*Reference 1 includes many papers on the relations between these
various forms of attack. Also ASTM Committee G-2 has recently been
formed to attempt to relaté these various phenomena and form applicable
test standards.
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was water, as this was the basic fluid used in fluid machinery until
recent times., At the present, however, liquid metals, cryogenics,
orgaﬁics, and .other fluids have come into prime consideration as heat
transfer agenﬁs‘and as working fluids in thermodynamic cycles.

‘The successful pumping and handling of high-temperature.liquidv
metals, wherein éavitation~itself is a problem, is of considerable
importance in the‘present and futurg space program, particularly from
the viewpoint of power generationrusing;nuclear heat sources and:liquid
metal Rankine cycle power conversioﬁ equipment. As has been recently
demonstrated, damaging cavitation attack can occur in bearings,2 closé-
clearance passages,3 etc., as well as pumps. & Recent theoretical
studies6 emphasize, in addition, a form of microcavitation that may also
occur in many high-performance bearing appliéations 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. Hence, the prediction of
cavitation performance and daﬁage in a variety of fluid-material
environments at various temperatures becomes of.great importance. The
high developmental costs for the component machinery and the difficult
handling problems encountered with liquid metals make the full scale
component testing and the materials-screening programs, which have been

necessary in many cases, highly undesirable and very costly.
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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, which must utilize high velocity flow
rates and minimum suppression heads, must be designed to operate under
conditions approaching cavitation or actually in a cavitating regime.

In addition, long unattended life is desired for many such units.
Hence, it becomes necessary to know realistically under what conditions
cavitationcan 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 over-
conservative design, as has been the practice for conventional
applications.,

The objectives of the present study include the determination of
the cavitation resistance of potentially useful alloys in water at room
temperature and in liquid metals at elevated temperatures, and the
determination of material-fluid parameters to correlate damage and allow

its 2 priori prediction.

B. Historical Background

The possibility of the occurrence of cavitation due to pressure
7
changes in a flowing liquid was recognized by Euler as early as 1754
8
in his treatise on hydraulic turbines. Reynolds, in the last decade of

the nineteenth century, produced and observed cavitation in a glass

*Acronym for System for Nuclear Auxiliary Power.
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venturi tube at room temperature. These dates indicate the early spo-
radic interest in the problem. However, the major early analyses of
importance were those by Besant9 in 1859 and Rayleigh10 in 1917. The
accompanying loss of component performance and the destructive action of
cavitation were first noted in connection with a British destroyer's
propellers in 1895.11 Other early users of fluid handling machinery who
investigated cavitation were Barnaby,12 Parsons and Cook313 Sir Charles
Parsons,14 Wagenbach,15 and Fottinger.16 Following the work of these
early pioneers, numerous investigators have devoted major efforts to
studying the details of this phenomenon over the past fifty years.

In the 1930's the laboratory testing of various materials in
order to determine their resistance to cavitation damage came into wide-
spread use, and several different methods of testing were developed.
These experimental facilities may be grouped into two categories: those
that depend on inducing low pressures as a result of high velocities in
flowing liquids or motion through a stationary liquid; and those that
produce cavitation by means of local, periodic, accelerations in an
otherwise stationary liquid. The first group includes devices such as
venturi tubes, objects immersed in constant area sections of cavitation
tunnels, and disks rotating in otherwise stationary liquid with through-
holes to generate cavitation upon test specimens inserted in the disk,
while the second depends on alternating pressure fields such as are pro-
duced by acoustic or other acceleration-producing devices. In addition
to such equipment, other types of "impact" producing devices, such as

liquid jets impinging on specimens, have also been used, since the
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damage from such tests appears to be very similar to cavitation damage.
Venturi‘sections, which are simply COnVergent-divergenf nozzles,
or modifications_thereof, Werélamong,the first”fiow devices qsed in the
study of cavitation damage under laborétOry’coﬁditions; Fottinger16 in
1926 and’Schroter]f7 in 1932 ﬁtilized such a device to produce cavita-
tion, the extent and intensity of which ¢ou1d be controlled, and made to
occur in a region whére a test spégimen could be inserted. Mousson
(_1937)18 and Lichtman et al (1958519 also performed studies in such

20,21 .

nozzles. Most recently is the very extensive work of Hammitt
Robinson,22 who conducted sfudies both in'Water-and mercury in a cavi-
tating venturi. Since many machines operate under conditions of high
velocity flow similar to that achieved in the venturi test sections, the
venturi test is consideredito{be quite representative of field
conditions.

Cavitation damage tests have also been performed in large cavi-
tation tunnels which operate on principles similar to a wind tunnel.
The cavitation is generally produced on a body of revolution'qr a hydro-
foil placed in the fluid stream. Such devices have been described by
Robertson23 and Wright,24’whi1e Knapp‘(1955)25 carried out cavitatibn
damage experiments in such a tunnel. These tunnels are seldom used for
damage tests because of the expense of operation, the relatively compli-
cated procedures required in installing experiments, and the length of
time they must operate to obtain measurable weight loss.

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

~tation damage is a rotating disk on which cavitation is induced in a
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separated flow region. Basically, such devices consist of é disk with
holes near the periphery withva#is parallel to the disk axis, rotated at
high.spéeds in a chamber filled with the'tést.fluid in which the ambient
pressure can be cdnﬁrolled.» Several specimens can be mounted on the
disk and subjected to tﬁe cavitation cloud which is produced downstream
of the holes. Such devices have been used and described by Rasmussen2
and by Lichtman et al.19 Very regggtly, a rotating disk assembly was
utilized by Wood etal27 to obtain cavitatioﬁvdamage data in water and
by Kelly, Wood, et al28 to obtain data in liquid metals.

" Many investigators have used a variety of acoustic devices which
produce cavitation by means of local, periodic, accelerations. The most‘
common device of this type is the-magnetosttiction oscillator. The mag-
netostrictive effect 1is exhibited by the ferromagnetic materials, which,f
under the influence of an alternating magnetic field, show a periodic
change in length. The first magnetostriction oscillator used for cavi-
tation tests was developed by Ga]'.nesz-9 in 1932, . Kerr30 and Schumb et o'
al31 in 1937 published extensive results obtained with such a device.
Nowotny,32 Leith and Thom.pson,?3 Rheingans,34 Plesset,35 and
Thiruvengadam et al3 also contributed valuable data and information
accumulated over the years with this laboratory test device. Very
recently, the vibratory apparatus has been used to test mate?ials in

3,37,38,39
high-temperature liquid metals as sodium,” ’~ ’~ ’" and as part of this

2
thesis investigation in lead-bismuthv.';111c>y',40”41 mercury,39’4 a

nd
4

lithium.

« - . Acoustic field %gnipgtors comprise another type of laboratory

device used to study effects of cavitation damage on materials. In this
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case cavitation is produced by imposing a focused acoustic field in a
liquid. The cavitation occurs in regions of maximum pressure amplitude.
A very economical cavitation generator using barium titanate transducers
to produce an acoustic field in a resonant container has been developed
by Ellis.44 The operating frequencies used with this device are 18 Ke./
sec, and 24 Kc./sec. Another type of acoustic field generator, operat-
ing at frequencies from 400 to 1000 Kc./sec. has been used in experi-
ments by Lichtman et a1.19

One other type of apparatus, namely impact testing devices,
should also be mentioned along with the venturi test section, cavitation
tunnel, rotating disk, magnetostriction oscillator, and acoustic field
generator used in laboratory cavitation tests. Although the impact of
water drops is not per se a cavitation process, the use of such impact
tests was important in early examinations of the mechanism of cavitation
damage since it was assumed that the processes were analogous.* In
order to examine the question of whether the mechanism of cavitation
damage was associated with mechanical erosion, de Haller (1933)45 ran
experiments in which small rods fastened to the periphery of a wheel
rotating at a high rate of speed, were passed through a high speed water
jet. More recently, Hdbb346 used a similar device in which a high
velocity liquid jet impinged on multiple test specimens mounted on a

rotating disk. A similar device is now in use also at the Chatou labo-

ratory of Electricité de France.

*According to present theory, this assumption appears justified.
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- Each of the above-mentioned laboratory test devices has been
used by many other investigators in the determination of the cavitation
resistance of various materials as part. of materials-screening programs
currently being undertaken throughout the world. Of these dévices the
venturi test sections and cavitation tunnels are consideféd to be quite
representative of field conditions encountered in rotating machinery,
However, damage appears only after'ygry lengthy operation, and the
resulting costs are somefimes prohibitive. The rotéting disk device
and magnetostriction oscillator produce considerable damage in compara-
tively short periods of time and, hence, iend themselves nicely to
materials-screening programs involving:a.variety of materials and sev-
eral fluid conditions. Such apparatus is sometimes referred to as an
"accelerated" cavitation test device due to the intense degree of cavi-
tation produced and resulting extensive damage to test specimens.

Corrosion is often present when cavitation occurs, and many
investigators have studied the combined interaction of these two damag-
ing mechanisn1s.47’48’49 Plesset48 proposed a pulsing technique usiﬁg a
magnetostriction oscillator, whereby a short period of cavitation is
followed by a 1onger non-cavitating interval, and concluded that such a
test 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 mechan%§p would be negligible as‘compared to field
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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.

C. Problem Statement

In a prototype system, the damage due to cavitation appears usu-
ally only after fairly lengthy operation under design conditions.. o
Hence, it is clear that if a systematic study is to be made, involving a
variety of materials and numerous plant conditions, it will be necessary
to expend large amounts of time and money. An alternate approach, sac-
rificing direct applicability to some extent in the interests of
economy, is to accelerate the cavitation losses by'employing any one of -
the several laboratory techniques, previously discussed, which have been
developed for thié purpose. The most commonly-used method which is also
employed in our own laboratory is a flowing tunnel system utilizing a
venturi test section and a centrifugal pump to circulate the test fluid
around a closed loop. This system has been described'elsewhere.50 As
mentioned previously, 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, an acoustic vibratory device was chosen
for this investigation. This accelerated acoustic system makes use of a
piezoelectric transducer51 and will be described in detail later. Dam-~
age is accumulated at a very rapid rate compared to the venturi system,
and, hence, large numbers of potentially useful materials can be tested

~in a variety of fluid-temperature environments at an economical cost.
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In addition, this device makes it possible to conduct tests at elevated
temperatures in liquid metals with relatively little trouble. Compar-
able tests conducted in a flowing venturi system would involve a myriad
of additional problems and prohibitive cost.

In the past, the utility of accelerated acoustic cavitation dam-
age resﬁlts has been limited because no direct correlation with cavita~-
tion in a flowing system has been available., However, if such a corre-
lation 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 mer-
cury in venturi facil]‘.t:’.eszo’21’22 for the past several years and has
accumulated much useful data over this period of time. It is expected
that the accelerated cavitation data obtained with the vibratory facil-
ity in this investigafion can be compared with the tunnel results, so
that a correlation can be obtained, allowing a more direct application
of the accelerated test results.

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 modu-
lus, etc. Since many fluid-temperature combinations are involved in

this investigation, it is expected that any correlation of cavitation
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data certainly will have to account for changes in' fluid propertiee;

Applicable fluid properties for such a comprehensive correlation might

include

density, surface tension, net positive suction head,* bulk mod-

ulus, kinematic viscosity, specific heat, thermal conductivity, heat of

vaporization, thermal diffusivity, Prandtl Number, and vapor pressure.

Thus, one would expect a complete correlation of cavitation damage data

to involve both mechanical properties of the test materigls and fluid

properties at the applicable temperatures.

follows:

1)

2)

3)

Hence, the objectives of the present investigation are as

Develop a practical laboratory device for obtaining cavitation
damage data in a wide variety of fluids (including liquid
metals) at temperatures as high as 1500°F under conditions of

controlled purity utilizing an inert cover gas.

Utilizing the accelerated vibratofy device developed for this
program, determine the cavitation resiétance of a wide variety
of useful materials (iﬁvolving'a'considerable range of mechani-
cal properties) including stainless steels, carbon steel, tool
steels, refractory alloys, aluminum, copper, nickel, bress;
plastiee, etc., in water at 70°F, in mefcury at 70°F and 500°F,
and in lead-bismuth alloy and lithium at.500°F-and 1500°F.
Obtain a eomprehensive correlation of the cevitation damage

data with applicable material and fluid properties utilizing a

<

and {7

*Fluid "head" above vapor, i.e., NPSH = P” Py , Where p, Pv;
# 5

are the local pé%bsure, vapor pressure, and fluid density,

respectively.
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suitable computer program, so that one might be able to predict
3 priori the behavior of a new material under a given set of

fluid-temperature conditions.
Develop a relationship or correlation between the damage
incurred in the flowing venturi device operated by this labora-

tory and the damage obtained in the accelerated vibratory facil-

ity studies.



CHAPTER II
EXPERIMENTAL EQUIPMENT

~A. Facility Selection

1. Introduction
As discussed previously; there are many types of accelerated

cavitation research facilities available. These include the tunnel
facility and its variations, the rotating disk device, and the several
acoustic facilities. Early in the investigation by this labbratory, i;
was decided to develop an acoustic cavitation unit since the tunnel
facility was already available an& it was felt that the rotating disk
device woﬁld'involve excessive costs. It was further felt that it would
be muchk more feasible to obtain data in liquid metals at elevated tem-
peratures with an acoustic faciiiﬁy, as opposed to any alternative sys-
tems. Hence, an investigation of the various types of acoustic
approaches was made. |

The types of transducers that would lend themselves nicely to

. e f gy 52,53
acoustic cavitation facilities are:

a) Crystal oscillators - These utilize the piezoelectric effect,
which is reversible. The range of frequencies used is very

wide, the upper limit being about 10,000 Mc./sec.
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b) Magnetostrictive osecillators - These devices make use of the
. phenomenon of magnetostriction, which is also reversible. The

~upper frequency limit. is of the order of 100 Kc./sec.

