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CHAPTER 1

INTRODUCTION AND LITERATURE SURVEY

A. Introduction

For the past two hundred years, the phenomemon of cavitation has
been known and the accompanying losses of component performance and the
material damage done to the cavitating fluid enclosure or liner has
been of considerable importance to the furtherance of scientific and
technological progress in the fluid machinery field for approximately
sixty-five years. This phenomemm has been the subject of numerous
investigations and contributions to a partial understanding of this
phenomenm have been made by many people. However, controversies and
disagreement as to the actual basic mechanisms of damage which are
inflicted by the cavitating flow regime still exist at this time and
probably will for some time into the future. Comparatively little is
kncwn even today about the prediction of damage by a cavitating flow
regime other than in a few specific and simplified systems that have
been carefully investigated.

In the earliest considerations of the cavitation phenomenon the
primary fluid of importance was water, as this was the basic fluid used
in fluid machinery until recent times. At the present, however, liquid

metals, cryogenics, organics and other fluids have come into prime



consideration as working fluids, in heat transfer systems, various pro-
cess systems, as working fluids in thermodynamic cycles, etc. With the
advent of liquid metals as heat transfer fluids for nuclear reactor
power plants, and as working fluids in various power generating plants
especially, at present, those for space vehicles, the prediction of
cavitation performance and damage in a variety of fluid-material
environments and at various temperatures becomes of great importance.
The high developmental costs for thé component machinery, and the dif-
ficult handling problems encountered with liquid metals, makes the full
scale component testing and the materials-screening programs, which
have had to be used in many cases, highly undesirable and very costly.,
In addition, the desire to design very high-performance components, as
for space vehicle power plants, requires that the fluid handling com-
ponents utilize higher velocity flows and minimum suppression heads so
that they may have to operate under some degree of cavitation to obtain
optimum weight to power performance. In addition, long unattended 1life
is desired for many such units. Thus it becomes increasingly more
important to define precisely the method of attack of the cavitation
flow regime and to determine those physical and mechanical properties
of materials which are important in resisting attack. Once this goal
is accomplished it will be possible to intelligently choose arnd/or
develop materials for these purposes, and permit more aggressive and
still reliable designs to be made. The current investigation sheds
more light on the basic damage mechanisms and helps in determining a

relationship between measurable mechanical properties of materials,



and their resistance to cavitation damage in a variety of fluids. In
order to gain some constructive insight into the complex damage mechan-
isms of cavitating flow, it is necessary that the laboratory test con-
ditions match as closely as possible the actual operating conditions of
fluid-handling machines. However, certain compromises become necessary
for reasons such as budgetary requirements, flexibility for the han-
dling of multiple and differing test specimens, ability to handle dif-
ferent test fluids under differing conditions of velocity, temperature,
pressure, gas content, etc., and to obtain reproducible results which
are susceptible to analysis, both in terms of knowledge of the flow
regime and of the test materials properties. With these requirements
in mind the closed loop cavitating venturi test section facility was
selected for the present investigation. This system lends itself well
to the requirements of multiple test specimen insertion, temperature
and velocity variation and control, susceptibility of results to care-
ful analysis, and very close similarity to flow-induced cavitation in

actual field equipment.

B. Summary Review of Cavitation Literature

The concept of cavitation was first postulated by Leorhard
Euler in 1754 in his theory on hydraulic turbines.1 However, the major
early analyses of importance were those by Rayleigh2 arnd Besant.
Shortly thereafter the accompanying loss of component performances and
the destructive action of cavitation were discovered by mary of other
early investigators of fluid handlirg machinery such as with propel-

4,5 6
lors, and turbines. In the 1930's, the laboratory testirg of



materials for their resistance to cavitation damage came into wide use
and several different means of such testing were developed. Schroeter,7
in 1932, used a constricted-tube type of water tunnel to produce cavita-
tion, the extent and intensity of which could be controlled, and made to
occur in a region where a test specimen could be inserted. Gaines, in
1932, and Kerr,9 in 1937, first used the vibratory method of cavitation
testing. Other investigators have used devices as a high velocity
liquid jet impinging on multiple test specimens mounted on a rotating
disk* (Hobbs),10 and a rotating disk with through-holes which is rotated
in a chamber of fluid to produce cavitation on the disk downstream of

11
the holes (Rasmussen).

To the present time, each of the above-mentioned laboratory
tests has received considerable attention from several investigators in
the cavitation field and there are several current materials-screening
programs underway throughout the world.

With the advent of cavitation damage testing in the laboratory
and the resulting interpretation of results in order to rank materials
as to their relative resistance to cavitation damage, many irwvestigators
postulated the physical properties of materials of significance irn
their susceptibility to cavitation damage. Schroeter7 presented a cor-
relation of his data with Brinell Hardness and other early investiga-

12 13
tors, such as Boetcher, and Mousson, postulated surface hardening

*It has long beer known that the damage caused by ar impinging
jet resembled cavitation damage, but only recently has the cornection
become reasonably clear.



effects, fatigue failures (due to the pounding of the surface with many
impacts from the collapsing bubbles), and showed results of slip lines
in the material surfaces resulting from the cavitation acticn. Since
then, many investigators have put forward their results in terms of a
correlation with a single mechanical property of the materials tested.
The list of investigators in this category is too lengthy to list.
Several of these have shown correlations with hardness, yield strength
and tensile strength.

The actual mode of the material attack by the cavitation flow
regime has also been the subject of numerous hypotheses. Classically,
it has been assumed that shock waves from bubble implosions impinge on
adjacent solid structures.l4’Etc' Under ideal fluid assumptions, in an
incompressible fluid with an empty bubble, and assuming spherical sym-
metry, infinitely high pressures at the mathematical point of bubble
collapse can result. Recent theoretical studies by Hickling and
Plesset,41 and by Ivany, 2 in our own laboratory, throw doubt con the
likelihood of this mechanism in that it was shown in both cases that if
the bubble collapse center remains stationary (which of ccurse it would
not in detail, being perturbed by the nearness of the solid member to
be damaged), the pressures applied to the wall would in general not
reach damaging magnitudes. Damaging pressures could be created, how-
ever, by bubble rebounds, which have been observed by Ivany4 and
others. More recently, evidence of the possible importance of non-
spherical collapses resulting in a central liquid jet which impacts on

the material has accrued. This mode of collapse was first suggested by



1 16
deHaller and Ackeret, and Suverov. Recent evidence to support its
17
significance has been furnished by Naude and Ellis, Shutler and
18 o ,
Mesler, and Benjamin and Ellis.

Fatigue failure due to the repeated exposure to forces result-
ing from either of the already discussed mechanisms has been proposed
. 9,11,13,15,20,21,22,23,24,25,26,28,etc.
by many investigators. Direct
failure due to the imposition of sufficiently high forces from either

17,18,19,26,28,etc.
of the above mechanisms has been postulated by many °~ ° 727 77’
(undoubtedly, both fatigue and cratering failure occur in most real
cases to differing extents, depending on the intensity of the
cavitation) .

Since corrosion is often present with cavitation, the intérrela-
tion has been discussed by meny, assuming that the combined action

, 27,28,29,30,31,etc.
creates damage more readily than either separately.” >~ ’7 2777

Other less probable theories have also been advanced in the

past as chemical disassociation of the liquid producing very reactive
) , 32
fluid corrosion, etc.

The abcve impressive list of possible mechanisms is an indica-
tion of the very complex nature of the cavitation phenomena and serves
to illustrate that an attempt to understand the mechanism of attack
must include an attempt to isolate the particular mechanism which is

under investigation, although this cannot be done rigorously, or com-

pletely, in any system.



C. Material Selection Criterion

In light of the above-mentioned modes of attack and in view of
the high emphasis of earlier work on the mechanical aspect of the cavi-
tation damage, most of the materials for the present investigation have
been chosen for the following reasons:

1. Low susceptibility to chemical attack (corrosion) in the fluid
environment in which they are to be tested.

2. Wide range of mechanical properties so that the existence of a
possible material properties correlation could be tested.

3. Flexibility of the material state (i.e., ability to be cold-
worked) so that the same material could be examined in differ-
ent states, i.e., several materials were tested in three dif-
ferent heat treatment states so that variations on grain size,
mechanical properties as strain energy, tensile strength, etc.

could be examined on the same material.

Since in the very early stages of the investigation it was noted
that the available materials mechanical property data in manufacturers'
handbooks, engineering handbooks, etc. gave wide variations (order of
+ 25%) in the reported properties for supposedly the same alloys and
materials, a program was initiated to measure the applicable mechanical
properties of the particular materials used from the same piece of stock
from which the test specimens for the analysis were to be made and at
the actual test temperature. This has been done in all but a very few
cases where sufficient material was not available. The results of the
complete material property tests are reported in detail elsewhere,39 and

the pertinent data only are reproduced herein.