It should be noted that there are several other types of transducers
AVailable; suéh as electromagnetic transducers, electrostatic trans-
ducers, etc., but it was felt that only the two apﬁroaches mentiongd
above were suitable, conSidering the experimental program which was

proposed.

2. Piezoelectric Effect

Crystal oscillatprs make use of one of two types of crystal
for ggperating gltrasonic waves. One type of Crystal_displays the
piezoelectric effect and‘the other Fhe eléctfost;ictive effect. The
pie;oelectric effect? which was first discovered byvthe Curie brothers
in 1880,‘occurs in crystals hgving‘axgs‘df non-symmetry. ~Suppose a slab
or disk_of such a crystal is qut’with its parallel surfaces lyiqg normal
to an axis of non-symmetry. Og»subjectipg this slab fo a meghanical
stress, équal and opposite electric charges appearbon the parallel sur-
faces. Provided that the cryétal is not strained beyond the elastic
limit, the magnitude of the charge density"(or‘dielectric polarization)
is diTéCtly proportional to the appliéd stress. The dqnverse effect was
predicted by Lippman in 1881, and:diséovered'experimentally by the Curie
brothers 'in the same year. When an electric field‘is‘applied in the
direction of an axis of non-symmetry; the slab is hechahically strained,

the amount of strain being propdrtional to the intensity of the applied

5
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field. From a consideration of the principle of ' conservation of energy,
the_direct and converse piezoelectric effects may be shown to-be equal
and opposite, i.e., the effect is reversible. It is the converse piezo-
electric effect that is used in designing an ultrasonic transducer of
this type for cavitation‘investigations. An alternating electric field
is applied tovthe parallel surfaces of a.piezoeleqtric.crystal, and the
resulting rapid variation of lengyhrof the crystal is transmitted along
an exponential or stepped horn~which is fitted with a suitable test
specimen. The specimen then oscillates with a frequency'equal to that
of the applied electric field, and»with,an amplitude broportional to the
magnitude of the applied field, These horns will be described later.
Crystals exhibiting the piezoelectrié effect“inciude quartz, Rochelle
salt, tourmaline, énd'lithium suiphate}' ﬁaéhvérystal hés>a natural fre-
quency of vibration dependent on'thé diménbion of the érystal. If the
natural frequency corresponds to the applied ffeqpency of the electfic
field, the amplitudé of'vibration of the crystal is a maximum, Unfor-
tunately; many piezoeleCtricjmaterials,are‘deliQUeéCEnt:and can only be

used in controlled surroundings.

3. Electrostrictive:Effect
The e1ectrostrictive effect occuré in all dielectrics and is
a phenomenon analogous to magnetostric;ion, which will be described
later. For most materials, the electrostrictive effect is negligible,
but in certain dielectrics,Acalled ferroelectrics,_the effect is

strongly pronounced. The application of an electric field in a given.



-17-

directiqn produces a mechanidal‘strain, the magnitude oflwhich is pro-
portional to the square of the applied field strength (as opposed to the
piezoelectric effect where the“strain is proportional to the applied
field), and is.thus_ihdependent of the sense of the field. Consequently
a positive strain may occur for both positive and negative values of the
exciting field. Electrostrictive matefials can be made to exhibit the
piezoelectric effect if they are prqper1y~polarized,; This can be done
permanently by‘heating the materiéls to a(}emperaturé above the Curie
point (i.e., the temperature at which electrostriction disappears) and’
then allowing them to cool slowly in a strong electric field oriented in
the direétion in which one intends to apply the exciting field.  Pro-
vided that the exciting field is small compared with the initial polar-
izing field, the strain will vary sinusoidally at the frequency of the
sinusoidally varying exciting.field, A polarized ferroelectric trans-
ducer appears t§ display the same effect as a piezoelectric transducer,
and for this reason it is commonly referred to as being piezoelectric.
At present, barium titanate and lead zirconate are the substances most
widely used for electrostrictive applications. For the construction of
this type of transducer, many small crystallites of ferroelectric mater-
ial, together with suitable additives, are bonded together to form a
ceramic of the reQuired shape. Beéause these materials are polycrystal-
line, they have the advantage over naturally occurring piezoelectric
crystals in that they are isotropic and do not have to be cut along
specified axes. Such electrostrictive materials lend themselves nicely

. to-the type of acoustic cavitation facility envisioned for this study.
EN F.4
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4. Magnetostrictive Effect:

Magnetostriction occurs with ferromagnetic materials and
- certain non-meta}s éalled ferrites, ‘The magnetostrictive effect was -
discovered by Joule in 1847, and the converse effect by Villari in 1868,
When a rod or bar of ferromagnéﬁic or ferriﬁagnetic material is sub-
jected'to a magnetic field, it expérientes‘a change in length. Con= .
versely, a mechanical stress applied to a rod or bar causes a change in
intensity of magnetization. The magnetoétfictive effect, which is anal-
ogous to the electrostrictive effect described above, is prominent for
materials such as nickel, iron, and cobalt. Whether there is an
incfeasé or decrease in length dépends entirely on the nature of the
material and on the stréngth of the applied magnetic field, and this is
independent of the direction of the field. For purposes of cavitation
investigation, an alternating magnetic field might be épplied to a
ferromagnetic material, the resulting rapid variation in length of the
material constituting a standing wave generator. The ferromagnetic
materiél may be coupled to an exponential‘ér stepped horn which in turn
would accommodate the test specimen. The standing wave would exist
throughout the assembly.. ILf the assembly is of a suitable length, e.g.,
equal to tﬁe wavelength of the sound wave propagated within it, then the
amplitude of vibration at the tip of the assembly would be a maximum and
give rise to é rapid variétion éf local pressure at the tip of the |
assembly, which, for purposes of cavitation inﬁestigations, is immersed
in a liquid., If the‘pressure-variation is such that the local pressure

<is reduced below the vapor pressure of the liquid at the existing
O
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temperature, then the phenomenon of cavitation occurs. The details of
the design of such a transducer assembly will be discussed later. How-
ever, at this point, a decision must still be made as to which of the

approaches described above is to be pursued.

5. Choice of Accelerated Cavitation Device

The choice is one between the piezoelectric, electrostric-
tive, or magnetostrictive devices described above. Much work has been
reported utilizing the magnetostrictive transducers, and hence it might
be reasonable to adopt such a device on this basis. However, the power
requirements and cooling problems can be somewhat severe, and perhaps
the cost higher than the alternatives. Further, since a local vendor
was available to help in the design of either the piezoelectric or
electrostrictive-type transducers, it was felt that this approach should
be adopted. The amplitude obtained with such generators is of the same
order as that obtained with the magnetostrictive devices, and it is
believed that the efficiency of energy conversion with the piezoelectric
devices is greater than that obtained with the magnetostrictivélgener-
ators., In summary, it was felt that a piezoelectric cavitation gener-
ator would be entirely suitable for the studies envisioned in that
flexibility in the design permitted many changes, heat losses were kept
at a minimum, crystal temperature did not exceed the Curie point with a
feasible cooling arrangement, amplitude of vibration was sufficient, and
cost was nominal. Pure lead zirconate (PbZr03) is a non-ferroelectric,
but’if mixed with more than 10 mole % lead titanate (PbTiOB), it

acquires ferroelectric properties. Hence, in view of the previous
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discussion, a polarized lead zirconate-titanate ceramic, which ‘exhibits

the piezoelectric effect, was chosen as the crystal for the transducer

assembly. This crystal has the following desirable properties:

a)

b)

d)

e)

£)

g)

h)

Satisfactory piezoelectrié characteristics for the:required
modes of vibration.

Homogeneous throughout.

Capable of being worked tq,thé desired shape and size.
Variations of its propertiésawith.tempergture are minimal.
Internal friction is low.

Chemically and.physically stable.

Retains its piezoelectric properties over the complete.range of
temperatures for which it is to be used.»

Results in satisfactory matching with both the electrical cir-
cuit and the medipm Qf propagation for efficient energy

transfer.

The ultrasonic transducer utilizing the piezoelectric crystal

selected must satisfy the following general requirements:

a)

b)

c)

d)

It must be operable (i.e., ablé to produce appreciable-cévita-
tion activity) in fluids ranging in density from 1-15 grams/cc.
It must be capable of operating in fluids whose temperatures
range from 70°F to 1500°F.

It must be so constructed that the amplitude of vibration can be
accurately and conveniently measured.

The stepped and/or exponential horns employed are to be remov-

able -and interé%hnggable (i.e., easily replaced).
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e) The exponential horn will be designed so as to accommodate the
test specimens.

f) Provision is to be made for fastening the transducer to the
fluid container without appreciably reducing the amplitude of

vibration at the horn tip.

B. Description of Overall System

A general description and discussion of the major features of
the University of Michigan high-temperature ultrasonic cavitation vibra-
tory facility will be given here. Succeeding Sections will describe the
various components in detail. Figure 1 is a schematic block diagram of
the high-temperature ultrasonic vibratory facility showing the audio
oscillator, power amplifier, transducer-horn aséembly9 test specimen,
oscilloscope, frequency counter, high-temperature furnace and cavitation
vessel, and accelerometer. The signal supplied by the variable fre-
auency 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 exponential horn assembly. The
use of exponential horns as velocity transformers in this fashion was
first suggested by Mason.54 The movement of the horn tip, to which a
test specimen has been 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 erosion 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
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range. For studies at elevated temperatures the transducer-horn
assembly is attached to the special cavitation vessel which is filled
with the appropriate fluid. Figure 2 is a‘phetograph 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, Thevvessel is
inserted in the furnace. The 1inerrunning to the vessel supplies argon
as a cover gae fer the fluid.

The cevitatiOn faciiity:has beeu eompletely calibrated and oper-
ated at fluid temperatures in excess of 1500°F at a frequency of approx-
~ imately 20 Kc./sec. and doub1e amplltude oflﬂl 2 mlls. It is capable of

operation with a varlety of_flulds.

C. Ultrasoﬁic Transdueer Assembly

As mentloned previously, the ultrasonlc cav1tat10n facility con-
gists of a.varlable frequency audio osc1lIator and power amplifier which
supply a voltage of suitable magnitude and frequency directly to elec-
trodes attached to the piezoelectric crystal (in this case lead
zirconate-titanate) . The applied voltage causes the crystal to alter-
nately expand and contract its length by v 0.1 to 0.2 mils. In order
to produce cavitation in various liquids, it is desirable to amplify
this minute movement of the lead zirconate-titanate crystal. This can
be done by attaching either a stepped or exponential horn assembly to
the crystal transducer section. The horn acts as a velocity trans-

A

former, increasing the velocity of the standing waves propagated by the



=24

Fig. 2.--Photograph of the high-temperature cavitation facility.
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crystal. As a result, the maximum amplitude of the horn tip may be as
great as 2 to 3 mils. The amplification obtained with a stepped horn is
a function of the ratio of the end diameters while the amplification
obtained with an exponential horn is a function of the ratio of the end
areas°53 An exponential horn was chosen to minimize the stress problems
within the horn assembly. With the stepped horn, stresses at the inter=
face can cause the horn to fracture at this point. The general features
of the ultrasonic transducer assembly are indicated in Figure 3.

There are two lead zirconate~titanate crystal wafers in the
driver so that both ends of the transducer can be grounded. If only one
crystal had been used, one end of the transducer would have been at a
voltage above ground. This represents an undesirable situation. The
aluminum disk shown between the two crystal wafers is suitably bonded to
each of the crystals and represents one of the electrodes (high volt~ .-
age) . An internal bolt, suitably insulated, contacts the steel counter-
weight, passes through both crystals and the separating aluminum disk,
and terminates in the lower aluminum section. As a result, the steel
counterweight, the upper surface of the top crystal wafer, and the lower
surface of the lower crystal wafer are electrically the same point
(ground) . Hence, the second electrode is attached to the upper steel
counterweight. The aluminum sleeve serves the purpose of making a firm
attachment to the lower crystal. It is then possible to easily and
quickly attach various exponential and stepped horns to this upper
assembly without having to bond the crystal to a new horn surface each
time. The horn made for the transducer was exponential in form, as

noted, and fabricated of type 303 stainless steel.
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The standing waves generated by the continual vibration of the
crystal wafers are propagated throughout the length of the transducer
assembly. It is necessary to achieve a proper acoustic match between
the various materials making up the assembly if efficient transfer of
energy is to be realized. If one considers the reflection and trans-
mission of plane waves at the interface of two materials, it can be
shown that the reflection coefficient approaches zero and the trans-
mission coefficient approaches unity as the acoustic impedances of the
two media approach one another. The acoustic impedance is given by the
product of the density of the medium and the velocity of sound propa-
gated within it. In the case of aluminum and stainless steel, the
velocity of sound in each is approximately the same, namely, /V 16,000
feet/second. However, the densities of the materials differ by about a
factor of three. Thus, the acoustic impedance of the aluminum is 1.7 x
107kg,/m,zsecos while that of the stainless steel is 4.7 Xt107 k;go/m.,2
sec. Hence, at the interface of these two materials one would expect a
transmission coefficient of approximately 0.75, or 75%, which indicates
that the media are quite well matched and efficient transfer of energy
is taking place across the interface. This is a very important con-
sideration in the design of such a transducer in that poor selection of
materials can result in large degree of reflection at the interface, and
hence a very inefficient transducer.

A final important consideration in the design of such a trans-
ducer is concerned with the dimensions of the upper driver section and

the exponential horn assembly. Typically, the length of the upper
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driver section and the exponential horn would each be equal to half the
wavelength of the acoustic oscillation propagated in it. Figure 4 is a
schematic of a typical waveform showing the position of the nodes and
anti-nodes along the length of the trénsduder assembly. It is clear
that maximum amplitude is necessary at the tip of the horn assembly to
which the test specimen is attached. ﬁence, the horn tip must corres-

- pond to an anti-nodal point of the standing wave propagated throughout
the assembly. Further, it is clear also that if an attachment of the
horn assembly is to be made to a stationary container of some type, this
point of attachment must correspond as closely as possible to a nodal
point of the standing wave, i.e., a point of zero amplitude. Due to
symmetry, it is clear that the aluminum spacer electrode located between
the two crystal wafers must be a point of zero amplitude, a nodal point.
Many variations are possible here, but it is seen from Figure 4 that an
anti-node will exist at the tip of the horn and a nodeuwill éxist: at: o
the mid-point of the horn assembly if both the horn assembly and the
upper driver section are made equal to oneéhalf wavelength of the stand-
ing wave propagated within the assembly. As mentioned previously, the
velocity of sound in both aluminum and stainless steel is approximately
equal, namely, /V 16,000 feet/second. Hence,'it is possible to compute
either the length of thé'tranéducer9 given the applied frequency, or to
compute the frequency, given the length. Of course, a convenient
length, neither very small nor large, is desired. If a total length of
10 inches is chosen for the assembly, the required'applied frequency is

-easily determined from qheﬁﬁamiliar relation:
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where:

c - velocity of sound-

f

A

For the case above, the frequency determined in this fashion is found to

applied frequency

wavelength of sound

be /V 20 Ke./sec. Such a frequency can bé eésily supplie@ by a standard
variafle-frequency audio oscillator. The stainless sFeeI horn is
approximately 5 inches in iength, while the upper driver assembly is
about the same length. Hence, the tranéduder is referred to as a full
waveiéngth transducer and the horn'aé a half-Wévelength horn.

| Figure 4 also showé schematically the velocity transformer:
action of the exponential Horn, as the amplitude of the standing wave
propagated within the assembiy is increased due to the exponential vari-

ation in cross-sectional area.

D. Test Specimens

1. Effect of Density on Specimen Size
Since this study‘includes the testing of many differeﬁt
~specimen materials, varying widely in density, and since it is neceséary
to maintain uniform weight of the“specimens to obtain an épproximately;
equal resonant frequency for all cases, the length of the various speci-
mens will vary with the density of the material. Figure 5 is a curve of
specimen length, A, versus density of specimen material. The required

specimen weight is 9.4 + 03} g. The volume of the mounting hardware for
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each specimen is constant, and this was determined by a weight measure-
ment of the compléte specimen. Henée, the fequired Weight must be
realized by suitable adjustment of the specimen face thickness, A, which

can be easily computed.

2. Standard Cavitation Test Specimen

Figure 3 clearly indicates the point of attachment of the
test specimen at the tip of the ultrasonic transducer aasembly. ' The
‘details of the standard cavitation test specimen are shown in Figure 6.
_These specimens are screwed -into the end of the horn and tightened with
a special wrench which does not in any way damage the specimen or remove
bmaterial from it, as shown by repeated‘tests. The required dimensions
"AM and "B" vary_with»the density of the material. The dimension At
may be.deﬁermined from Figure 5, while thé length of the threaded hard-

ware section (B - A) is generally held constant at 3/8 in.

3. Special Cavitation Test Specimens

A number of the materials tested in this program could not
be machined in the form of the standard cavitation test specimen shown
in Figure 6 due to very low density, brittle nature of some of the
materials, unavailability of bar stock of the required material, and
difficulty in machining and prqﬁiding the material with a threaded
length. In eachﬂcase a special specimen was designed to overcome the
problems encountered so as to achieve satisfactory operation.

Plexiglas was one such material that required a special design

< for the test specimen. ADusgto the low:density:of the Plexiglas
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(compared to the other materials tested) and its brittle nature, it was
completely impractical to fabricate standard cavitation test specimens
as shown in Figure 6. The low density would result in an unusually
large "A" dimension (and hence appreciably change the resonant frequency
of operation), while the brittle nature of the material made it impos-
sible to firmly affix a specimen to the ultrasonic horn without damage
to the threaded portion., It is necessary that the specimen be firmly
and tightly attached to the horn tip so that the ultrasonic energy is
properly transmitted across the interface for efficient operation.

Hence the design shown in Figure 7 consisting of a Plexiglas test speci-
men with internal thread and a separate stainless steel mounting stud
was adopted and proved to be satisfactory. The mounting stud results in
a firm attachment of the Plexiglas cylinder to the horn tip without dam-
age to the Plexiglas internal threads since this connection need only be
made once. The high density of the steel also allows the required
specimen weight to be obtained without an unduly long specimen. Thus,
this design overcomes all of the problems encountered with the standard
cavitation test specimen.

Another material tested that posed similar problems to the
Plexiglas was the material, graphitar. Graphitar is formed from carbon
and graphite powders which are compacted under high unit pressures and
then furnaced at temperatures up to 4500°F, and is of wide technological
importance in connection with seals and bearings. It has a relatively
low density and is brittle and porous. For these reasons the identical

~ test specimen design adopted for the Plexiglas was also used for the
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graphitar material and found to be completely satisfactory (Figure 7).

It was desired to test in the vibratory facility the identical
heat-treats of Cu, Cu-Zn, Cu-Ni and Ni that had been previously tested
in the venturi loop facility. Since these materials were available only
in sheet stock 1/16 in. thick, it was necessary to design a special
specimen consisting of an adaptor of a suitable material and a disk of
the desired test material. Means of attaching the disk to the adaptor
had to be provided so that a firm bond would result. This is necessary
so that the ultrasonic energy is efficiently transferred across the
interface. Hence the design shown in Figure 8, consisting of a brass
adaptor and a disk of the desired material, was adopted and proved to be
satisfactory. The disk is fastened to the adaptor with soft solder.
Various epoxies and cements were attempted as a bonding material initi-
ally, but the bond was immediately destroyed upon initiation of the
test., The acoustic impedance of the soft solder is on the order of that
of both the brass adaptor and disk materials, while the epoxies and
cements possessed a very low acoustic impedance due to negligible elas-
tic properties. The arrangement shown in Figure 8 results in a standard
specimen weight of 9.4 + 0.1 g., as desired.

Finally, it was not convenient to fabricate a standard cavita-
tion test specimen from single-crystal tungsten, which was also included
in the cavitation testing program. Single-crystal tungsten is very dif-
ficult to machine using standard techniques, and due to the lack of a
suitable grinder for forming the threaded portion of the specimen,

“alternate designs were ¢onsidered. It was found feasible to produce a
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simple disk of single-crystal tungsten by grinding, but it was still
necessary to affix the disk firmly to the ultrasonic horn. Initially,
an attempt was made to use.epoxy resin to attach the tungsten disk to a
stainless steel adaptor. HoWever,,as‘mentidned previously, little suc-
cess was achieved with various epoxies and csments which were tried for
this purpose due to negligibie elasticspropefﬁies snd very low impact
strength, As a result the-epo#y'pgnd immediately fractured at the start
of the test.” Finally, the design shoﬁn in Figure 9 was found to be
satisfactory. Here, a simple disk‘of single-crystal tungsten has been
attached to a stainless steel adaptor with silver solder. The silver
solder was found to form a very suitable bond between the tungsten and
staiﬁless steel, and resulted in satisfactory transmission of the
acoustic energy across the interface. The diameter of the tungsten disk
(1/2 in.) was slightly smaller than the diameter of the stainless steel
adaptor (.547 in.) due to unavailability of single-crystal tungsten in a
larger size at the time of the tests. | L

Thus,,ali materisls tested in this program were fabricated as
per Flgure 6, with the exceptlon of the spec1a1 clrcumstances and dlffl-

culties encountered w1th a few materlals, as discussed above.

E. High-Temperature Cavitation Vessel

1. Design Philosophy and Criteria

Since one of the major objectives of the present experimen-

tal cavitation program is to obtain damage data at elevated temperatures

*At a later dat® 3" sultable epoxy (Loctite Bonding Kit #2508 -
Loctite Corp.) for attaching specimen disks to adaptors was found and
used for certain plastic materials where other methods of attachment
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in liquid metals, it was necessary to give consideration to the design
of a suitable high-temperature facility. Basically, such a facility
would include a suitable closed vessel for containment of the test
fluid, and for support of the transducer assembly, means for introduc-
tion and removal of the test fluid into and out of the cavitation ves-
sel, means for controlling the oxide concentration in the test fluid
where applicable, the necessary furnace for obtaining the desired tem-
perature in the test vessel, and a suitable controller for maintaining
the fluid tem@erature at the desired level within satisfactory limits.
Clearly, various other auxiliary items such as "O" rings, snap rings,
thermocouples, cover gas supply, valves, etc., would be necessary to
complete the system, Detailed consideration will now be given to the
design of the cavitation vessel, a furnace for obtaining the desired
temperature level, and a suitable temperature controller for maintaining
the test temperature at the desired level.

The design of the high-temperature cavitation vessel will be
considered first. The range of temperatures considered is from approx-
imately room temperature to 1500°F. The room temperature tests are nec-
essary for comparison with similar cavitation tests conducted in the
venturi facilities opefated by this laboratory. The 1500°F temperature

 level correqunds closely to typical operating temperatures encountered -
in SNAP reactor power plants utilizing Rankine cycles. The range of

pressures considered in this design will extend from normal atmospheric

“wefe not feasible. Forghigh-temperature applications the "Chemgrip-HT"
(Chemplast, Inc.) is recommended.
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pressure to a maximum pressure of 50 psig. The high-pressure operation
would be necessary in tests with fluids such as sodium at 1500°F due to
the excessively large vapor pressure at this temperature. Thus the 50
psig maximum pressure figure was selected as certainly sufficient for
such tests and also practical. Argon was chosen as a suitable inert
cover gas. Operation with lithium, which is a very reactive liquid
metal, will be assumed as a reference for the discussion that follows.
Investigations with sodium or potassium could be conducted with almost
no modifications to the procedure utilized for lithium. In tests with
lead-bismuth, mercury, and water a much simpler procedure was used since
maintenance of fluid purity is not nearly as difficult as with the . =
alkali liquid metals.

The problem of maintaining fluid purity for repetitive rums
where numerous intermediate inspections and weighings are required is a
difficult problem when the test fluid is an alkali liquid metal. The
usual solutions that have been applied to this problem in the past
include the utilization of a large dry-box which encloses the complete
experimental apparatus, or an elaborate plumbing system which allows the
liquid metal to be transferred to and from the experimental vessel by
pressurization. The dry-box approach is very expensive and is compli-
cated by the fact that a range of dry-box pressures would be required
for suitable operation. The plumbing system would involve a need for
several valves, system pressurization for fluid transferral, trace
heaters for lines, hot traps, cold traps, etc., for purification. Both

of these approaches were unsuitable for the present investigation
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because of these many problems and the fact that the financial resources
were limited to a modest sum. Hence, we adopted the following procedure
for the tests conducted in lithium.

In order to minimize the formation of oxides when very reactive
liquid metals are being used as the test fluid, the liquid metal was
charged into the cavitation vessel in the form of a solid cylindrical
ingot, properly sized to fit into the vessel and fill it, upon melting,
to the desired level. The solid ingot, supplied by the manufacturer in
an individual hermetically sealed container, 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 minimum 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 liquid metal was brought to the required test tempera-
ture. Each test was conducted with a new, fresh lithium ingot. This
procedure eliminated the need for transferring the molten liquid metal
to and from the experimental vessel while the test fluid was in the
liquid state and eliminated the need for trace heaters, line heaters,
hot traps, cold traps, valves, etc., from the system design. The need
for an expensive pressurized dry-box arrangement was also eliminated.
Such a 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. Various procedures were developed to remove the

ultrasonic transducer and specimen from the cavitation vessel at the
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conclusion of the test in a very safe manner. These will be discussed
later.

Figure 10‘is a schematic reéresentation of the test vessel,
showing the ultrasonic transducerrassembly éupported by the vessel top
plate. The two "0" ring seals required, the position of the thermo-
couple, the argon gas inlgf; and the_cdbiing coil are élso noted.

The level of the‘liquid metal or other test fluid in the vessel
can be measured with a suitable fast response thermocouple. The thermo-
couple wiillbe attachgd to the top platé‘With an.ade§tab1e immersion .
packing gland. _Thevadjugtable paqking gland makes it possible to meas-
ure the liquid metal level at‘any required submergence of the test
specimen. For this design, é tés£ specimen”face submergence of one inch
‘was chosen so that small differences in submefgence between runs will
not have a large effect. 'When the liquid level reaches the thermocouple
tip, there will be a step iﬁcreasevin the thermocouplé féading,because
of the large difference betweeﬁ the film‘coefficiént for the argon-
thermocouple sheath interface and the liquid metal;thermocouple sheath
interface. The film coefficient of héat transfer between the argon gas
and the metal sheath of the thermocouple is much less than that between
- the liquid metal and the metal sheath of the thermocouple. Heat is
always being conducted up the metal sheath of the thermocouple to the
stainless steel top plate, and this heat must be sﬁppliéd from the
medium surrounding the thermocouple (argon gas or liquid metal) . When
the surrounding medium is argon gas, the temperatﬁre difference between

the ‘argon gas and the me;glﬂsheath of the thermocouple is greater than
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Fig. 10.--High-temperature cavitation vessel and ultrasonic
transducer.
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the temperature difference between the liquid metal and the metal sheath
of the thermocouple when the surrounding medium is liquid metal. This
is due to the lower film coefficient at the argon-thermocouple sheath
interface. This thermocouple is also used for measurement of the tem-
perature of the test fluid in the vicinity of the test specimen.

Once the liquid metal has been introduced into the vessel and
liquefied, the pressure and temperature can be adjusted to the desired
operational conditions. Argon is supplied to the system from the side
of the bottom flange (Figure 10).