D. Flow Regime Investigation

The investigation of the cavitating flow behavior and the
resulting damage was conducted in three main phases. First, the effects
of small changes in degree of cavitation, velocity, pressure, specimen
orientation to flow, etc., on the final results were examined. Then,
high-speed movies of the flow and an electrical probe technique, to be
described later, were utilized to obtain detailed information on the
actual flow pattern existing, and thus to help interpret the observed
damage. Also envisioned was the determination of a bubble size spectrum
to be compared with the subsequent pit size spectrum on the test speci-
mens. The final phase consisted of constant duration cavitation damage
tests on many different materials with the flow, temperature and gas
content and other cavitation parameters kept the same. In all cases,
more than one specimen of a material was tested for statistical inter-
pretation of the data. The specimens so exposed were examined in

detail, as described later.



CHAPTER II

EXPERIMENTAL APPARATUS AND PROCEDURES

The two venturi test facilities used in the present investiga-
tion have been described in complete detail in an earlier report.
However, the pertinent equipment and modifications utilized in this

investigation will be summarized below for convenience.

A. Water Test Facility

This facility is a multiple-venturi closed-loop system with a
maximum capability of four test venturis in a parallel combination. It
includes equipment for deaerating and purifying the water, and has been
designed for operation with a minimum of operator attention. The maxi-
mum venturi throat velocity obtainable is slightly in excess of 200 feet
per second. Figure 1 is a schematic drawing of this facility, and
Figures 2 and 3 respectively are photographs of the facility and of a
venturi test section. The general operational procedure for testing
specimens in this facility was to run three such venturis in parallel
with three specimens in each venturi so that nine specimens were tested

at one time, under identical flow conditions.

B. Mercury Test Facility

This facility is a single-venturi closed-loop system which was

operated with mercury at room temperature for this particular
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Fig. 2.--Photograph of water cavitation damage, closed loop,
venturi facility.

Fig. 3.--Photograph of a typical plexiglas test venturi
installed in the water loop.
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investigation. For the general damage correlation two specimens were
run at the same time, and of the same material. The effects of speci-
men insertion geometry, and number of test specimens in a single venturi
were also studied in this venturi, to be described later. A schematic
drawing of the facility is shown in Figure 4, and a photograph which
includes the heater section for higher temperature operation (not
included in the present study), is shown in Figure 5. In this photo-
graph the top half of the heater sections have been removed to facili-

tate the viewing of the loop components.

C. Test Specimens

The damage test specimens are thin flat plates with tapered
ends. The nominal dimensions are 1/16" wide by 5/8" high by 3/4" long.
They are inserted into the walls of the diffuser portion of the venturi
with suitable specimen holders so that the longest dimension is parallel
to the fluid flow and only about 0.200" of the test specimen height is
submerged in the fluid. Figure 6 (a) is a schematic drawing of a typi-

cal specimen.

D. Damage Test Venturis

All of the cavitation damage tests have been conducted in ven-
turis with identical flow paths, although the number and respective
orientation of the test specimen insertion has been varied. The nominal
flow path dimensions are shown in Figure 6, along with the variations of
venturi-specimen geometry. All of the damage tests in the water facil-

ity were conducted in a venturi arrangement as Figure 6 (c), the venturi
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1235

Fig. 5.--Photograph of mercury facility with top half of heater
sections removed.



n
L]

*§3897 Kinoisw Is7[IE® 103 juswoSueiie TJeOTIjowmmAsun uswioods om3 (p)
‘I9jem 10J jusweSueliie TeoTijowwks uswioads 991y3 (9) ‘Ainoisw 107 jusweSueiie [eOTIJAWMAS uULWDAds

om3 (q) ‘suorsuswip uswioads 3593 (B) pue ‘sjutod UOTIBPUTWIS} UOTIBITABD ‘UOTIBIO] uamyoads
Terxe ‘ofessed mOTJ TeuTWOU SUTMOYS STANJUIA 3593 oSewep 9yl Jo Suimeip OTIeWLYSG--'9 °8Td

il

1 (2) lxmm Nl_w.w|N|H

2777

P

8-8 NOILO3S

pelols

]

N\
A %..//

=

NN OLAVD

) \

N

\\“

-

7

A

W 151 0L AVD \
WOV 0L AVD
omqozﬁm?\

ISONOL AV

90BJaNg pPIYs

1104 ()
.TNV.||W_
20900

NOILVILINI 378ISIA

NIWID3IJS HVIM

43070H N3WI03dS

-

11

0090




16

being constructed from plexiglas, while all of the damage tests in the
mercury facility were conducted in a stainless steel venturi as shown

in Figure 6 (b). Comparisons of damage between venturi arrangements (b)
and (d) were made in mercury and between (c) and (d) in water in order
to be able to observe the specimen orientation effect and thus be able
to compare the mercury and water results. It would have been preferable
to use identical venturis and test specimen geometries throughout. How-
ever, cost and time limitations did not permit the fabrication of the
required numbers of venturis (with the differing end attachments
required for the two loops), so that existing equipment was used.
Arrangements (b) and (c¢) have a symmetrical flow path with specimens
inserted, and arrangement (d) is nonsymmetrical.

E. Associated Experimental Apparatus
and Techniques

1. Pressure Profile Measurements

A special pressure tapped venturi was modified to enable use in
either of the two closed-loop facilities described earlier in this
report. It is essentially identical to the damage venturis in the water
loop although the ends were turned down to fit the mercury loop venturi
holders and special adaptors then made to enable use again in the water
loop. A schematic drawing of this venturi is shown in Figure 7, indi-
cating the location of the pressure tap points, a typical pressure tap
dimension and the possible specimen insertion ports. The flow path
dimensions are identical to the ones used for the damage studies. Fig-

ure 8 is a schematic drawing of the special plexiglas specimen-holder



17

o

N\

A-A

_

SPECIMEN HOLDER A%
WEAR SPECIMEN E ] H
LOOP ADAPTER K No-—pra \\\}J

20- -+.5/0"3—- = - - I — E—

\X\\i\-\\\ 7 ///:\\&X\\\ 1625

\\‘
N N / P y.
/100
226 ,7// |« \
742,57 0 CAVITATION TO 1st MARK
///2;797 CAVITATION TO BACK
-//—//3./66 — STANDARD CAVITATION
E’/Z /3.’540 CAVITATION TO NOSE
‘ 413 —— VISIBLE INITIATION
/Z )
Py
p
83p3 and Ps2 .
pslp Pressure Tap Locations
2
P1

Fig. 7.--Cross section schematic drawing of damage vencturi as
modified for pressure profile measurements.

N
N
N

i




18

AR A M NA AR g

GLUED JOINT
1/8" DIAMETER-3 HOLES

0.200"

—slk- 0.030" D, 3 HOLES

SECTION A-A

I
-+ 0.750" 1+
| I

1438

Fig. 8.--Schematic drawing of plexiglas specimen-holder
combination for measuring pressures on specimen face.
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combination used to measure the actual pressures existing on the test
specimen polished surface in conjunction with the axial pressure profile
measurements. There are three pressure taps located on the polished
surface, symmetrically located in an axial direction. With this system
it was possible to utilize either one, two or three specimen insertion
geometries by filling the other ports with flush inserts. Also, it was
possible to visually observe the cavitation cloud on the surface between
the pressure taps in order to verify the methods used for setting the
degree of cavitation (extent of cavitating cloud) . A photograph of this
apparatus is shown in Figure 9.

2. High-Speed Photography

Due to the opacity of the mércury it is impossible to observe
the flow around the cavitation damage test specimens as can be done in
the water loop. However, the mercury provides an advantage ir that any
activity observed in an opaque fluid through a transparent wall must be
occurring adjacent to that wall, whereas in water, a transparent fluid,
the precise location of an event is not so easily established. Hence, a
device was desigrned and fabricated to allow viewing of the polished sur-
face (labelled in Figure 6) of a transparent test specimen through the
specimen, i.e., from the back. This device is a specimen and holder
combination of plexiglas, suitably polished, so that the underside of
the surface of the test specimen can be viewed through the plexiglas
holder (Figure 10). The plexiglas test specimen polished surface to
mercury interface (Figure 6 [a]) can be viewed quite clearly, and in

fact all of the high-speed movies have been taken through a device of



Fig. 9.~ Photograph of plexiglas specimen-holder
combination for pressure measurements.
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this kind. The first feasibility model was not contoured to match the
inside tagpered curvature of the venturi. After the photographic tech-
nique was demonstrated, however, a subsequent model, contoured to match
the inside surface of the venturi, was constructed. It was necessary to
use two pieces, glued together. After many trials, this was accom-
plished with no loss of clarity to the view. After a time in the cavi-
tating mercury field, mercury penetrated the glued interface so that a
replacement unit was necessary. Special adaptors were required to seal
the unit into place in zll three types of venturis (water test venturis
and mercury, plexiglas and stainless steel, test venturis). Figure 11
shows the adaptors and the transparent test specimen. Figure 11 (c)
shows a grid of lines on paper at the location which would ordinarily
constitute the mercury-test specimen interface, serving to illustrate
the clarity of the view obtained and the field of view for the pictures
in the following sections.