As indicated in Figure 10, the liquid metal is to be maintained
at a maximum temperature of 1500°F only a few inches from the flange-
plate assembly, and about 8 inches from the crystals, which must be
maintained at a temperature not to exceed about 150-200°F. Thus, spe-
cial heat transfer, thermal stress, and sealing considerations arise.
In general, the vessel wall and cone supporting the flange-plate
assembly is made to minimum wall thickness, consistent with stress
requirements, to minimize heat conduction to the flange-plate assembly.
Heat is also unavoidably transferred to the flange-plate assembly by
conduction through the horn and by convection and radiation in the argon
cover gas. The heat is removed from the flange-plate assembly by a
cooling coil, and the flange-plate assembly cross-section is thick
enough so that temperature gradients in it are small. Hence, its tem-
perature must be close to that of the cooling medium. This allows the
use of conventional organic sealing materials such as rubber "O" rings,

‘and assures that the allowable crystal temperature will not be exceeded.
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The details of the construction are discussed more fully below.

The cylindrical section of the vessel is made from type 316
stainless steel pipe.. The top plate is fabricated of type 304 stainless
steel, 3/4 in. thick. Since it will not come into direct contact with
any of the test fluids and will not operate at excessively high tempera-
ture, this material is adequate. The substantial thickness was chosen
to facilitate heat conduction to the cooling medium. The top plate is
provided with an access hole for the thermocouple and a centrally-
located opening to accommodate the transducer horn. Figure 10 indicates
the details of the top plate design.

The section connecting the lower flange and the cylindrical
vessel has been designed in the shape of a cone to minimize thermal

stresses due to the large temperature gradients in this region.

2. Method of Fastening Transducer to Vessel

The problem of attaching the horn at or near a nodal point
to the top plate is quite unique in that a good seal is required between
the plate and the horn, but at the same time the horn cannot be grasped
in such a manner that the amplitude of vibration is reduced. To estab-
lish the seal, a rubber or teflon "O" ring with dimensions 1 1/4 in. x
Cl 1/2 in. x 1/8 in. is provided to slip around the transducer horn and ’
to seat in the groove provided in the top plate. The horn is held in a
proper axial position by fastening a snap ring around the horn directly

below the top plate. This arrangement provides the required squeezé on

the "0" ring. It has been shown experimentally that this arrangement
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‘does provide a positive seal and does not result in a decreése‘in horn
aﬁplitude because the "0" ring is softfenough not to restrain the low
amplitude, high frequency vibration at this point.. A patent application
has been filed for this arrangement under the title, "Seal Holder Device
for Ultrasonic Vibratory Unit." Alternative approachés‘have in&olved a
steei bellows attachment which ‘is subjéét‘tp fatigue féiluré, and the
complete enclosing of Ehe én?ire uﬁ?p in a dry=-box (ﬁhich solution was
beyond our financial capability). The snap ring employéd is of type 304
stainless stéelﬁ The arrangement has functioned over a totai ofn1000
hours and nﬁmerous assemblies and disassemblies without difficulty.

‘Tﬁe seai between fhe top»platé and the upper_flange section'of.
the cavitation vessel is maintained bj means of a rubber or teflon "O"
ring of dimensions 7 1/2 in. x 7 3/4 in. which seats in a grobve pro-
vided. in the uppervflaﬁge section. The dooling arrangement previdusly
described'allows the use of a soft seai at this point, thus obtaining
more positive sealing than experiencé indicates might be obtained from
gaskets suited fo high-teﬁperatufeuéervice;

A 1/2 in. O.D.‘Schedule 20vcopper tubing cooling system is pro-
vided to remove the heat conducted to fhe top plate by means of the
transdﬁger horn assembly and thé véssel proper. -The copper tubingbis
seated in a groove-pfovided in the top of the top plate and brazed into
position to providé good thermal contact. Flexible tygonbtubing from
the inlet and outlet providé cooling.water'fo and from the copper tub-
ing. Calculatio?sSs‘héVe éhown thatvﬁhe availablé tap water flow is

sufficient to remove the heat transferred to the top plate.
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The top plate is firmly attached to the cavitation vessel by
means of six cap screws which are inserted into the top plate and termi-

nate in the upper flange of the vessel proper.

F. Furnace Requirements

The furnace which was chosen for providing the heat to attain
the test temperatures desired is fitted with an opening of suitable
dimensions so that the vessel is easily accommodated. Since the heating
chamber is of a length somewhat greater than the length of the vessel,
it was decided to attach to the bottom of the cavitation vessel a heat
conducting extension, to provide more area to receive radiant heat from
the furnace windings and also more cooling area on shut-down. This con-
ductive skirt, 7" long with 3 1/8" I.D. and 4" 0.D., was made of alumi-
num-bronze material, chosen because of its high thermal conductivity and
excellent high-temperature properties and ability to withstand corro-
sion, Without such a skirt, an appreciable portion of the heaters mak-
ing up the furnace would have been radiating heat across the vessel at
each other. Such operation could cause burnout of the heaters. More
important, though, in order to achieve reasonable heat-up times for the
tests envisioned, it was necessary to provide as much thermal power as
possible in the furnace. Hence, the conductive aluminum-bronze skirt
was designed., It is shown in Figure 11, attached to the high-tempera-
ture cavitation vessel by means of set screws,

Due to the operating temperatures of the system, the stress

limitations of the materials used at these temperatures must be
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Fig. 11.--High-temperature cavitation vessel and ultrasonic
transducer assembly mounted in furnace.
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considered. The short-term tensile strength of type 316 stainless steel
drops from approximately 90,000 psi to approximately 20,000 psivwhen
heated from 70°E to 1500°F, and becomes almost negligible at approxi-
mately 2000°F. Sinee the rorging point of stainless steel is 2100-
2300°F, the system could conceivably operate up to approximately 2000°F
for short periods of time at low pressuree; However, for operation
above about 1500°F, it might be wree,toﬂuse‘more exotic materials;!e.g.,
various refractory alloys, which have improved high-temperature e
properties. .

The discontinuity" stress ralues, iy stress at sharp corners,
etc., should also be 1nvestlgated and are presented in reference 55,
along with the stress calculatlons, assumptlons, Smellflcatlons, and
any'necessary.clarifying figures; vAppendlx A summarizes the major
assumptions and results of the necessary heat transfer calculations.

_Ca_lculations55 indicated that the heating losses due to conduc-
tion in the cavitation vessél wduld’be approximately 2800 Btu/hour, or
about 800 watts. In order to achieve a heat-up time of one hour, which
was deemed reasonable for e test at 1500°F, it was then necessary to
have at least a power imput of 2000 watts. Many inquiries were made of
commercial vendors es to thevfeasibility of supblying a>furnace of such
a power rating which could also accommodate the cavitation vessel. In
the meanwhile, it wes-found»that a suitable furnace (Figure 11) existed
in the Department of Chemical and'Metailurgical Engineering at this
University, and this was made available by Professor C. A. Siebert of

that department for the experiments of this laboratory. The furnace was
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in the shape of a cube, 16" on an~edge, The outer covering consisted of
- 1/16 in. sheetvmetalf The bulk ofvthe sheet metal box was‘filled with
suitablg insplation, but centrally located in the enclosure wag'an;alun—
dum prééible‘about which were wound the heater coils. Alundum cement
was then used to cover the coils,’,The diménsions of the furnace chamber
formed by the crucible were 6 in. diameter x 12 in. length, The cru-
cible was open at both ends. However, it rested in an upright position
on a layer of firebrick positiqned at the bottom of the sheet metal
frame, _A similar layer of firebrick was positioned at the top of the
furnace and provided with,én‘access hole 4 in. in diameter. The thick-
ness of the top,layef Qf firebrick was 1 1/4 in, This layer of firef
brick was covered by a steel end3p1ate>1/8 in. thick and fitted with a
centrally-located access hole 5 1/2 in. in diameter. The 4 in. access
hole in the firebrickvclosglyvapproximates the diameter of the cavita-
tion vessel. It was felt that heat losses would be_greater if‘the 6 in.
hole available in the crucible were not decreased in this manner. This
end plate provides»a suitable surface to support the cavitation vessel,
i.e., the lower surface of the upper flange of the cavitation vessel is
in direct contact with the carbon steel end plate and rests on it. The
power rating of the furnace is 3000 Watts‘;t 220. volts, and hence is
ample for the purposes of fhis investigation.

Figure 11 shows the high-temperature cavitation.vessel and

ultrasonic transducer assembly mounted in the furnace. The furnace is

supported in a simple Unistrut frame structure.
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G. Temperature Controller Requirements

A Foxboro automatic temperature controller was also provided by
Professor Siebert from the Departmentvof Chemical and Metallurgical
Engineering for control of the furnace temperature. A thermocouple was
embedded in the alundum cement surrounding thebheating element, and is
thus in close proximity to the heating element. This should reduce any
cycling problems. The controller has an upper temperature limit of
2500°F, which is considerably above the maximum temperatﬁre planned for
the experiments. It is an ON-OFF type controller equipped with a stand-
ard mercury switch, When the process temperature is below the set
point, the full 220 volts is applied to the windings of the furnace.
When the process temperature exceeds the set point, the mercury switch
opens, reducing the voltagevto zero. Once the desired temperature is
reached, it is possible to achieve somewhat finer control by reducing
the voltage applied to the windings by means of a variac. Thus, perhaps
only 100 volts is necessary to compensate fof the heat losses once
equilibrium has been reached. Figure 12 is a schematic indicating the
relationship and connections necessary to achieve this fine control.

The primary voltage supply, variac, furnace, thermocouple, and control-
ler are shown. The thermocouple used for temperature control in this
application is of chromel-alumel. The automatic temperature controller

is driven by a small motor requiring a 220 volt supply.
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Fig. 12.--Schematic of variac, furnace, and temperature
controller.
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H. Accelerometer Assemblx57

1. Introduction

:36,48,56

It has been shown by several investigator that the

amount of damage sustained by the test. specimen is heavily dependent on

the amplitude of the horn tip to which the specimen is attached, and

this is, of course, also to be expected on theoretical grounds. In
fact, there exists a minimum threshold amplitude for a given facility48
below which no damage is suffered by the test specimen, either due to
the complete lack of cavitation for this amplitude or the insufficient
shock pressures generated by bubﬁlé collépse;. Hence, it -is clear that
it will be necessary to determine the amplitude of the specimen with
reasonable accuracy, and to maintain this amplitude Within acceptable
limits for the duration of a test. In addition, it is important that
any given amplitude be reproducible for future investigations so that
comparisons may be drawn between various specimen material-fluid-tem-
perature combinations. The problem of amplitude measurement is made
difficult since the amplitudes characteristic of the magnetostrictive
and piezoelectric devices used for ﬁltrasonic cavitation studies are in
the range of 1 to 5 mils, while the frequency of operation is generally
15 to 20 Kc./sec. Other investigators3 >"" have utilized a "voice coil"
arrangement, which surrounded the exponential section of the horn, to
determine the amplitude of the devicé. Duriné.operétion,‘a voltage is
induced in the voice coil which, hopefully, is proportibnal to the

amplitude at the horn tip by the cyclic change in inductance due to the

va}iable area portion gf tte horn which is enclosed by the coil. One
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difficﬁlty which has been experienced with this and similar arrangements
is that it is also sensitive to the electromagnetic radiation from the
driving amplifier, etc., which then gives a very misleading output. The
output from the voice coil may be displayed on an oscilloscope or ﬁed to
a vacuum tube voltmeter and/or frequency counter for analysis. This
arrangement, as well as all others which seem feasible, requires that an
absolute determination of the amplitu@e of fhe horn tip be made by
direct observation in air (or conceivably in a transparent liquid)
utilizing a suitable high-power minoscope.‘ Such é'caiibration would
result in a plot of absolute amplitude>of thé horn tipiversus the volt-
age output from the voice coil, and would enable one to determine the
amplitude easily in any fluid as long as the characterisfics of the
exponential horn-voice coil system were not changed by the conditions of
‘the surrounding environment, which includes the horn and fluid tempera-
ture, fluid density, viscosity, etc. This calibration is particularly
necessary since it would be difficult to directly observe the motion of
the horn tip during a test in water, and impossible during an investiga-
tion in an opaque fluid, e.g., 1iquid metals at elevated témperatures,
where the vessel would also be opaque. Hence, it is necessary to be
.abie to easily measure some seéondérj quantity that is directiy related
to the absolute amplitﬁde in a reproducible and reliable manner.

In the case of our experiménts, some of which have been con-
ducted in liquid metals at‘temperatﬁres up to 1500°F, it is not possible
to utilize a voice coil arrangement, as described previously, because of

the severe environment surroynding the exponential portion of the horn.
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Thus, it was necessary to determine the amplitude,in our investigations
by some other method.

Since the horn tip approximately describes simple harmonic
motion, the vertical displacement measured from some suitable datum

plane taken as the origin is given by:

y = Asin Wt (1)
where:

= displacement at time, t

maximum amplitude

EE; #— <

"277- x frequency of vibration

t = time

Hence, the acceleration, a, can be determined by differentiating expres-

sion (1) twice:
2 . ' 2
a =-AW*° sin Wt =-yW (2)

=a,a=a_ =-aW? | (3)

When y = _—

ymax .