Figure 12 (a) is a photograph of the plexiglas venturi with both
of the special plexiglas specimen-holder combinagtions installed. In
this manner it was possible to record the pressures on the surface, the
extent of the cavitating cloud (degree of cavitation), and the high-
speed movies simultaneously. In Figure 12 (b) is the same photograph
with the Fastex camera, camera control unit, flash holder and pressure
measuring manifeld in place. A 1:1 image to actual view was obtained
with this set-up. Any further enlargement of the image was prevented
by the camera lens to subject distance required to allow the direction

of sufficient light onto the mercury-specimen interface.
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(a)

(b)

()

Fig. 11.--(a) Photograph of the transparent photographic
specimen-holder combination, (b) adaptors for different venturis,
(c) view through this unit illustrating view obtained in high-speed
motion pictures.
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(b)

Fig. 12.--(a) Photograph of mercury loop plexiglas venturi with
photo and pressure measurement test specimens installed, and (b) camera
set-up and pressure measuring equipment.
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With this arrangement high-speed motion pictures were taker at a
framing rate of 16,000 pictures per second with two different frame
exposure times. The first light source used was a Sylvania FF-33 Flood
Flash Lamp in a 6'" hemispherical reflector. In this case framing was
controlled by the rotating prism in the Fastax camera, and the corres-
ponding exposure time per frame was on the order of 21 microseconds.
The second light source used was an Edgerton, Germerhausen and Grier,
Type 501 High-Speed Stroboscope, which was synchronized with the camera
to give an exposure time of 1.2 micreseconds per frame. Ir this latter
case the maximum framing rate was limited by the maximum flashing rate
of the light source to about 8,000 frames per second.

3. Electrical Probe Technique

It was observed from the high-speed movies that, in some cases,
the mercury appeared to lift free of the specimen surface, recontacting
the surface further downstream. A rather unique method of further
investigating this phenomenon was developed, which consists of electri-
cally measuring fhe physical contact between the mercury and specimen
surface using a plexiglas test specimen-holder combiration, scmewhat
similar to those already described. Figure 13 13 a schematic drawing of
the apparatus and Figure 14 is a photograph.

Three 0.019" wires pass through the holder, terminating flush
with the surface of the test specimen, and located at three axial posi-
tions on the surface. These wires are sealed with glue to prevert mer-
cury leakage. A good visual cbservation of the surface car still be
made through the holder, so that the extent of the cavitation zore on

the surface can be noted.
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Fig. 13.--Schematic drawing of plexiglas electrode specimen-
holder assembly for contact measurements.
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(a)

(b) (c)

Fig. 14.--Photographs of the electrode specimen-holder combina-
tion, (a) side view showing wires in holder, (b) angle view showing wire
termination points, (c¢) end view showing axial location of termination
points.
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Figure 15 (a) shows the preliminafy electrical circuit used to
establish the feasibility of the technique. A 6 volt, 200 ma lamp was
used in series with a 6 volt battery to give a visual indication of mer-
cury contact with the wires. Oscilloscope output was taken from the
lamp termirals. An improved circuit, Figure 15 (b), was later used to
monitor all three probe positions at the same time, using the lamps.
Also, any two could be connected to the dual beam oscilloscope (Tetronix
502A), for instantanecus comparison. The transformer in the circuit is
used only for visual monitoring of the cavitation condition via the
lamps, as the output has a strong 60 cycle component. The battery cir-
cuit is used only for data taking, to conserve battery life.

The circuit in Figure 15 (b) was not optimum as there was inter-
ference between the oscilloscope outputs from the different probes, to
be explained in detail later. To avoid this, a combination of the two
circuits, Figure 15 (a) and (b) was finally used and proved to be quite
satisfactory. Each oscilloscope beam trace was then from an independent
circuit and battery. Figure 1€ is a photograph of this experimental
set-up.,

4. Damage Specimen Examination

In general, test specimen preparation and post-test examination
were conducted as follows:
1. Metallographic polish performed on the flat surface parallel to
the venturi centerline ("polished surface' labelled in Figure
6) . Typical before-exposure photomicrographs and roughness
profiles of this surface are shown and described in the next

section.
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Fig. 16.--Photograph of electrode specimen-holder, stainless
steel venturi center section (no test specimens in place), boxes con-
taining circuitry.
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Initial specimen weight recorded to a precision of 10—5 grams on
electronic balance.

Original surface pits and imperfections examined at 100X under
microscope and tabulated into several size categories by two
observers.

Photomicrographs taken, in some cases, of full surface at 40X,
and selected areas of probable damage at 100X before exposure.
After exposure to cavitation of selected condition and duration
items (2), (3) and (4) repeated.

After (5) in the mercury runs only the specimens were baked at a
temperature of 500°F for a period of 5 hours in a vacuum chamber
in order to remove any mercury on the surfaces that was not
removed by the normal cleaning operation in N-Heptane. Experi-
ence showed that this was necessary. By this process, as
explained below, it was possible to determine the existence of
possible chemical attack or chemical corrosion as opposed to
purely mechanical damage. A few materials exhibited large
weight gains after cavitation but before baking, and large
weight losses after baking. This was taken to be an indication
of the existence during the cavitation test of chemical forma-
tion of amalgamations, etc. However, most materials exhibited
very small weight changes after baking due primarily to vapori-
zation and removal of mercury droplets from the surfaces.
Selected areas of typical cavitation damage were photographed at

several magnifications and detailed proficorder traces made in
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several cases. The results of these investigations will be
described in a later section.
8. In a few cases, metallographic cross-section through typical

damaged areas were performed.

5. Fluid Purity Observations and
Operating Conditions

a. Water Conditions

The water used in these tests was normal tap water at a tempera-
ture of 80°F + 10°F, with & nominal total gas content of 2.5 + .5 per-
cent by volume at STP as determined by Van Slyke measurements, and an
impurity content of 8.0 + 0.5 grains per gallon (about 140 + 10 ppm
solids), as measured by an RDE4 Solubridge and VS0216 Dip Cell manufac-
tured by Industrial Instruments in New Jersey.

b. Mercury Conditions

The mercury installed in the cavitation damage facility for
these tests was triple-distilled laboratory grade mercury, at a tempera-
ture of 75°F + 5°F, with an entrained gas content of ~ 0.2 ppm by mass
as determined by a modified Van Slyke apparatus, and a water vapor con-
tent below 10 to 15 ppm by mass. The required instrumentation was
designed and developed in this laboratory.

During the investigation, it was noted that sealing water used
in the pump had contaminated the mercury to about 500 ppm by mass. Sub-
sequently, a means of measuring the water content of the mercury was
developed. The water was removed from the mercury by operating the loop

for a prolonged period at 500°F. Henceforth, the tests were conducted
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in "dry" mercury (established by the sensitivity limitation of the

instrument to be less than 15 ppm by mass, and probably zero) .



CHAPTER III

CAVITATING FLOW STRUCTURE IN VENTURI

The cavitating flow structure in the venturis used in this
investigation has been experimentally observed in three different ways.
In each case the observation has included the effects of velocity,
degree of cavitation, and the number and orientation of the test speci-
mens. The following three sections describe these methods, and the
possible relation between the variation of the above-mentioned param-

eters and the observed damage.

A. Measurement of Venturi Pressure Profiles

1. General
Axial wall pressure profiles have been used in this laboratory

. . ° . 34
for investigations of scale effects in the flow and currently an
extensive effort is being made to examine the scale effects phenomenon

o 35 .

of cavitating flow. However, the walls of the venturi were smooth
during these measurements and no test specimens were inserted. Since
the test specimens projecting into the venturi constitute significant
obstructions, it is presumed that the local pressures seen by the test
specimens will not be the same as the wall pressure at that point.

Hence, a test specimen assembly was fabricated in order to measure the

34
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actual pressures existing on the test specimen polished surface at the
same time as conventional wall pressure profiles were measured. The
equipment for this has already been described.
2. Motivation

The motivation for conducting this particular type of measure-
ment stems from two considerations. First, it was necessary to know the
actual pressures or pressure gradients existing on the test specimen
surfaces to be able to compare the observed bubble size and number dis-
tribution, to be obtained photographically, with observed pitting and
theoretical treatments of forces imposed on the surface by bubble col-
lapse. Secondly, it was desired to determine the local flow environ-
mental changes produced by variations of velocity, degree of cavitation
(see Appendix A for definitions of degrees of cavitation), and number
and geometry of test specimen insertion, since the comparison of the
mercury and water damage depends on knowing this relationship.

3. Data Reduction

The pressure profile data has been normalized by dividing the
observed pressure above vapor pressure (''suppression pressure') by the

kinetic pressure at the appropriate flow conditions, i.e.,

=P ~ P,
norm. T
/OVt/Zg
where
P = the normalized pressure
norm.
p = the observed or measured pressure

the fluid vapor pressure

po]
<
il
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the mean venturi throat velocity

i

Ve

F

When this method of normalization (i.e., not a true normaliza-

i

the liquid density

tion, since the maximum values exceed 1.0) is used, the minimum value of
normalized pressure is the conventional cavitation number, T s i.e.,
a = Ppin * Py
¢ /)V%/Zg
The data reduction was facilitated by the use of a computer program
written for the IBM 7090 facility, described in Appendix B.

4. Velocity and Number of
Test Specimen Effects

Lichtman36 (rotating disk), Hobbs]'0 (jet or droplet impacting
device), and Knapp2 (ogive in a water tunnel), all reported a consider-
able effect of velocity upon damzge rate. It is the author's opinion
that the existence of such an effect, not observed previously in general
in the venturi arrangements herein used,37 and the small dependence of
damage on velocity noted in this investigation, i.e., a very large
increase in damaging capabilities of a particular laboratory or field
device with velocity, is due indirectly to the effect of velocity on the
location, pressure environment, and distribution of the cavitating
bubble cloud produced by the device. Thus it is not evident that there
can be a generally applicable, simplified velocity effect "law" as,
e.g., Damage Rate o V' as previcusly suggested.lo’24336 In many sys-

tems, when velocity is increased, the system pressures and pressure
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gradients, influencing the violence of bubble collapse, are increased.
In addition, the departure from classical scaling laws involving fluid
flow parameters can also be produced by these changes in velocity, and
thus indirectly influence damage. Finally, the presently undefined mode
of attack and material failure from the cavitation flow regime could be
influenced indirectly in some presently unknown manner by a change in
velocity through a change in intensity of cavitation attack. If, as
described later, the intensity level of the cavitation flow regime is
such that the forces resulting have the effect of producing a fatigue
failure of the material, then an increase in velocity could produce an
increase in intensity of cavitation level which would in turn influence
the relative importance of failure mechanisms and cause proportionately
more damage by single blow failure, cratering, e.g. This would also
apply to change of fluid, as discussed later,

In the present case, it is believed that the major effect of
velocity upon damage is due to the increase of collapse pressure and/or
the increase in pressure gradient in the collapse region of the cavita-
tion cloud due to an increase in velocity. In the particular venturi
system used in this investigation, the degree of cavitation is variable
and several such "degrees'" are defined in Appendix A. For the less
developed conditions as '"visible initiation," a substantial portion of
the specimen, somewhat downstream of the collapse region of the appar-
ent cavitation cloud, is under pressures considerably higher than vapor
pressure. Thus these pressures influencing the collapse of the larger

bubbles which do most of the damage are proportional to velocity squared.
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Conversely, for the well-developed cavitation conditions, the
entire specimen is under pressures near vapor pressure, regardless of
the velocity. As expected, the damage shows a maximum when plotted
against degree of cavitation, since the numbers of bubbles increase as
the cavitation condition becomes more fully developed, but the pressure
differential causing collapse decreases. The maximum cavitation condi-
tion for damage (''standard cavitation,'" Appendix A) was selected for
this investigation.

Consideration of Figures 17 through 26 illustrates the applica-
bility of the above-described effect of velocity on damage. Normalized
static pressure profiles reduced, as previously described, from the same
venturi in mercury and in water, are shown.

From these profiles, it is observed that the pressures on the
test specimen surface are slightly lower than the wall pressures meas-
ured at the same axial location. For the well-developed cavitation con-
ditions the wall pressure adjacent to the nose of the specimen is
apparently increased by a kinetic component of the flow due to the flow
pattern around the specimen. It can also be observed that the pressure
gradient on the specimen surface decreases as the degree of cavitation
is increased towards the more fully developed condition, where the
entire surface of the specimen is under pressure only slightly in excess
of vapor pressure.

The normalized profiles for different velocities are almost
identical (Figures 17, 18, 21, 22, 23). Hence, the actual pressure dif-

ferentials above vapor pressure on the surface are higher for the higher
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velocities approximately according to the square of the velocity. This
differential becomes substantial for the less-developed cavitation con-
ditions. The measured specimen surface pressures minus vapor pressure
for mercury and for water and for three specimens in the venturi, with a
variation in velocity, are shown in Table 1, illustrating the foregoing
comments.

Figure 27, reproduced from a previous investigation from this
system,37 shows the actual effects of degree of cavitation on the
observed damage for different materials, at different velocities, in
both water and mercury. The ordinate values, MDP/MDPmax.’ are normal-
ized values (simply divided by the maximum) of the damage received at
the different conditions. The damage data for all materials is reported
as mean depth of penetration (MDP), which is a "specific volume loss,"
i.e., the weight loss is divided by the total exposed area and density
of the specimen so as to make the comparison of damage received by all
materials directly and correctly comparable. An important observation
apparent from this plot is that the maximum damaging condition for mer-

' where the cavitation cloud on the surface

cury is "standard cavitation,'
appears to end at the center of the specimen, while the most damaging
for water is also 'standard cavitation,' however, the cavitation cloud
here appears to end at the tail of the specimen. As discussed in more
detail later, it is believed that these two conditions are similar, in
that bubbles are thought to exist in the mercury at a small distance

above the surface, and are not visible due to the opacity of the mer-

cury. Although the same terms are used to describe the cavitation
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TABLE 1

ACTUAL PRESSURE ABOVE VAPOR PRESSURE ON TEST SPECIMEN SURFACE
FOR STANDARD CAVITATION IN MERCURY AND WATER

Velocity No. of Spec. Pressure (psi)
Fluid Ft./Sec. Specs. Tap No. Run No.l1 Run No.2 Run No.3
Water 64 3 1 3.9 4.4 3.0
54°F 2 4.2 4.5 3.4
3 4.6 5.0 3.9
Water 97 3 1 2.6 2.6 2.4
54°F 2 3.4 2.9 2.9
3 4.9 4.3 3.3
Water 200 3 1 4.0 3.9 3.5
75°F 2 5.5 5.2 5.2
3 ' 11.7 7.1 6.2
"Dry" 23 3 1 3.5 4.7 3.6
Mercury 2 9.2 11.0 10.0
75°F 3 15.1 16.0 15.2
"Dry" 34 3 1 5.3 7.0 6.5
Mercury 2 11.5 17.5 13.8
88°F 3 19.1 29.3 25.5
"Dry" 46 3 1 12.1 9.1 8.7
Mercury 2 9.4 9.8 8.2
120°F 3 14.7 16.3 16.6
"Wet" 23 3 1 9.7 11.1 9.7
Mercury 2 15.5 15.8 15.4
75°F 3 21.6 22.1 21.5
"Wet" 34 3 1 3.3 3.1 3.0
Mercury 2 11.4 12.2 11.0
88°F 3 31.1 31.3 29.3
"Wet" 46 3 1 8.3 3.5 4.8
Mercury 2 20.6 16.0 15.0
115°F 3 58.8 30.5 51.8
"Dry" 34 2 1 1.7 1.7
Mercury (180°) 2 4.9 1.7
78°F 3 9.5 5.3
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max.)

NORMALIZED MEAN DEPTH OF PENETRATION, (MDP/MDP

(D= SS , 64 FT/SEC, 50-100 HRS, AVG. MERCURY, 2-SPECIMEN VENTURI

3= CbZr , 48-34 FT/SEC AVG. MERCURY, 2-SPECIMEN VENTURI

@®=SS , 34 FT/SEC, 87 HRS, MERCURY, 2-SPECIMEN VENTURI

?= SS , 34 FT/SEC, 50-100 HRS, AVG. MERCURY, 2-SPECIMEN VENTURI
12 A= cutcz, 200 FT/SEC, 50-100 HRS. AVG, WATER , 3-SPECIMEN VENTURI 4

®= SS , 64 FT/SEC, 51 HRS. WATER , 2-SPECIMEN VENTURI

@-SS , 64 FT/SEC, 3.5 HRS, , WATER , 2-SPECIMEN VENTURIL
LI Operating point for present investigation .

|
I:O - . ‘_—®O/A\E -1
ostk j
osl J
o7t B J
06} q
05F i
g
014 o b
03} )
o2} i
)
ol } .
1445
0 | g I I l )

ZERO SONIC VISIBLE NOSE STANDARD  BACK 1ST MARK

DEGREE OF CAVITATION

Fig. 27.-—(MDP/MDPmax) versus cavitation condition for various
materials in mercury and water.
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conditions in water and mercury, the corresponding visual flow patterns
are not identical. Detailed visual descriptions and cross-correlations
between water and mercury are given in Appendix A.