Thus, it is seen that the acceleration at the horn tip is proportional
to the amplitude at the horn tip.*’ This suggests the use of a suitable
commercially availgble-accelerometer whose voltgge output would be'Pro.
porti&nal to measured acceleration and, hence, amplitude, at a given

frequency. Such an accelerometer could be mounted atvsome point along

the transducer horn assembly where the temperature variation is very

* .
7 The acceleration, being directly related to the acoustic pres-
~sure induced in the flujd,.is seen to be a quantity more closely related
to the cavitation phenomenon than the amplitude itself.
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slight during the investigations. Hence, its operation would be unaf-
fected by the severe environment existing at the horn tip. Neverthe-
less, for a fixed accelerometer position, it would be possible to
determine a suitable calibration of absolute amplitude (as determined by
direct visual microscopic observation in air) versus voltage output from
the accelerometer. Such a calibration would be valid for operation of
the transducer-horn assembly at elevated temperatures since the acceler-
ometer responds to changes in acceleration only, assuming that the ratio
between acceleration at the specimen face and at the accelerometer posi-
tion remains constant even when the transducer is exposed to a severe
temperature gradient. The approximate validity of this assumption seems

intuitively reasonable.

2. Accelerometer Description

The requirements of a suitable accelerometer for this appli-
cation include an ability to operate at a frequency of 20 Kc./sec.,
which is the normal frequency of operation of our ultrasonic cavitation
facility. In addition, the sensitivity of the accelerometer must be
sufficiently large so that the output can be easily measured with an
oscilloscope and/or vacuum tube voltmeter. The weight of the acceler-

" ometer should be a minimum so as to only slightly disturb the ultrasonic
unit. The accelerometer chosen for this application was the.Glennite
accelerometer Model #CA260502, supplied by Gulton Industries, Inc., of
Metuchen, New Jersey. This accelerometer has a'sensitivity of 1.32 mv.

/g* over a wide frequency range, a resonant frequency of 138 Kc./sec., a

*g = agcceleration due to gravity, taken as 980 cm,,/sec.2 at sea
level.,



-58-

nominal frequency range extending from 3 cps to 20 Kc./sec., a nominal
acceleration range from 0 to 2000 g,* a transverse response of only
1.7%, and a weight of 1.3 grams. It is easily mounted to the trans-
ducer-horn assembly at a suitable location by means of a threaded stud.
A consideration of equation (3) above shows that for a frequenéy of 20
Kc./sec., and an amplitude of only 0.1 mils, the maximum acceleration
would be approximately 2000 g.* Hence, the output from the accelerom-
eter would be approximately 2.5 volts, which is easily measured. It
should be noted that an acceleration of approximately 2000 g* consti=
tutes the upper limit of applicability of any accelerometer, due to
mechanical limitations of the design.

It was decided to mount the accelerometer at the top of the
transducer assembly, as shown in Figure 1. Such a location resulted in
easy access to the unit with respect to cable attachment, and the tem-
perature at this location was shown to be less than 100°F, even when the
test fluid was at 1500°F. Although the acceleration at this location is
considerably less than at the horn tip, it was felt that the sensitivity
of the accelerometer was large enough to provide a suitable output volt-
age for measurement. In fact, the acceleration at the horn tip is so
large (approximately 50,000 g*) that an accelerometer mounted in this
vicinity would be immediately destroyed upon operation of the unit, even
if operated in air rather than a high-temperature fluid. Since the

transducer assembly had been fitted with é tapped hole (5/8-20) at its

*Ibid., p. 57.
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fabricated which attached to,fhe top of the transducer assembly.. The
accelerometer was then firmly screwed into the aluminum adaptor with a
torque ﬁrench. Because of the high frequency of operation and the
resultant low impedance of the accelerometer (approximately 20,000 ohms
at 20 Kc./sec.), it is possible to feed the signal from the accelerom-
eter directly to an oscilloscope or vacuum tube voltmeter, each of which
has an input impedance of several mggghms.. As a result, in this appli-
cation, a cathode follower or other similar impedance matching:device is

not necessary.

3. Acce;efometef Calibration

As previously ndted, it is necessary to calibrate the accel-
erometer once it is mounted in a fixed position, i,e.,vdefermine the
relatibnship bétween the voltage 6utput from the~acce1erometef and the
amplitude at the horn tip. The ﬁecessary calibration was performed in
air at 70°F with the transducer-horﬁ assembly mounted in the top plate.
The éoﬁplete aséembly was supﬁorted so that the axis of the transducer
was‘vertiéal, corfesponding to normal operation of the unit. A Unitron
Metéllurgical Microscope fitted with én eyepiece which cbntained a uni-
formly graduated scale was émployed for the absolute amplitude measure-
ments. Previously, the graduated scale had been?calibrated by.dbserving
a specimen of known diﬁenéions at a magnification of 400. It was found
that 8 divisions on the eyepiece scale corresponded to a length of l.
mil; the compléte scale having a length of 100 divisions. Since

. . 51
earlier visual amplitude measurements had established that the

=
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amplitude of vibration of the horn tip was in the range of 1 to 3 mils,.
it was felt that the sensitivity obtained at a magnification of 400 -
would be sufficient for the measurements. The test specimen at the end
of the horn was backlighted with a General Radio Company Type 1531-A
Strobotac which was adjusted to a suitable frequency so that it was pos-
sible to oBserve the motion of the horn tip as it vibrated between the
extremities of travel. For a given test specimen, the voltage applied
to the piezoelectric crystals was varied over a wide range (at a fixed
frequency of 20 Ke./sec., which corresponds to the resonant frequency of
the transducer-horn assembly), and the peak-to-peak amplitude of vibra-
tion of the horn tip was observed under the microscope at a magnifica-
tion of 400. By means of the calibrated eyepiece and stroboscope, it
was possible to note easily the number of divisions corresponding to the
specimen motion, and hence determine the absolute amplitude, knowing ﬁhe
calibration of the graduated scale. For each value of absolute ampli-
tude observed,.the output from the accelerometer was fed to a Ballantine
Laboratories,»Inc., Model 300-G Vaquum Tube Voltmeter with a scale range
from 1 mv, to‘1000 volts RMS.# Thus, it was possible to determine cor-
responding values of the absolute amplitude and Voitage output from the
accelerometer. Ihé procedure was‘repeated for three test specimens, one
each of_stainless steel, aluminum, and a tantalum-base alloy, covering a
density range_from 2.77 g./cc. to 17.6 g./cc. All specimens weighed

9.4 £ 0.1 grams. After many measurements were made, it was felt that

*Root-mean-squage voltage.
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the reproducibility of data was within a tolerance of 1 scale division
on the calibrated eyepiece, or approximately 0.1 mils. Also, the visual
measurement accuracy was estimated to be within a tolerance of 1 scale
division, or approximately 0.1 mils,

For various horn tip amplitudes the output from the accelerom-
eter was also fed directly to a Tektronix, Inc., Type 502A Dual-Beam
Oscilloscope for visual display and analysis. Hence, it was also pos~-
sible to determine the frequency of vibration of the transducer-horn
assembly by determining the frequency of the accelerometer voltage wave-
form.

The results obtained in this investigation are presented in
Table 1, which lists corresponding values of variac voltage (propor=.
tional to crystal voltage), accelerometer voltage output (RMS) as meas-
ured by the vacuum tube voltmeter, accelerometer voltage output (peak-
to-peak) as measured by the oscilloscope, and absolute amplitude
(peak-to-peak) of the horn tip. It was found that the results were
identical for each of the three specimens employed within the margin of
experimental error. Note that the maximum amplitude measured was 3 mils
(peak-to-peak) , which correspondé to an acceleration of approximately
100,000 g (peak-to-peak) at the horn tip. Equation (3) was used for
this computation. At this amplitude the peak-to-peak accelerometer out-
put voltage was 16 voltég which corresponds to an acceleration of
approximately 12,000 g (peak-to-peak) at the opposite end of the trans-
ducer-horn assembly where the accelerometer is mounted. This value of

acceleration was computed assuming an accelerometer sensitivity of
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TABLE 1

AMPLITUDE MEASUREMENT DATA

Experimental Conditions:

1) Transducer-horn assembly mounted in vessel top plate and
held in a vertical position by usual mounting device

2) Surrounding medium is air at 70°F

3) Microscope magnification = 400X

4) Eyepiece calibration: 8 divisions = .001" = 1 mil
5) Stroboscope frequency = 3300 flashes/mihute

6) Frequency of vibration of transducer-horn assembly =
20.3 Kc./sec.

7). Test specimens were 304 stainless steel, 2024-T351 aluminum,
' and T-111 (Ta-base alloy); data applies to all materials.

8) Accelerometer mounted at top of transducer-horn assembly

Accelerometer Voltage Output

Variac Voltage VTVM(RMS) * CRO (P-P)** Amplitude (P-P)
60 V ov ov OImils
70 0.9 3.0 0.5
80 1.8 6.0 1.0
90 2.9 8.0 1.5

100 4.1 10.0 2.0

110 5.2 13.0 2.5

120 6.0 16.0 3.0

*
Voltage measured by vacuum tube voltmeter, root-mean-square.

**Voltage measured by cathode-ray oscilloscope, peak-to-peak.
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1.32 mv./g, which represents a careful calibration supplied by the manu-
facturer., . This ‘calibration is stated to be valid even at the.very high
values of acceleration involved .in this investigation as long as the
accelerometer -is not damaged, and the frequency of operation (20 Kec./
sec.) is a factor of. 3 ér 4 below the resonant frequency of the accel-
erometer (138 Kc./sec.) so as to avoid accelerometer resonance effects.
It is interesting to note that ‘the aqgeleration (and hence amplitude) is
approximatgly 8 times greater at tﬁe horn tiﬁ WHere the séecimen is
lopatea than at the\opposite eﬁd of~the Horn wﬁere the accelerometer is
ibcated. This ié Qery reasonablé since in an exéonential assembly of
thié type, fﬁe émplitude‘of vibration varies.invéréely as the cross-

53,54
3 In our

secfional areaé of.the ends of the éxpoﬁentiél assembiy.
case;rthe cross-sectional area at the Lop of ﬁhe transducer-horn
assembly is approximatély 9 tiﬁesvgfeéter than the tié,cross-sectional
area. Both ends of the horn assembly corréspond to anfinodal points of
;he-étanding waves propagafed ﬁifhin the ftansduter.
| In Table 1, values of accéleromé;ervvoltage measufed by the

oscilloscope (peak-to-peak voltage)bsﬁould be about 2.8 times as great
as the values of éccelerometer VOitage measured by the vacuum tube volt-
_ meter .(RMS voltage), if the horn tip describes simple harmonic motion.
The.raﬁio of the cdrrésponding voitége values varies from 2.5 to 3.3,
. which is reasonablé, since the meaéurement.error in reading the oscil-
: loscgpe wavéfofmé is ét léast 10%, and'the'motioh of the hbrn tip is not
exactly'éimple harmonic in nature.

A biot of aﬁsdluté 3gplitu&e ofivibfation of the horn tip in

mils (peak-to-peak) versus accelerometer voltage output (as measured by
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an RMS vacuum tube voltmeter) is presented in Figure 13. Note that the
relationship is nearly linear, which corresponds to equation (3). This
calibration makes it possible to determine the amplitude of the horn tip
during an investigation in any fluid environment by monitoring the out-
put from the accelerometer mounted at the opposite end of the trans-

ducer-horn assembly.

4, Summary and Conclusions

An accurate method for measuring the amplitude of vibration
at the tip of an ultrasonic transducer assembly has been developed. The
method consists of monitoring the voltage output from a Glennite accel-
erometer, Model #CA260502, mounted at the top of the transducer assembly
where it is readily accessible. The absolute amplitude of vibration at
the opposite end of the horn assembly to which test specimens are
attached is desired. A calibration of absolute amplitude at the horn
tip versus the voltage output from the accelerometer makes it possible
to determine the desired amplitude during any investigation. The major

features of this system are as follows:

a) The accelerometer is able to operate at frequencies in the
vicinity of 20 Kec./sec.

b) The accelerometer has a sensitivity of 1.32 mv./g, which makes
it ideal for amplitude measurements in the range 1-3 mils.

c¢) The accelerometer is mounted at the top of the transducer-horn
assembly where it is easily accessible and at a point where the

temperature never exceeds 100°F, even when the test specimen is
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Fig. 13.--Calibration curve for accelerometer.
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immersed in a fluid at 1500°F. Hence, the accelerometer is
never exposed to a severe environment, thus insuring relatively

trouble-free operation.

. The voltage output from the accelerometer is proportional to the

acceleration to which it is subjected, and hence the amplitude

at the point of mounting. Thus, the output is also proportional

to the amplitude at the tip of the transducer, since thé;system

is acoustically coupled.

- The major observations made during the investigation are as

The maximnm.amplitudé.measured at the horn tip was 3 mils‘(peék-
to-peak) , which corresﬁbnded to an accelerometer voltage‘of 6
volts RMS. |

The relationship between absolute amplitude and accelerometer-
voltage is nearly 1inear‘(Figure>13). | |

The ratio of peak-to-peak éccelerométet voltage to RMS acceler-
ometer voltage varies from 2.5 to 3.3‘for this investigation.
The calibration obtained is independent of test specimeﬁ
dénsity, over the com@lete range tested (/V 2.7 to 17.7 g/cc.).
The oscilloscope waveforﬁs of voltage output froﬁ the accelerom-
eter confirm the frequency of vibration of the transducer-horn
assembly, namely‘zo Kc./sec;-_-~~ﬂ~ |
Thebacceleration at the horn tip is approximately 100,000 g
(peakéfd;ééék),{i;é.;'i 50;000>g; ﬁﬁéféés'it is only about

12,000 g (pgpk+to-peak) at the point where the accelerometer is
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mounted, as expected, due to the difference in cross-sectional
area at the two locatiomns.
g) The absolute amplitude of vibration can be determined visually

within a tolerance of £ 0.1 mils.