The pressure profile examination of the effects of one, two, and
three specimen insertion geometry has been made. Figures 28, 29, and 30
show the results for water at three velocities and '"standard cavita-

tion." A corresponding examination was made, Figures 31 through 34, in

mercury at two velocities and two cavitation conditions, "visible initi-

' The latter condition in both cases

ation" and "standard cavitation.'
was selected for the damage correlation with mechanical properties, pre-
sented later.

In general, it is observed that the magnitude of the pressures
on the test specimen surface is increased as the number of test speci-
mens is increased for a given velocity and cavitation condition. It has
been previously observed37 that the maximum damage occurs with a less-
developed cavitation condition for mercury than for water (Figure 27).
An examination of the pressure profile plots shows that the pressure
gradient on the test specimen surface is very similar when a comparison
is made between mercury at 34 feet per second, '"standard cavitation,"

and water at 97 feet per second, '"cavitation to nose."

Similarly,
"standard cavitation" in water compares closely to "cavitation to back"
in mercury in the velocity range used and with the same number of test
specimens. However, an examination of the actual pressures above vapor

pressure, as listed in Table 1, shows that the magnitude of the pres-

sures are quite a bit higher in mercury. Also, it is evident from
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Table 1 that the actual pressure above vapor pressure gradient on the
surface for the mercury, two specimen symmetrical arrangement at 34 feet
per second is almost identical to that for the water three specimen sym-
metrical arrangement at 200 feet per second. Still, the damage obtained
in mercury on most materials is about the same as that obtained in
water, thus, with regard to the above statements, indicating a similar
cavitating situation in mercury.

Previous work done to measure the extent of the cavitation
regime with test specimens in the venturi via void fraction technique538
has shown that the apparent visual termination of the cavitation cloud
on the test specimen surface does coincide with the point of maximum
fluid void. However, a closer examination of the appropriate data,
Figure 35 (reproduced from the above reference), shows that there is a
fair amount of void present in the mercury out tc the end of the speci-
men for "standard cavitation'" in mercury, where the visual termination
is at the center. This tends to confirm the earlier statements as to
the existence of bubbles above the specimen surface over the downstream
half of the surface.

B. High-Speed Photography of
Cavitation Regime

1. General
In a highly transient phenomenon such as cavitating flow of the
type under examination, it is impossible to observe any deteil at normal
visual speeds. In addition, for complicated flow situations, such sas

this test-specimen and venturi combination, no reasonably complete
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theoretical treatment is currently possible. Thus, high-speed photog-
raphy becomes a very useful technique for detailed understanding of the
flow patterns. The goal thereof is to observe the flow regime at normal
visual speeds, including hopefully the collapse cof cavitation bubbles
and the corresponding surface damage. Due to the very transient nature
of this phenomenon and the obtainable equipment, however, this has not
been fully possible.

2. Motivation

Many theoretical treatments and theories have been advanced con-
cerning the pressures and forces produced by the collapsing cavitation
bubbles. Also, it has been postulated that a spectrum of bubbles exist,
and that this is related to the size spectrum of the pits produced on
the damaged surface.40 It was hoped to be able to photograph the flow
and visually determine the size spectrum of bubbles that came into con-
tact with the test specimen surface. This spectrum of bubbles could
then be related to the spectrum of pits that are observed on the damage
specimens. Due to its opacity, mercury seems to offer an especially
good opportunity for such a study.

The photographic technique, however, was attempted both in water
and mercury, and as expected, it proved difficult to obtain suitable
information in the water system. Iun the mercury system, however, the
technique worked well. The specimen surface to mercury interface was
clearly observed, and the only bubbles that appear on the film are those
in direct contact, in some period of their life history, with che test

specimen surface. It was riot possible to record the rumber and size



63

spectrum of the bubbles in contact with the surface, for the particular
experimental set-up considered. However, some indication as to the size
and number ranges were obtained. It is not meant to imply that neces-
sarily only those bubbles in direct contact with the surface are respon-
sible for the damage. In fact, the observations have not shown this to
be the case, as is discussed later.

Two of the more prominent hypotheses regarding the bubble implo-
sion and the resulting surface damage are: (1) the spherically symmet-

2
ric collapse model 1leading to the imposition of shock waves on the
surface, either during the initial collapse, or more probably, according
) . 41,42,43 )
to recent theoretical studies, during a subsequent rebound, and
(2) the liquid jet impact model where the bubble collapses in a non-
spherical-symmetric manner such that a jet of fluid pierces the bubble
17
in the later stages of collapse, impacting on the surface. Both
, 17,18,42 . , -
experimental and theoretical evidence now indicate that such a
collapse model does in fact occur, although perhaps not in all cases.
. . 41,42,43

Recent theoretical studies indicate that the bubbles

must be very close to the surface if the forces produced are to be of a
*

damaging magnitude, and then only rebounds would be damaging.

3. Qualitative Observations

The high-speed movies of the mercury cavitation cloud indicate

that the local cavitation induced by the specimens themselves is of

*This is assuming that the center of collapse is stationary dur-
ing collapse, whereas actually the bubble would,lg’aa’45 at least to
some extent, migrate toward the surface during collapse. In addition,
the close proximity of the surface would obviously prevent a symmetrical
collapse.
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primary importance with respect to the damage received. This has become
apparent in the water venturi tests where the complete cavitation cloud
40
can be observed, but until now was only a postulation for the mercury
tests. A cavitation region appears to initiate on the nose of the test
specimen and extend downstream along the specimen to a point determined
by the back pressure at venturi outlet. The visual terminztion has been
fixed at the axial center of the test specimen for this portion of the
study ("standard cavitatiou'). A more or less stationary 'void" is
attached to the nose of the specimen from which individual bubbles
detach and are swept downstream with the fluid. The high-speed motion
picture observations have shown an oscillation in the apparent ending
point of the cloud. However, no fixed frequency has been found. The
attachment of a cavity at the nose of the specimen, and the subsequent
detachment of bubbles from it, has been verified by the electrcde speci-
men tests described later.

Typical sequential photographs from the high-speed motion pic-
tures for the two-specimen symmetrical venturi arrangemernt are presented
in Figures 36, 37, 38 and 39. It is observed that the cavitation cloud
consists of two separate wakes trailing downstream along the surface
near either edge and also a wake along either radial side of the speci-
men. Only the very edge of this cloud is visible in the photographs,
i.e., the side nearest the wall of the venturi, as the rest is obscured
by the opaque mercury. The pattern of pitting damege on the test speci-
mens matches the observed cavitation cloud pattern in that the heaviest

concentration of pitting lies on the polished surface along the edges
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Flow Direction —

Fig. 36.--Typical sequence of pictures of cavitating flow on
specimen surface in mercury at 34 ft./sec., exposure time per frame =
39 microseconds, time between frames = 116 microseconds (8,650 pps),
Reel #19, for two specimen symmetrical arrangement, "standard
cavitation."
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Fig. 37.--Typical sequence of pictures of cavitating flow on
specimen surface in mercury at 34 ft./sec., exposure time per frame =
26 microseconds, time between frames = 79 microseconds (12,700 pps),
Reel #19, for two specimen symmetrical arrangement, 'standard
cavitation."
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Fig. 38.--Typical sequence of frames of cavitating flow on
specimen surface in mercury at 34 ft./sec., exposure time per frame
25 microseconds, time between frames = 76 microseconds (13,200 pps),
Reel #19, for two specimen symmetrical arrangement, 'standard
cavitation."
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Fig. 39.--Typical sequence of frames of cavitating flow on
specimen surface in mercury at 34 ft./sec., exposure time per frame
25 microseconds, time between frames = 74 microseconds (13,450 pps),
Reel #19, for two specimen symmetrical arrangement, "standard
cavitation."
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and on the sides perpendicular to this. (See Figures 57 and 58.)

Figure 40, for the same flow conditions as Figures 36 through
39, with the exception that only one test specimen was in place in the
venturi, shows a more uniform cloud on the surface and relatively more
bubbles on the surface.

In several bubble sequences from this Figure, bubbles along the
side of the specimen (actually in the corner formed by the side of the
specimen and the venturi wall) appear to transform from an oblong to a
spherical shape during collapse (Figure 40, frames 7 to 12 and 15 to
27) . This observation appears inconsistent with the nonspherical col-
lapse model already discussed. However, the depth of view in the photo-
graphs is not clear and the influence of the corner is uncertain. In
all bubble sequences observed on the surface, the bubbles retain their
circular form during collapse to as small a diameter as can be observed,
but to what smaller radius they remain hemispherical cannot be ascer-
tained. A relatively stationary void at the nose of the specimen is
indicated, and is confirmed by the electrode specimen tests discussed
later. The existence of more bubbles and a steeper pressure gradient on
the surface (Figure 34) for this condition than for the two specimen
case, indicates that it should be a more damaging condition, although
this has not yet been verified.

Figure 41 shows the flow condition for the three specimen sym-
metrical arrangement in water at a throat velocity of 97 feet per second
for "standard cavitation." In this case "back-lighting'" was used to

silhouette the cloud, which is possible for a transparent fluid. There
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Fig. 40.--Typical sequence of frames of cavitating flow on
specimen surface in mercury at 34 ft./sec., exposure time per frame =
30 microseconds, time between frames = 90.5 microseconds (11,100 pps),
Reel #2, for single specimen arrangement, 'standard cavitation."
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1694(cont'd 1)

Fig. 40.--(Continued)
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1694(cont'd 2)

Fig. 40.--(Continued)
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Flow Direction s

1695

Fig. 41.--Typical sequence of frames of cavitating flow on
specimen surface in water at 97 ft./sec., exposure time per frame =
1.2 microseconds, time between frames = 160 microseconds (16,250 pps),
Reel #223, three specimen symmetrical arrangement, 'standard
cavitation."
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are two wakes along the edge of the polished surface, as in the mercury
case, extending downstream from the nose. There are also heavy cavita-
tion wake formations along the radial sides of the specimen. Of parti-
cular interest is the appearance of cavitation bubbles beyond the sur-
face (i.e., further into the fluid) in frames 8 through 11. Since the
focal plane of the camera was adjusted to the fluid-specimen interface,
and since the depth of focus with this lens system is very shallow, it
can be concluded that these bubbles are removed from the surface a dis-
tance of about 1/16 to 1/8 of an inch. The small bubbles that are evi-
dent near the ends of the surface wakes are on the surface, but no
bubbles are noted on the downstream portion of the surface. Typical
damage patterns for this flow condition (Figures 63, 65, e.g., presented
later) show that the pitting distribution is heaviest on that portion of
the surface where no bubbles were observed. The following conclusions

can be made with reference to the above observations:

1. Since no bubbles are observed on the surface in the downstream
area for an observation time of about 0.1 seconds, it can be
assumed that the time interval between bubbles is at least 0.1
seconds. Since the pitting rate in this area has been estab-
lished as 0.3 x 10_2 pits per second (i.e., ~v 103 pits in 100
hours), Figure 91, the ratio between bubbles and pits could be
as large as 3 x 103:1. This would be in agreement with the
ratio of 104:1 as reported by Plesset54 recently for an ultra-

sonic test.
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2. Since no bubbles appear on the surface during this observation
time of 0.1 seconds, but one group was observed in the back-
ground, perhaps these are the damaging ones which are drawn
toward the surface during collapse as has been suggested on a

. 19,44 ,45
theoretical basis recently.

All of the aforementioned photographs of the flow have been
taken through the transparent specimen-holder apparatus. However, with
water, it was possible to photograph the flow from the side, through the
venturi wall. The field of view was enlarged to include the complete
vertical height of the venturi and the throat exit. Figure 42 shows
this view in the water system for the same flow conditions as Figure 41.
The detail is not optimum, but still bubbles can be observed near the
throat exit, which disappear into the overall cloud in the venturi
further downstream. The significance of the cavitation induced by the
specimens themselves is made evident in these pictures. The side wakes
are clearly shown, in addition to individual bubbles in the immediate
wake behind the specimens. The elapsed time between frames is too large
in all of these pictures, due to equipment limitatiomns, to allow the
following of individual bubbles at the higher velocities.

4. Quantitative Observations

From the high-speed photographs in the mercury system a number
distribution of bubbles versus axial position on the specimen has been
estimated on the basis of about one hundred frames (Figure 43), as well
as the maximum and minimum bubble diameters observed on the surface.

The upstream one-third of the specimen appears to be under an almost
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1696

Fig. 42.--Typical sequence of frames of cavitating flow from
side in water at 97 ft./sec., exposure time per frame = 1.2 microsec-
onds, time between frames = 181 microseconds (5,500 pps), Reel #226,
three specimen symmetrical arrangement, '"standard cavitation.'
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_Flow Direction ~—s=

1696(cont'd 1)

Fig. 42.--(Continued)



78

1696(cont'd 2)

Fig. 42.--(Continued)
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continuous void, as confirmed by the electrode specimen tests discussed
later. Downstream of the void region the number density of bubbles
decreases very rapidly. However, the actual numbers of bubbles per sec-
ond is-very large with respect to the numbers of pits per second which
occurred, being larger by a factor of about ~ 105 ;t the center of the
specimen and ~v 103 near its tail, discussed in greater detail later.

The observed bubbles ranged between -~v 30 and ~/ 5 mils diameter,
the lower cut-off being due primarily to the limited resolution of the
photographs. Also, due to the limited framing rate of the available
equipment, it is not possible to determine the relation between a given
bubble observation and the stage in its life history, at which it has
been observed. Hence, one can only say that bubbles with a maximum
diameter of at least 30 mils exist adjacent to the specimen and in very
large numbers compared to the number of pits, most of which were less
than 0.1 mil diameter. It is thus clear that to photograph a pit being
formed in this type of system where the event is not triggered (as with
spark-induced bubbles) would require extreme good fortune in sampling
the very small applicable portion of the total time, and also very large
photographic magnification and resolution. The limitations of photo-
graphic technology are such that this goal does not appear presently
attainable.

For typical mercury samples (Figure 57 and 58), numerous small
pits are observed on the upstream portions of the specimen and rela-
tively smaller numbers of larger pits on the downstream portior, where
the pressure is higher. This pitting distribution and its relation to

the measured fluid pressures is discussed in greater detail later.
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However, since, in general, a larger bubble requires a longer time to
collapse, it will penetrate further downstream before collapsing, and as

42 ,e.g.
analyses show, there will then be larger pressures imposed by it
on adjacent structures.

This hypothesized pattern of events is fully substantiated by
the observed pitting patterns. In general, the high-speed photographs
show very few bubbles on the downstream portions of the specimen pol-
ished surface where the maximum numbers of large pits are observed, and
very little damage, if any, is observed on the upstream portions of the
surface where the relatively stationary void is attached, however, the
static pressure is close to vapor pressure, and hence does not provide
the required driving force for a violent collapse in the void region.

The existence of a large ratio between observed numbers of
bubbles and resulting pits on surfaces exposed to cavitation regimes, as
experienced here and elsewhere, is thought to be an area of basic inter-
est to the overall understanding of the cavitation phenomenon. In this
particular investigation it has been observed that this enormous ratio
increases with distance in an upstream direction where the mean static
pressures on the surface are lower. Considering the presently most
likely mechanism of damage as being the unsymmetrical collapse of a
bubble with a resultant fluid jet of high velocity at the end of col-
lapse impinging on the surface, this large ratio can be explained. It

42
was observed in our own venturi tests  that the resultant fluid jet is
formed in a direction parallel to the fluid streamlines which, in the

case of the venturi, is also normal to the pressure gradient. To cause



82

damage to a surface oriented parallel to the fluid streamline, as in the
present case, it is necessary that the bubble be reoriented during col-
lapse so that the resultant jet is directed towards the surface. Con-
ceivably this could be somehow accomplished by the influence of the
adjacent wall. However, in the present case, this reorientation might
alsb be provided by the cavity oscillation as it moves upstream on the
specimen surface. When the cavity retreats upstream, a nonspherical
bubble sufficiently close to the surface might be tipped by the drag
forces on its side nearest the specimen surface, so that the resultant
fluid jet would be directed towards the surface. Consequently, only
those bubbles that are located at the precise distance from the wall and
are at the proper point of collapse at the moment the oscillation occurs,
would be able to damage the surface. From another viewpoint, the bubble
must be at the proper distance from the surface, so that it will migrate
towards the wall during collapse and be at the proper distance from the
wall for the fluid jet to be effective, when it is formed, and the
bubble reoriented as discussed above, as suggested by Benjamin and
Ellis.19 This clearly would be a very selective process and could
indeed explain the large ratio of bubbles to pits formed. This rather
complicated process seems capable of providing the required forces for
damage, as opposed to the spherical collapse, and in addition explains
the anomaly of the bubble to pit ratio.