J. Special'Hardware

It was noted previously that the‘ultrasonic horn utilized in
this investigation was of type 303 stainless steel. When tests are con-
ducted at elevated temperature with cavitation specimeﬁs whose coeffi-
cient of thermal expaﬁsion is considerably less than that of type 303
stainless steel, improper operation may result if necessary precautions
are not taken. The combinafion of the type 303 stainless steel ultra-
sonic horn and a stainless steel or carbon steél cavitation specimen
does not result in any problem since the coefficients of thermal expan-
sion are nearlyvidentical. However, with the high coefficient of
thermal exéansién ulfrasonic horn (type 303 stainless steel) and various
low éqefficient of therﬁal expansion cavitation specimens (T-111, T-222,
Mo-1/2Ti, and‘Cb-IZr) an axialvgap may develop at the interface between
the cavitation specimen and the ultrasonic horn at high temperature,
particularly at 1500°F. Hence, for this type of test, special hardware
is necessary to eliminate this effect as the gap would result in
improper transmission of the acoustic energy across the interface and a
reduced amplitude at the test specimen face. The cavitation results
ﬁould be greatly in error.

For the tests at 1500°F in lead-bismuth alloy and lithium spe-

cial hardware was designéd and fabricated. The design consists of five
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separate items of hardware. Item (1) is a modified ultrasonic horn
fabricated of type 303 stainless steel. It is shown in Figure 14. Its
design is similar to the standard ultrasonic horn shown in Figure 3,
except that it is about 1 1/4 inches shorter than the standard horn.
Item (2) shown in Figure 15 is an adaptor stud made of the refractory
alloy T-222(A). Any of the refractory materials used in this investiga-
tion, sucn.as T-222, Mo-l/ZTi,:or Co-izr,-wouid have been snitanle for
this stud as long as the coefficient of thermal expansion matched that'
of Item,(3), shown in Figure 16. ‘item_(3) consists of an ultrasonic
horn adaptor, also fabrlcated of the refractory alloy T-222(4) . This
ultrasonlc horn adaptor must be fabrlcated of material hav1ng a coeffi-
cient of thermal expan51on nearly equal to that of the refractory mater-
ials to be tested Fortunately, the T-111, T-222, Mo-1/2Ti, and Cb-1Zr
have nearly identicai coefficientsiof thermal expanSion. The stud in
Flgure 15 (Item 2) is used to attach the ultrasonlc horn adaptor shown
in Flgure 16 (Item 3) to the modified ultrasonic horn shown in Flgure

14 (Item 1). The refractory cav1tatlon test specimens are then attached
to the tip of the assembly resulting from Items (1), (2), and (3). Such
-an arrangement eliminates any problems'concerned with differential
expansion, and.results in intimate contact being naintained.at the
interface of tne ultrasonic norn adaptor and the refractory canitation»
specimen. Intimate contact’is'also achieved at the interface‘of the
modified ultrasonic horn and the uitrasonic horn‘adaptor;'since the con-
necting adaptor stud‘has a coefficient of thernal‘expansion equal to

that of the ultrasonic hoyp adaptor and less than that of the modified
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ITEM | MODIFIED ULTRASONIC HORN
MATERIAL: TYPE 303 STAINLESS STEEL

3/8-24
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Fig. 14.--Modified ultrasonic horn.
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"ITEM 2. ADAPTOR STUD
MATERIAL: T-222 (A)

3/8-24

1980

Fig. 15.--Adaptor stud.



-71-
ITEM 3: ULTRASONIC HORN ADAPTOR

MATERIAL: T-222 (A)
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Fig. 16.--Ultrasonic horn adaptor.
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horn. Thus, any differential expansion in this region would result in a
tighter bond at this interface. The temperature existing at this inter-
face during operation of the assembly is much lower than that existing
at the interface of the cavitation test specimen and the ultrasonic horn
adaptor. Hence, less expansion would be expected.

The arrangement described above was used successfully to test
the refractory specimens at 1500°F. At 500°F it was found that the dif-
ferential expansion was so slight as to not affect the operation of the
standard ultrasonic horn (Figure 3) with the refractory specimens
attached directly to it.

When testing types 304 and 316 stainless steel at 1500°F, the
standard ultrasonic¢ horn (Figure 3) was used, since the coefficients of
thermal expansion of both the horn and the specimens were nearly identi-
cal. Since the special adaptor hardware described previously was used
when testing the refractory specimens at 1500°F, it was felt that it
would be instructive to experimentally compare the operation of the two
systems. To do this, it was necessary to fabricate a modified cavita-
tion specimen of type 304 stainless steel to be used in conjunction with
the ultrasonic horn adaptor (Figure 16) . The modified cavitation speci-
men is shown in Figure 18 as Item (5). It is attached to the ultrasonic
horn adaptor by means of the modified cavitation specimen stud shown in
Figure 17 as Item (4). This stud is made of Cb-1Zr(A), but any of the
other refractory materials previously mentioned would have been suitable
for this item of hardware. With this arrangement at high temperature,

the high thermal expansion coefficient cavitation specimen would expand
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ITEM 4: STUD FOR MODIFIED CAVITATION SPECIMEN
MATERIAL: Cb-12Zr (A)

1/4-28

Fig. 17.--Stud for modified cavitation specimen. 1982



ITEM 5: MODIFIED CAVITATION SPECIMEN
MATERIAL: TYPE 304 STAINLESS STEEL

I1/4-28
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547 £.001 —|

Fig. 18.--Modified cavitation specimen. 1983
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more than the low coefficient stud o; the low coefficient adaptor.
Hence, an axial gap would not;develop'af the interface between the high
coefficient cavitation specimens and the low coefficiénﬁ adaptor. Of
course, this arrangement is not necessary when testing the type 304 and
type’316 stainless steel cavit;tion specimens as the standard ultrasonic
horn (made of tjﬁe 303 stainleés steel) can then be utilized. However,
both arrangements were employed;to tggt,stainless,steel in lead-bismuth
at 15005F in order to compare the éystems. ‘The test results differed by
3%, thus verifying the proper operatién of both systems.

Items (1) through (5) areish6Wn in an assembly drawing (Figure
19) which‘clearly indicates the or&ervof assembly of the hardware. A
patent -application has been madeAto,cover the special hardware

assemblies described in this section.



-76=-
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Fig. 19.--Assembly drawing of modified ultrasonic horn, adaptor
stud, ultrasonic horn adaptor, specimen stud, and modified cavitation

specimen.



CHAPTER III'
EXPERIMENTAL INVESTIGATIONS

A. Objectives of Experimental Program

Utilizing the high-temperééﬁ;é vibratory device developéd for
this program, it was desired to determine the cavitation resistance of a
wide variety of potentially useful materials (involving a considerable
range of- mechanical properties) in a wide variety of ;,flu"ids over é full
temperature range in an attempt to learn more about the cavitation dam-
age process as it is.affected by fluid and material properties. MaterF
ials included are stainless stéels, carbon steel, refractory alloys,
aluminum, copper, nickel, bfass,»plastics,:etc., and the fluids to be
used are wéter at 70°F, mercury at 70°F and 500°F, énd lead-bismuth
alloy and lithium at 500°F and 1500°F, Table 2 summarizes the specimen
material-fluid-tempefature combinations which were studied in this
investigation. The composition of the various refractory alloys is
given along with the annealing temperatures andvduration of anneal for
fhe various Cu, Cu-Zn, Cu-Ni, and Ni materials tested.

In adﬂitioﬁ, several potential bearing materials were tested to
further wideﬁ thé materiéibpfopérty range. These were the tool steel

alloy BG-42 (a modified 440-C stainless steel), Blue Chip Tool Steel

'.-.77'-



TABLE 2

SPECIMEN MATERIAL-FLUID-TEMPERATURE
COMBINATIONS INVESTIGATED

Pb-Bi

S & Li
Water  Mercury Mercury 500°F &

Material } ‘ ' 70°F _70°F _500°F__1500°F
1100-0 AL (U-M)
12024-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(6OZ 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-})
Ni(75% cold-worked) (U-M)
Ni(1100°F anneal, 1 hour) (U-M)

- Ni(1600°F anneal, 1 hour) (U-M)

Lo

LI ) LI LN )
L ] L N LA

B B B4 Bd Ba bd B
PR

PP Pd B BB KO B RO )R] R

K X XK.

Notes:

1) "X" indicates test conducted for this specimen material-fluid-
temperature combination.

2) The notations (U-M) and (P & W) following the specimen materials
indicate the source of the material, namely, The University of
Michigan andﬁﬁrétt & Whitney Aircraft (CANEL) , respectively;
whereas the notation (A) denotes an annealed condition of the
material.
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(18-4-1* tool steei), Mo-1/2Ti, Cb-1Zr(A), two grades of graphitar,
single-crystal tungsten, aﬁd_teflon-coated typé 304 stainless steel.
These were tested in mercury at various temperatures, and in water at
70°F. The various materials tested in this program along with the

fluid-temperature combinations involved are summarized in Table 3.

B.. Experimental Test Conditions

; Iﬁitiaily, each of the,épééiﬁens was weighed.on.a precisioﬁ bal-
ance to an accuracyVOf 0.01 mg., and then attached to the tip of the
stainless sfeel exponential horn, whereupon. the eﬁtire unit was
assembled.»

The tests in lead-bismuth alloy and lithium at 500°F and 1500°F
and thé tests in‘mefcury at 70°F and 500°F were conducted in the 316
stainless sﬁéel éavitation vessel preﬁiously déscriEed} The investiga-
tions in Watgr_at 70°F were conducted.in a Plexiglas cavitation vessel
whose inside dimeﬁsiops were identical to those of the 316 stainless |
steel container. The Plexiglas vessel permits visual obser&ation of
the bubble cloud and continuous monitoring of the condition of theA
‘specimen surface during a test.

At elévated températures the test fluid was maintained at the
required temperature by the temperature controller, which allewed tem-
perature variations of less than 5°F.

The speciméns were oscillated at approximately 20 Kc./sec. with

the exception of the 1500°F tests where the resonant frequency

e o
*The 18-4-1 desfghaq}on denotes a tool steel containing 18%
tungsten, 4% chromium, and 1% vanadium.
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TABLE 3

MATERIALS TESTED IN BEARING PROGRAM

= — 3

70°F Mercury 350°F Mercury : _ 500 °F Mercu;y
Graphitar-Grade 50(U-M) Teflon-Coated 304 SS(U-M) BG-42 (R, = 47) (TRW)
Graphitar-Grade 80(U-M) BG-42 (Rc = 53) (TRW)

BG-42 (R, = 64) (TRW)
Blue Chip Tool Steel
: (TRW)
70°F Water
Mo-1/2Ti (P & W)
Single-Crystal Tungsten(U-M) Cb-1Zr(A) (P & W)

NOTE:

The notations (TRW), (P & W), and (U-M) following the specimen
materials indicate the source of the material, namely, Thompson~-Ramo-
Wooldridge, Pratt & Whitney Aircraft (CANEL), and The University of
Michigan, respectively; whereas the notation (A) denotes an annealed
condition of the material. The grades of graphitar are designations of
the United States Graphite Company.
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was reduced to sV 18 Kc./sec. by the reduction in sonic velocity in the
high~-temperature portion of the horn. The frequency, however, can be
measured with an accuracy of * 0.002 Ke./sec. The submergence of the
horn tip‘was held constant at 1 1/2 * 1/8 inches in all fluids, while
the double amplitude at the specimen was maintained at 2 X 0.1 mils for
all the tests, as determined by the precision accelerometer previously
described.57

The argon cover gas was maintained over the test fluids at a
pressure that was a function of the fluid-temperature combination being
investigated. The value of argon cover gas pressure is chosen for a
given fluid-temperature combination such that the suppression pressure,
i.e., the difference between local pressure at the specimen face and
vapor pressure of the fluid, is approximately constant for all investi-
gations involving a variety of fluid-temperature combinations. The
lead-bismuth tests at 500°F and 1500°F and the mercury tests at 70°F
were conducted at a slight overpressure (0.5 psig) to prevent inward
leakage of oxygen, and the corresponding suppression pressure was used
for the remainder of the tests. The mercury tests at 500°F then
required an argon pressure of 2.4 psig, the lithium tests at 500°F
required 1.1 psig, the lithium tests at 1500°F required 1.2 psig, and
the water tests at 70°F an argon pressure of 1.5 psig. The variation is
due to the different densities and vapor pressures of these fluids at
the various test temperatures. While a constant suppression head (pres-
sure/hensity) rather than pressure may have been desirable for consider-

ations of fluid-dynamic modeling, the pressure capabilities of the
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equipment were not adequate to allow this course to be pursued.

Total test duration varied for the different materials and was
always sufficient to obtain a good determination of damage rate, which,
neglecting the very early portion of the test, was found to be essen-
tially constant for most of the tests within the total accumulated dam-
age obtained. Test duration was thus a function of the fluid and fluid
temperature, and differed widely for the various materials. The appro-
priate test duration for each material-fluid-temperature combination
will be discussed in more detail later. The tests were terminated when
the complete face of the specimen was damaged, and an approximately uni-
form rate of damage established. Frequent inspections and weighings
were made during the tests to monitor the condition of the specimen sur-
face and establish the rate of weight loss.

Heating time from 500°F to 1500°F for the lead-bismuth and lith-
ium tests proved to be approximately 1 1/2 hours. Cooling time from
1500°F to 500°F is approximately five hours.

Since the piezoelectric crystals must be maintained at a temper-
ature below 150°F, the top plate of the cavitation vessel is cooled by
circulating water as previously described. In addition, a fan in close
proximity to the crystals provides additional cooling.

The tests in each fluid generally required special handling pro-
cedures that were a function of the fluid-temperature combination.

These will be described in the appropriate sections.
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C. Cavitation Studies in Lead-Bismuth
Alloy at 500°F and 1500°F

1. Experimental Procedure

The seven materials tested in lead-bismuth alloy (70% lead-
30% bismuth) at 500°F and 1500°F were 304 stainless steel (U-M), 316
stainless steel (U-M), T-111 (P & W), T-222(A) (P & W), Mo-1/2Ti
(P & W), Cb-1Zr (P & W), and Cb-1Zr(A) (P & W). Standard cavitation
test specimens, as shown in Figure 6, were machined from available bar
stock, The required dimensions "A" and "B" for the seven’materials
tested are listed in Table 4. These dimensions provide a standard
specimen weight of 9.4 % 0.1g.