Conceivably a pit so formed would have unique characteristics
indicating its method of formation. In general, for those specimens

traced in the direction of flow for the mercury system, a raised rim is
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present around the crater, which is sometimes uniform and more often
than not higher on the downstream side. This is consistent with the
proposed mechanism as one would expect the reorientation to be incom-
plete at times, so that the resultant jet would be tipped towards the
downstream end of the specimen. Detailed examinations of the damage
from the water facility (Figures 85 and 88 e.g.) in general indicate an
elongated pit in the flow direction, with a predominant ridge on the
downstream end and rather uniform ridges at both sides. This can also
be explained by the above damage hypothesis. In this case, the velocity
is much higher and consequently the reorientation of the resultant jet
towards the surface could not be expected to be as complete, thus giving
rise to jets oriented generally towards the surface, but predominantly
tipped downstream. That the velocity can be an important factor in the
degree of reorientation of the jet is shown in Figure 44, where typical
photomicrographs of the damage on the high heat treat copper nickel
alloy at a duration of 1 hour are compared at three different veloci-
ties. Very little damage is evident at the lowest velocity of 64 feet/
second, but the damage present consists of small pits that are essen-
tially round. In the next highest velocity of 97 feet/second the damage
is somewhat triangular in shape with the base on the upstream side, as
if the force were applied to the surface at about a 45° angle in the
direction of flow. At the highest velocity of 200 feet/second the pits
are in the form of elongated grooves, noted in all the examinations of
damage at this velocity, indicating a force aligned at a smaller angle

to the surface and in the direction of flow. Consequently, this would



84

S

(e)

Fig. 44 .--Photomicrographs of cavitation damage on copper-nickel
alloy (H.H.Trt), for 'standard cavitation' in water at one hour duration,
(a) 65 ft./sec., (b) 97 ft./sec., (c) 199 ft./sec.
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tend to explain the difference in the basic damage appearance between
the water and mercury tests as the velocities were 200 and 34 feet per
second, respectively.

It has often been observed that trailing vortices from pump
impeller vanes,48 for instance, are much more damaging to the surfaces
on which they impinge than to the initiating vane. This important
observation can be explained nicely in light of the above hypothesis.
In this case, the bubbles are already moving toward the surface rather
than parallel to it as in the venturi, so there may be no requirement
for bubble reorientation to the surface. Those bubbles that collapse in
close proximity to the surface then need only be at the proper distance
from the surface. On the other hand, the initiating surface compares
closely to the present specimens. Thus reorientation is required,
resulting in fewer damaging bubble collapses.

C. Specimen-Fluid Contact Measurements
During Cavitation

1. General-Motivation

During the analysis of the high-speed photographs taken of the
mercury flow, it was noted that the fluid seemed to lift clear of the
specimen at the nose or initiation point and to recontact the surface at
some point downstream on the surface. This seemed to indicate that, for
the more advanced cavitation conditions such as "standard" to which the
present study applies, there was a continuous void attached to the nose
of the test specimen, and consequently, as was actually observed and
expected, no damage was observed in this region. Thus the electrode

specimen equipment described earlier was developed and used to explore
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the relationship between the various degrees of cavitation and veloci-
ties, and the duration and amount of contact between the mercury and the
specimen surface versus axial position.

Since there were trace amounts of water in the mercury, some
question arose as to whether water might preferentially wet the surface,
and thus prevent good contact. Simple static tests in a beaker showed
that there was no problem in this regard.

2. Data Reduction and Analysis

After determining optimum oscilloscope settings, the vertical
sensitivity was set at 2 volts/cm and the sweep rate at 200 millisec-
onds/cm, and the magnifier at normal (1x). Then a second photo of the
same condition was taken with the magnifier at 5x so that one-fifth of
the trace was obtained at a sweep rate of 4 milliseconds/cm which has
the effect of spreading out one-fifth of the trace to the full screen
and "magnifies" the breaks in the circuit. For each photo the camera
shutter was opened and a single sweep initiated via the scope manual
single sweep switch and then the shutter closed. Thus there was no
possibility of obtaining an overlap of the trace. Normally, for each
cavitation condition and velocity used, four photographs were obtained:
(1) comparing the first probe to the middle probe at 1lx, (2) comparing
the first probe to the middle probe at 5x, (3) comparing the first probe
to the last probe at 1x, and (4) comparing the first probe to the last
probe at 5x. In all photos the upper beam denotes an open or closed
circuit on the first probe and the lower denotes an open or closed cir-
cuit on the other probe, either the middle or last. Figure 45 shows

representative oscilloscope traces of the data.
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Photo number 8 was taken at zero cavitation, with full voltage
(closed circuit) on all probes in order to make sure that all photo-
graphs taken later were observed in the proper orientation.

Thus, in all photos, a line on the upper trace of one particular
beam indicates a closed circuit, i.e , mercury in contact with the sur-
face, while a line on the lower trace of the beam indicates an open cir-
cuit, i.e , no mercury contact with the surface at that probe position.
From the traces, the percentage of time the mercury spends in contact
with the surface can be determined versus axial position on the speci-
men. All of this data is tabulated from 59 photographs, in Table 2.
Representative photographs only are included in Figure 45.

The measurements taken with the electrode test specimen confirm
the fact, as presumed from the high-speed movies, that the mercury actu-
ally does 1lift clear of the test specimen surface at the nose and
rejoins it at some point downstream. At intermediate points between,
the mercury comes in and out of contact with the specimen surface. No
fixed frequency of the motion was noted.

In Figure 46, the percentage of time the mercury is in contact
with the surface as a function of axial position is compared in mercury
for various cavitation conditions at two velocities. Two specimens were
placed in the venturi at an orientation of 180°. The curves which show
some time out of contact show most at probe position 1, with an increase
of in-contact time in the downstream direction. The same trend, an
increase of in-contact time in the downstream direction, is indicated as

the cavitation condition is decreased at constant velocity and as the
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TABLE 2

PERCENT OF TIME MERCURY IS IN CONTACT WITH SURFACE

Photo Cav. Cond. Vel. Sweep Rate % of Time Hg in-Contact
No. '"Degree' fps ms/cm _ Mag. Probe 1 Probe 2 Probe 3
9 Visible 34 20 5 100 100
10 " " " " 45 100
24 " 1" " " 100 100
25 " n " 1" 100 100
avg. VISIBLE 34 20 5 86 100 100%
1 Standard 34 20 1 80 100
2 " " 1] " 16 90
3 " " " 5 100 100
4 1" " 1" " 100 100
5 " " 1" 1) 24 90
6 " " " n 90 100
7 1" " " " 100 100
19 " " " " 3 76
20 n " 1" " 70 100
21 " " " 1" 48 100
22 " " 1" " 68 100
23 " " " 1" 5 100
26 " " " 1 47 98
27 n 1" " 1) 20 91
28 " " " " 16 100
29 n " " 11 4 100
avg. STANDARD 34 20 1/5 49.5 94 100
12 Back 34 20 5 8 28
13 1" " " " 10 54
14 " 1" 1A} 1" 36 50
15 " 1" 1" 1" 5 50
1.6 1" 1" " " 20 42
17 " " 1" " 4 86
18 " " 1" " 7 80
avg. BACK 34 20 5 9 39 67.5
8 ZERO 3% 20 1 100 100% 100
38 Visible 2 20 1 100 100
39 " 1" " 1" 100 100
avg. VISIBLE 22 20 1 100 100 100%
30 Standard 22 20 1 100 100
31 1) " " " 88 100
32 " 1" " " 100 100
33 1] " n 1t 70 100
avg. STANDARD 22 20 1 89.5 100 100
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TABLE 2--Continued

Photo Cav. Cond. Vel,. Sweep Rate % of Time Hg in-Contact
No. "Degree" fps ms/cm  Mag. Probe 1 Probe 2 Probe 3

34 Back 22 20 1 3 57

35 1 " 12 5 7 59

36 " " " 1 51 94

37 1" 17 (3] 5 8 92
avg. BACK 22 20 1/5 17.3 58 93
Note:

Above values are for two specimens in stainless steel venturi.
Following values are for one specimen in stainless steel venturi.

49 Visible 22 20 1 84 100

50 " " " 5 100 100

51 " " " 1 100 100
avg. VISIBLE 22 20 1/5 94.7 100 100

45 Standard 22 20 1 74 100

46 " " " 5 62 100

47 " " " 1 95 100

48 " " " 5 100 100
avg. STANDARD 22 20 1/5 82.8 100 100

40 Back 22 20 1 0 71

41 " " " 5 0 69

42 " " " 1 2 85

43 " " " 5 5 100

b4 " " " 5 0 97
avg. BACK 22 20 1/5 1.4 70 %

52 Standard 34 20 1 26 94

53 1" " 1" 5 8 90

54 " " " 1 10 100

55 " " " 5 5 100
avg. STANDARD 34 20 1/5 12.3 92 100

56 Back 34 20 1 15 84

57 " " " 5 23 75

58 " " " 1 12 100

59 " " " 5 23 100
avg. BACK 34 20 1/5 18.3 79.5 100

*Extrapolated, no data.
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velocity is decreased at constant cavitation condition. The same type
of data is shown in Figure 47 for the case of one specimen in the ven-
turi. Again, it is evident that the percentage in-contact time at any
probe position decreases as the cavitation condition is increased. The
same trend is shown for velocity and axial position as was for the two
specimen case. Comparing Figures 46 and 47, the rate of increase of in-
contact time with axial position is greater for the one specimen case
than for the two specimen case. Figures 48 and 49 show the data
replotted for constant cavitation condition, with a comparison of one
specimen versus two specimens at two velocities. Figure 48 is for
standard cavitation and shows that in the one specimen case the mercury
is out of contact for a larger percentage of the time at the upstream
end of the specimen, and the in-contact time increases to about the same
value at the downstream end as compared to the two specimen case. This
results in a larger rate of increase of in-contact time versus axial
distance on the test specimen surface for the one specimen as opposed to
the two specimen case. This holds true for both of the velocities
investigated. The same general trends are shown in Figure 49 for vis-
ible initiation at 22 feet/second and cavitation to back at 22 feet/sec-
ond. The only exception is for cavitation to back at 34 feet/second,
where the one specimen case shows more time in-contact than the two,
although still showing a larger rate of increase of in-contact time with
axial position. This one exception is probably due to the visible set-
ting of the cavitation termination point being farther downstream than

it should have been for the two specimen case. Since the cavitation was
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adjusted visually and the downstream end of the cavitation cloud was set
at the downstream end of the specimen in this case (visibility beyond
this point being limited by venturi opaqueness), it is conceivable that
some overshoot could have occurred. If the whole curve were shifted
upwards in accordance with a correction for overshoot of the cloud ter-
mination point until the probe 3 values matched, then there would be no
discrepancy in the trends.
3. Discussion