The vapor pressure of lead-bismuth at both 500°F and 1500°F is
approximately zero. The argon cover gas pressure was maintained over
the molten lead-bismuth throughout the tests at both 500°F and 1500°F at
a»slight overpressure of 0.5 psig to prevent in-leakage of oxygen. The
corresponding suppression pressure, 15.3 psig, was then maintained con-
stant for all the tests in all fluids.”

At 500°F the specimens were subjected to the cavitation environ-
ment for a total test period of 12 hours with the exception of the
Cb-1Zr(A) which showed gross erosion after 8 hours of testing. Prelimi-
nary tests had indicated that when this gross erosion was achieved, the
damage rate starts to vary substantially from the relatively constant

value obtained once damage had become fairly uniform. Hence, it is not

*Changes in atmospheric pressure from day to day have been
assumed negligible.,



;84-

TABLE 4

- SPECIMEN DIMENSIONS

b e~ ]

I‘IB"

Material _ ‘ MAN

304 Stainless Steel ' S .250" .625"
316 Stainless Steel .250" 625"
Hot-Rolled Carbon Steel .250" 625"
T-111 .085" .460"
T-222 .085" 460"
T-222(4) .085" 460"
Mo-1/2Ti - 175" .550"
Cb-1Zr .220" .595"
Cb-1Zr(A) .220" ,595"
1100-0 Aluminum 820" 1.195"
2024-T351 Aluminum .820" 1.195"
6061-T651 Aluminum .820" 1.195"
BG-42 (all heat-treats) .250" .625"
Blue Chip Tool Steel .220" .595"
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desired to carry the tests to very heavy damage conditions. At 2 hour
intervals the specimens were‘visuallyvexamined, photographed,‘and\care-
fully.weighed. Then the test was resumed. At each examination e#cess
lead-bismuth adhéring to the test sbecimen WaS'removed by quickly ﬁeat-
ing the specimen with a propane torch to a temperature just above the
melting point of the lead-bismuth (approximately 350°F) . Tﬁe excess
fluid was then separated from the téstwspecimen by a-quickzblast‘of com-
pressed air. The proéess was rapid enough so that oﬁlyfneglfgible oxi-
dation occurred.

| For the tests at 1500°Fva11 transfers of the specimeﬁs to and
from the high-temperature cavitation vessel were madé at a temperature
of 500°F. Sincé the lead-bismuth is not grQSSIy and rapidly affected by
exposure to atmosphere, no special provisions as the use of pre-cast
sealed ihgots previously &escribed'for the lithium were necessary. The
fact that there was no substantialvintergfanular corrosion during the
test is shown by the photomicrograph of Figure 20. The type 316 stain-
less steel specimen shown here was tested in lead-bismuthvallqy at
1500°F for 6 hours. The mégnification is 1000X. In Figures 21 and 22
photomicrographé of the surface of the same type 316 stainless §tee1
_ specimen are shown at a magnification of 500X, There is no evidence of
corrosion at the surface but this may be due to surface cleaning by the
cévitation process. The fact thatpthe non-cavitated parts of the speci-
men were not corroded shows that corrosion in the absence of cavitation
was negligible. The effects of corrosion in the vibratory type test

48
have been previously examined by Plesset. After securing the
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Fig. 20.--Photomicrograph of type 316 stainless steel specimen
tested in lead-bismuth alloy at 1500°F (interior of specimen, magnifi-
cation 1000X) .
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1945

Fig. 21.--Photomicrograph of type 316 stainless steel specimen
tested in lead-bismuth alloy at 1500°F (specimen surface, magnification

500X) .



Fig. 22.--Photomicrograph of type 316 stainless steel specimen
tested in lead-bismuth alloy at 1500°F (specimen surface, magnification

500X) .
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ultrasonic transducer assembly to the top platelofethe>cayitation vessel
and bolting the too plate in place~-the-temperature of the leadebismuth
alloy was. 1ncreased to 1500°F by means of the autematic temperature con-
troller. At the conclusion of the test ‘the. temperature was reduced to
500°F again so that the specimen could safely be removed from the end of
the exponential horn and visually examined and weighed Also it Wasv>
desired not to expose the test materials to the atmosphere at 1500°F
‘where reaction rates would no doubt be considerably greater than at
500°F. H
"tThe»sevendspeCimens'tested for cavitatioen resistance at 1500°F
were: subjected to the cavitation~environment.for varying lengths of
time, the stainless steel being exposed for 5-6 hours and the refractory
alloys for a total of 10 hours. At appropriate intervals the specimens
were visually examined,.photographed,,and carefully Weighed. Then the
test resumed. Excess lead-bismuth alloy was removed from the specimens
using the procedure'outlinedvearlieru It was not possible to examine _‘
the refractory materials as frequently as the stainless.steels,because
of numerous mechanical problems that were encountered with these mater-
ials. On several occasions the refractory specimens fractured during
. disassembly at the point where the threaded length joins the cylindrical
butten portion of the soecimen, thus voiding the test. Hence, extreme
care had to be exercised during assembly and disassembly, so that it was
not desired to repeat -this operation any more often than necessary. As
a result, the reiractory specimens were examined, photographed, and -
weighed after 4 hours of testing, and .again after a total of 10 hours in

the cavitation environment.
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2. Experimental Results at 500°F

The cavitation results obtained at 500°F in lead-bismuth
alloy will be displayed as accumulative weight loss versus test dura-
tion, 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 sur-
face, is felt to be more physically meaningful than weight loss, since
it is generally the total penetration of a particular component by cavi-
tation 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 uni-
form wear, depending on material-fluid combination. Obviously, 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 5.

Figure 23 is a plot of accumulative weight loss versus test dur-
ation for the seven materials tested, while Figure 24 is the correspond-
ing plot of accumulative MDP versus test duration. The results

presented in Table 6 are the slopes of these curves.



TABLE 5
RELATION BETWEEN WEIGHT LOSS AND MDP
(MDP = C+W)
Material , _Density — c*
1100-0 Aluninun 2.77 g.Jcc. . .0935
2024-T351 Aluminun | PR | L0935
6061-T651 Aluminum 1- 2.774 .0935
304 Stainless Steel 7.85‘ .033
316 Stainless Steel 7.85 .033
Hot-Rolled Carbon Steel 7.85 .033
T-111 17.66 L0147
T-222 17.66 .0147
T-222(A) 17.66 .0147
Mo-1/2Ti . - 10.22 .0253
Cb-1Zr 8.72 .0296
Cb-1Zr(A) v8.72 .0296
Plexiglas 1.23 : +210
~ Cu (60% cold-worked) 8.97 | .0288
Cu (900°F anneal, 1 hour) 9.04 .0287
Cu (1500°F anneal, 1 hour) 9.06 0286
Cu-Zn (60% cold-worked) 8.61 .0300
Cu-Zn (850°F anneal, 1 hour) 8,62 .0300

Cu-Zn (1400°F anneal, 1 hour) 8.62 - . .0300




TABLE 5--Continued

: . ’ |

Constant
Material __ Density. .- _¢c*
Cu-Ni (60% cold-worked) a0 g.lec. .0287
Cu-Ni (1300°F anneal, 1 hour) 9.05 .0286
Cu-Ni (1800°F amneal, 1 hour) 79,02 .0287
Ni (75% cold-worked) - 8.97 0288
Ni (1100°F anneal, 1 hour) 9.00 .0288
Ni (1600°F anneal, 1 hour) 9.00 .0288
BG-42 (all heat-treats) ,_ 7.85 .033
Blue Chip Tool Steel | 8.70 | .0296
G;aphitar-Grade 50 1.70 .152
Graphitar-Grade 80 1.80 144
Siﬁgle~Crysta1 Tungsten ‘ 19.30 .0161

*Valid when MDP is expressed in mils and W is expressed in mg.
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TABLE 6

. SUMMARY OF CAVITATION: RESULTS IN LEAD-BISMUTH AT 500°F

. Avg. Wt. . Average

Material - ﬂ Loss Rate MDP Rate
T-111 @ & W)~  49.1 mg./hr. .72 mils/hr.
T-222(A) (@ & W) - 51,6 76
Mo-1/2Ti (P & W) 30.7 - .78

316 8§ (U-M) 26.6 T

304 88 (U-M) 28.2 .93

Cb-12r (P & W) . 55.1 1.63

Cb-1Zr(A) (P & W) - 119.5 3,54
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On the basis of MDP it is clear that the alloy T-111 has exhib-
ited the greatest resistance to cavitation damage in this experiment,
although T-222(A), Mo-1/2Ti, 304 stainless steel, and 316 stainless
steel are also quite cavitation resistant relative to the Cb-1Zr and the
Cb-1Zr(A). The Cb-1Zr(A) suffered gross damage after 8 hours of test-
ing. The other materials were tested for a total of 12 hoursi It is
clear from Figﬁres 23 and 24 that thé rate of erosiqn for each individ-
ual material was approximatély constant throughout the test, except for
the very initial part. It is also significant that at 500°F the stain-
less steels tested fared almost as well as the refractory.alloys T-111,
T-222(A), and Mo-1/2Ti.

Photographs of the test specimens before exposure and at the
conclusion of the cavitation experiment are presented in Figure 25. The
effect of the cavitation erosion action of the collapsing bubble field
is quite apparent. Note the generally uniform dispersion of pitting
over the entire surface except for a relatively undamaged thin rim
around the outside. This eventually leads to a cupped specimen surface

which affects the bubble cloud and damage rate.

3., Experimental Results at 1500°F

The cavitation results obtained at 1500°F in lead-bismuth
alloy are also presented as accumulative weight loss versus test dura-
tion and also as accumulative mean depth of penetration (MDP) versus
test duration. The expressions given previously for MDP as a function

of weight loss (Table 5) are, of course, applicable at 1500°F* also.

*The damage measurements are, of course, made at room
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BEFORE EXPOSURE 500°F, 1500°F.

304 Stainless Steel 304 Stainless Steel 304 Stainless Steel
(U-M) 12 Hour Exposure 5 Hour Exposure

316 Stainless Steel 316 Stainless Steel 315 Stainless Steel
(U-M) 12 Hour Exposure & Hour Exposure

Mo-%Ti (P & W) Mo-%Ti (F & W) Mo-%Ti (P & W)
12 Hour Exposure 10 Hour Exposure

T-111 (P & W) T-111 (P & W) T-111 (F & W)
(Ta-8W-2Hf) 12 Hour Exposure 10 Hour Exposure
Fig. 25.--Specimens subjected to cavitation damage in lead- 1607

bismuth allov at 500°F and 1500°F.
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BEFORE EXPOSURE 500°F. 1500°F.

T-222(A) (F & W) T-222(A) (P & W) T-222(A) (F & W)
\Ta-9,5W-2,5Hf~.05C) 12 Hour Exposure 10 Hour Exposure

Cb-1Zr (P & W) Cb-1Zr (P & W) Cp;er (F &W)
12 Hour Exposure 10 Hour Exposure

Cb-1Zr(A) (P & W) Cb-1Zr(A) (P & W) Cb-1Zr(A) (F & W)
8 Hour Exposure 10 Hour Exposure
Fig. 25.--Specimens subjected to cavitation damage in lead- 1668

bismuth alloy at 500°F and 1500°F.
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figure 26 is a plot of accumulative weight loss versus test dur-
atien‘for the seven materialsatesred, mhile Figure é?dia’the correSpond-
ing plot of accumulative MDP versus test ddratien;“Themresﬁlts pre-
sented in Table 7 are the slopes’of these curves.

On the basis of MDP the‘refractory‘alley»Tslll exhiEited‘the‘
greatest re51stance to cavitatlon damage 1n th1s experiment.' This was‘
also true at 500°F. The T- 222(A) and the Mo-1/2Ti were also quite cavi-
tation-resisrant relative to the other materlals tested. The Cb-1Zr and
the 316 stainiess steel rated behind the rahtalum and molybdenum alloys,
while both the CB-er(A) and the 304 stainless steel exhibited little‘
resistance to. cavitation erosion at this temperature. Both were grosely
damaged especially the 304 stalnless steel after only 5 hours of test-
ing. It is clear from Flgures 26 and 27 that the rate of er031on for
each individual materlal was approx1mate1y constant for all the materr-
als tested except perhaps near the start of the test. This behavior was
also noted at 500°F.

Theredis,no qﬁestion that the refractory alleys T-111, T-222(4),
Mo-1/2T1, and Cb-1Zr are far superlor to the stalnless steels with
respect to reslstance to cav1tat10n er081on at 1500°F ~ Such materlals
are likely chorces for componentskthat are subJect to cavitation damage
in various'types of turbomachinery, magnerdﬁydrodynamic devices, etc.,
which are expected tovoaerate at verj high“temperatures.

Photographs of the teet Specimens before ekaoéure and at the

conclusion of the'cavitation experiments at both 500°F and at 1500°F are

-

-

temperature and expre331onsmfor MDP presumed applicable at this tempera-
ture also. : _
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Fig. 26.--Effect of cavitation test duration on weight loss at
1500°F in lead-bismuth alloy. :
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Fig. 27.--Effect of cavitation test duration on MDP at 1500°F
in lead-bismuth allov.
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TABLE 7

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

o Avg. Wt. . Average

Material _ Ldssjg;e MDP Rate
T-111 (P & W) : 57.1 mg./hr. : .84 mils/hf.
T-222(A) (P & W) 59,9 .88
Mo-1/2Ti (P & W) | 42.6 1.08

Cb-12r (P & W) 70.0 2.07

3685 U | 83.3 2.80
Cb-1Zr(4) (@ & W) | 128.4 3.80

304 8S (U-M) ' 342.0 11,30
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presented in Figure 25 (previously cited) for comparison.

Detailed examination of the 303 stainless steel exponential
horn, fhe 316 stainless steel container vessel, 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 cévitation in these inVeStigations at both 500°F and 1500°F
were negligible.:.Also, the‘photqmig;ographsypresented in Figurés 20,
21, and 22 (previously discussed) do not show any evidence of intergran-
ular corrosion or corrosien at the surface of the specimen. Figure 20
does show siiﬁ lineé‘in the_grainé-ﬁear the surféée, indicating the -
mechanical nature of the attack. Hence, one might conclude that the-
damage suffered by the test specimens in these tests was due almost com-
pletely to the mechanical cavitation-erosion process, and not to chemi-

cal corrosion.

4, Discussion and Comparison of Results

Table 8 summarizes the cavitation data obtained at 500°F and
at 1500°F. The seven materials tested have been rated on the bésislof
cavitétion resist;nce as determinéd‘by MDP, ﬁith a réting of "1" indi-
cating the most cavitation resistant material, while a rating of "7"
would denote that material most susceptible to cévitation damage.

The tantalum alloys, T-111 and T-222(A), are the most resistant
to cavitation at both 500°F and at 1500°F. The Mo-1/2Ti ranks third at
both temperatures. It is significant to note the poor performance of
the stainless steels at 1500°F after being only 25% less resistant to

cavitation at 500°F than@thg;T-lll and the T-222(A). 1In fact, at 1500°F
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TABLE 8

COMPARISON OF CAVITATION RESULTS IN LEAD-BISMUTH
AT 500°F AND 1500°F -

—

500°F 1500°F
Material (Avg. MDP Rate) Rating (Avg. MDP Rate)  Rating
T-111 .72 mils/hr. 1 .84 mils/hr. 1
T-222(A) .76 2 .88 2
Mo-1/2Ti .78 3 1.08 3
316 SS .88 4 2.80 5
304 SS .93 5 11.30 7
Cb-1Zr 1.63 6 2.07 4

Cb-1Zr (A) 3.54 7 ©3.80 6
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the 304‘stain1ess steel was damaged grossly after being subjected to the
cavitation environment for only 5 hours.. A similar comment applies to
the Cb-1Zr(A) at.500°F and 1500°F, figure 25 displays photographs of

‘ the-specimens.before exposure to cavitation and at the conclusion of the
tests‘af 500°F agd 1500°F. The differences in the amount of erosion
attack on the various specimens and the effect of temperature are
readily apparent. |

It is important‘to note that for each material tested the amount
of damage‘éustained by the specimen at 1500°F was greater than that sus-
tained at 500°F for constaﬁt testing timé.

The effect of temperature on the cavitation results in lead-
bismuth alloy is further diSplaXed'in Figure 28, which is a plot of
average MDP rate versus temperature for the seven materials tested. The
effect of temperature on the T-111, T-222(A), and Mo-1/2Ti is almost
negiigible, while the effect on the stainless steels is quite dramatic,
as evidenced by the. slopes of_thg‘app;opriate curves. Later it ig noted
that this is due primarily to the fact that the mechaniéal properties of
the stainless steels over the range tested are strong functions of tem-
pérétﬁre, whereas those of the refractories are only slightiy affécted
byvit. At the ‘same time the-pert}nent fluid properties for lead-bismuth

alloy at 500°F and 1500°F are nearly identical.

D. Cavitation Studies in Mefcury at 70°F and 500°F -

1. Experimental Procedure

The eight materials tested in mefcury at 500°F were 304

stainless steel (U-M), 316 staiﬁless steel (U-M), hot-rolled carbon
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MILS /HOUR

113 MILS/HOUR |
AT 1500 °F

CB-1ZR(A)

AVERAGE MDP RATE,

/T-m | /T-222(A)

1000
TEMPERATURE

1616

Fig. 28.--Effect of temperature on cavitation resistance in

lead-bismuth alloy.
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steel "(U-M), T-111 (P & W), T-222(A) (P & W), Mo-1/2Ti (P & W) ,«,Cb-:er
(P & W), and Cb-12r(A) (P & W) . Standard cavitation test specimens, as.
shown inﬁFigure-6,‘Were machined from available bar stock.' The required
dimensions "A" and "B" for thé:eight materials tested are listed in
 Table 4. These dimensions provide a standard specimen weight of 9.4 ul
0.1 ¢g.
The materials tested in meygg;ysat”76°F were identical to those
tested at 500°F, and listed previously in Table 2, with the exception of
T-222 which was substituted for T-222(A) due to a shortage of .the
annealed bar stock. In:addition5tP1exig1as was also tested at 70°F
because of availability of cavitation data for this material from the
venturi tests.20’21’22 Standard cavitation test specimens of T-222 have
- the same dimensions as given previously for :the aﬁnealed stock
(Table '4) .
~ ..Due to the low density of the Plexiglas (compared to the other

materials-fested) and its grittle natﬁre, as previously explained, it
was completely impractical to fabricate standard cavitation test .speci-.
mens as shown in Figure 6. Hénce, the design previously discussed and
shown in Figure 7, consisting of a Pléiiglas teétvspecimen with internal
thread and a separate stainless é;eel mounting studeasbadopted and
proved to be satisfactory.

The vapor pfessure of mercury at 70°F is‘qoﬁpletely negligible
in its effect on suppression pressupe, while ét 500°F‘it is 1.9 psia.
Thus, the argen cover gas pressure was maintainedxat a slight overpres-

sure of 0.5 psig throughout the teststat‘70°F, and at a pressure of
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2.4 psig for the tests at 500°F. This resulted in a suppression pres-
sure_of"aboﬁt 15.3 psia at both temperatures, as desired.

At 70°F total test duration varied for the different materials,
ranging from 8 to 12 hours, with the exception of the Plexiglas which =
was tested for only one hour due to mechanical problems. Very fine
cracks began to develop within‘the Plexiglas‘cylinder after a test dura-
tion of approximately one hour which resulted in poor transmission of
acoustic energy to the tip of the exponential horn. For all materials
frequent inspections and weighings monitored the specimen surface.

Prior to eaéh weighing any excess mercury adhering to the specimen sur-
face was removed by heating in a vaéuum furnace (except for the Plexi-
glas) so as to eliminate oxidation of the specimen.

At 500°F the total test duration aiso varied for the different
materials,‘ranging from 8 to 12 hours, with frequent inspections and
weighings monitoring the specimen surface. Prior to each weighing any
excess mercury adhering to the speciﬁen surface was removed using the

same procedure employed for the 70°F tests.

2. Experimental Results at 70°F

The cavitation results obtained at 70°F in mercury are dis-
played as accumulative weight loss and also accﬁmulative mean depth of
penetration (MDP) versus test duration, as for the lead-bismuth.

| Table 9 summarizes the cavitation results obtained in mercury at
70°F. Figure 29 is a plot of accumulative weight loss versus tesf dura-
tion, while Figure 30 is the corresponding plot of accumulative MDP ver-

‘sus test duration for th%%nﬁﬁe materials tested.
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TABLE 9

SUMMARY OF CAVITATION RESULTS IN MERCURY AT 70°F"

, Avg. Wt. ' Average
Material ‘ . - Loss Rate MDP_ Rate
304 SS (UI-M) ; ©9.82 mg./'hr;" .32 mils/hr.
316 S5 (U-4) 9.88 .33

CT-111 (P & W) . 23.71 - .35
T-222 (P & W) ; 28.92 .43
Mo-1/2Ti (P & W) - 92.58 .57
Cb-1Zr (P & W) C 3L.04 .92
Carbon Steel (U-M) e '31.17 1.03
Cb-lzr(d) (®&W 5422 1.61

Plexiglas (U-M)  19.00 - 3.99
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Fig. 29.--Effect of cavitation test duration on weight loss at

70°F in mercury. :
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The 304 stainless steel and 316 stainless steel, differing by
only 3%, were the most resistant to>cavitation at 70°F -based either on
average weight lpss rate or average MDP rate. These;mAteriais exhibited
average MDP rates of 0.32 mils/hour and 0.33 milé/houf, resPéctively.
The alloys T-111 and T-222 were 6% and 30% less resistant than the
stainless steels, respectively, while the Mo-l/ZIi>Was 80% less resist-
ént. The Cb-1Zr, hot-rolled carbon steel, and Cb-1Zr(A) all suffered
heavy damage in the cavitation environment at 70°F. The MDP rates‘for
these materials were approximately 3 times to 5 times greater than for
the stainless steels and the T-111. The Plexiglas suffered the most
severe démage in terms of average MDP rate with a value of 3.99 mils/
- hour. It is clear from Figures 29 and 30 that the rate of erosion for
each individual material is‘approximately constant for all the materiais
tested for the duration of the tést. | |

Photographs of the test specimens at the conclusion of the cavi-
tation experiment are presented in Figure 31. The materials are :
arrénged'in order of decreésing'resistance to cavitation damage. Note
the severe pitting of the Cb-er; hot-rolled carbon steel,wa-IZr(A),
and Plexiglas. In all cases the damage noted is relatively uniform over
the»speciﬁen face as opposed to individﬁalfisolated, deep pitting which,
as wiil bexdiscussed later, was encountered with the low density'fluids
tested. This wés“also no;ed in the lead-bismuth tests at 500°F and
1500°F. It is felt that the approki@atélyvcdnstant‘rate of erosion
noted for all the materials tested inAboth ﬁéréury and lead-bismuth is

dueé to this uniform damggeﬂpattern, and the fact that the area and
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(1) 304 ss(u-M) (2) 316 SS(U-M) (3) T-111(P & W)
12 Hour Exposure 12 Hour Exposure 12 Hour Exposure

(4) T-222(P & W) (5) Mo-1/2Ti(P & W) ~ (6) Cb=1Zxr(P & W)
12 Hour Exposure 8 Hour Exposure 8 Hour Exposure

(7) Carbon Steel (U-M) (8) Cb-1Zr(A) (P & W) (9) Plexiglas(U-M)

12 Hour Exposure 8 Hour Exposure 1 Hour Exposure

304 SS(U-M)

Before Exposure

Fig. 31.--Photographs of specimens subjected to cavitation 1774
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configuration (i.e., specimens remain approximately flat throughout the
test duration) presented to thevcollapging bubble cloud is approximately
constént £or the duration of theafeéf..'A»photograph of a 304 stainless
Steel'épeCimen before exposure‘is inqludgd'in Figure 31, and;ser&és‘tb
indicate a representative initial sufface condition for all thg speci-
mens tested.

Detailed examination of the 303 stainless steel exponential
horn; the 316 stainless steel coﬂféiner vessel, and the sides of the
various test specimens, all of which are not subject to‘cavitaﬁipn, but
are submerged in the test fluid, indicétes that corrosion effeéts:in the
absence.of'cavitation in these invéstigations were negligible, as pre?Z

viously discussed for lead-bismuth.

3. Experimental Results at 500°F

The cavitation results obtained at 500°F in mercury are dis-
played as accumulative weight loss versus test duration, and also as
accumulative mean depth of penetration (MDP) versus test durafioh3;-_
Table 10 summarizes the cavitation results obtained in mercvuvry' ai;k."'560°F.
?igurg 32 is a plot of accumulative weight loss versus test duratidn,
while Figure 33 is the corresponding plot of accumulative MDP versus
test duration for thé eight materials tested. |

On the basis of either average weight loss rate or average MDP
rate it is clear that the‘T-lll is the_most cavitation resistant of the
materials tested, while the T-ZZZ(A) i§ about 7% less resistant. These
materials exhibited averagéaMDf rates of 0.43 mils/hour and 0.46 mils/

* hour, respectively. Tgﬁ hot-rolled carbon steel, 316 stainless steel,



115-:

TABLE 10

SUMMARY OF CAVITATION RESULTS IN MERCURY AT 500°F

- Avg. Wt. - Average

Material .. Loss Rate i ‘ MDP Rate
T-111 (P & W) | 29.48 mg./br. | .43 mils/hr.
T-222(4) (P & W) 31.52 | 46 |
Carbc;n Siv:e.el (U-M) 18.60 .61
316 sS (U-M) - 19.01 .63

304.SS (U-M) 20.83 .69
Mo-l‘/"ZTi’, @ s W) 43.16 1.09

Cb-1Zr (P & W) | - 81.85 2.43

Cb-1Zr(A) (@ &W) 125.78 | 3.73
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Fig. 32.--Effect of cavitation test duration on weight loss at
500°F in mercury.
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Fig. 33.--Effect of cavitation test duration on MDP at 500°F

in mercury.
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and 304 stainless steel rank third, fourth, and fifth, respectively,
with average MDP rates of 0.61 mils/hour, 0.63 mils/hour, and 0.69 mils/
hour, respectively. Three refractory materials: Moéi/ZTignéb-IZr, and
Cb-er(A) werevthe least resistént to cavitation damage,'with thé
Cb=1Zr(A) suffering gross damagengnd ranking last among the matétials
tested. These three materials suffered damage ranging frdm'B.tiﬁes to
8 times greater than that’suffereﬁ/by the taﬁtaluﬁ-basé'alloys, T-111
and T-222(A). It is clear from:Figuréé 32 and 33 that the rate of ero-
sion for each individual material is approximaéely constant for all the
materials tested for the duration of the test.
Photographs of the test specimens at the concluéidﬁ of the cavi-

. tation experiment are presentéd‘in Figure 34;. The materials are
arrangéd in order of decreasing resistance to cavitation damage.f Note
the‘Sevefe pit;ing‘of the Mo-1/2Ti, Cb-1Zr, and Cb-1Zr(A) surfaces. 'In
all casesntﬁe damage is again relatively uniform over ghe specimén face,
as was tﬁegcase‘for the 70<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>