This technique provides an independent means of determining
quantitatively the extent of the cavitating void in the venturi on local
obstructions such as the cavitation damage test specimens. It could be
used in any type of two phase system where the fluid phase has an elec-
trical conductivity appreciably higher than the gaseous phase for deter-
mining fluid-surface contact time or amount.

The data indicates, as expected, that more voids appear on the
surface as the degree of cavitation is increased. A somewhat surprising
fact is that the average contact time of fluid to surface never falls
below about 50% even when the specimen is completely immersed in a
highly turbulent, cavitating flow regime. This fact could be of impor-
tance for various direct conversion MHD concepts. The electrical cur-
rent path for such a system might well be made through a region of
substantial void, thus avoiding the necessity of completely separating
the fluid and vapor phases.

Comparing the voids measured by the electrode specimen tech-
nique, with the pressure profile data taken earlier, it is observed that

for "visible initiation" the mean static pressures on the surface at the
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same three axial locations are well above vapor pressure, while the mer-
cury loses contact with the surface at 34 feet per second (Figure 46),
about 10-15% of the time at the upstream position.

For '"standard cavitation,"

the pressure on the surface at the
center position is well above vapor pressure, while the mercury loses
contact with the surface only a small portion of the time. It should be
pointed out that the pressures are time mean values while the contact
time technique can show instantaneous fluctuations. For '"cavitation to
back," the pressure profile measurements show that the entire surface is
under a very low pressure slightly above vapor pressure, while the con-
tact time as recorded in this investigation still averages about 50%,
ranging from 15% at the upstream position to about 80% at the downstream
position. From the observed damage patterns on the specimens for these
conditions, it appears that the pitting occurs in a region where the
mercury has a contact time approaching 100%, and where the pressures are
considerably above vapor pressure.

The same statements apply for the visible initiation data for
only one specimen in both cases. The standard cavitation, one specimen,
34 feet per second data shows essentially vapor pressure existing at the
first two probe positions and a higher pressure at the third, while the
mercury contact data shows about 15%, 80% and 100%, respectively. This
also tends to confirm that the most intense damage occurs in regions of
essentially 100% contact and high pressure, as the damaged surfaces from
this condition show very heavy damage on the rear one-third of the

specimen. (See Figures 57 through 61.)
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If it had been shown that very little contact existed between

the mercury and test specimen surface in the zones of heavy damage, then

the assumption that damage was primarily caused by an impingement effect

would be somewhat strengthened. Hcwever, since the data indicates

approximately 100% contact with the surface in the damage region, there

is still the possibility of both the central jet impingement model and

the shock wave model.

The major conclusions that can be drawn from this phase of the

investigation are:

1.

The technique described for measuring the mercury to surface
contact time is feasible and could be applied to many other two-
phase and/or two component fluid flow regimes.

The mercury to surface contact time decreases as the degree or
amount of cavitation on the surface is increased.

The mercury to surface contact time decreases as the number of
specimens is decreased from 2 to 1.

The most intense cavitation damage occurs on a region of the
test specimen surface where the mercury is in contact with the
surface essentially 100% of the time.

The mercury contact time increases with distance from the speci-
men leading edge, but does not increase at the same rate as the
increase of pressure along the surface in the axial direction.
The mercury contact time averages about 507% even when the entire
surface is completely immersed in a highly turbulent cavitating

flow regime.



CHAPTER IV

CAVITATION TEST SPECIMEN DATA ANALYSIS

A. General

The normal procedure that each test specimen is subjected to has
already been described in an earlier section. In this section are pre-
sented the details of the test specimen preparation and mechanical prop-
erties measurements needed as correlation data for the subsequent data

correlation.

B. Mechanical Property Measurements

As previously mentioned, it is necessary to determine the exact
mechanical properties for the materials tested. This requires that
mechanical property and cavitation specimens be made from the same
stock, thus exhibiting the same heat treat and cold work properties.

Table 3 is a listing of the measured mechanical properties to be
used in correlating the damage data. All but a few of these items have
been measured in this laboratory from the same stock as the specimens.
In this table are listed two values for strain energy to failure, i.e.,
"engineering strain energy'" which is based on the "approximate' or
engineering stress-strain curve and is equal to the area under this
curve, and '"true strain energy,'" which is based on the true stress-

strain curve, which takes into account necking of the specimen,

99
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reduction in area after plastic deformation begins and the resulting
higher values for the true breaking stress and strain. If it is assumed
that the volume of the necked section remains constant, then for non-

39
uniform strain:

t=1n _1_ =1n (V/A)/(V/A) = 1n A,
1 =

which can be written for a circular cross section as:

Et =2 1n dO
d

Similarly, the exact definition for the true stress, based on the
actual area A rather than the original area AO must be used to take into

account the necking phenomena:

g, = P/A

The rest of the values listed in Table 3 are rather commonly reported
values and need no further explanatory remarks. Typical grain structure
photomicrographs and chemical compositions are already listed

elsewhere.

C. Specimen Preparation

The test specimens are milled from sheet stock and then the
0.060" x 0.750" surface to be exposed to the cavitation regime is metal-
lographically polished. Figures 50 to 56 show typical roughness pro-

files of the surfaces before exposure to cavitation and serve as
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Fig. 50.--Photomicrographs and proficorder traces of original

surface characteristics of specimen Nos. 39-1 (1008 carbon steel), 13-F

(Tenelon), and 188-3 (304 stainless steel).
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e Specimen No, 10-A

Specimen No, 10-B
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Specimen No. 9-E

Fig. 51.--Photomicrographs and proficorder traces of original
surface characteristics of specimen Nos. 10-A (Ta-10W), 10-B (Ta-8W-
2Hf), and 9-E (Mo-1/2Ti).
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Fig. 52.--Photomicrographs and proficorder traces of original
surface characteristics of specimen Nos. 23-2 (1100-0 Aluminum), 79-2
(2024-T351 Aluminum), 154-2 (6061-T651 Aluminum) .
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Sgégimﬁﬁ No. 258-c2

Fig. 53.--Photomicrographs and proficorder traces of original
surface characteristics of specimen Nos. 34-cz (as rec'd brass), 104-cz
(low heat tr. brass), 258-cz (hi. ht. trt. brass).
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Fig. 54.--Photomicrographs and proficorder traces of original
surface characteristics of specimen Nos. 72-cu (as rec'd copper),
148-cu (low ht. trt. copper), 22l-cu (hi. ht. trt. copper).
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Specimen No, 223-cn .

Fig. 55.--Photomicrographs and proficorder traces of original
surface characteristics of specimen Nos. 69-cn (as rec'd copper-nickel),
149-cn and 223-cn (low and high heat trt. copper-nickel).
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Fig. 56.--Photomicrographs and proficorder traces of original
surface characteristics of specimen Nos. 17-ni (as rec'd nickel), 91-ni
(low ht. trt. nickel), 175-ni (hi. ht. trt. nickel).
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reference surfaces for the detailed proficorder measurements after dam-

age, discussed later.

D. Tvypical Damage to Specimers
in Mercury Facility

Full surfzce photomicrographs of specimens representing all the
materials tested were taken at a magnification of 40X to determine the
pitting distribution for comparison with the high-speed motion pictures.
Typical photomicrographs for several materials are included (Figures 57
through 61), illustrating the general pitting pattern on the polished
(labeled irn Figure 6-a) surface after exposure to "standard cavitation'
in mercury in the two-specimen symmetrical (180° separation) stainless
steel venturi for which the damage correlation was made. The polished
surface is only about one-eighth of the total wetted area of the speci-
men so that the weight loss derives from an area eight times larger than
this. However, the other surfaces are not as suitable to photographic
studies or metallographic polishing, and hence surface traces have been
limited to the polished surface. Figure 57 for Cb-1Zr shows the typical
damage pattern for this case at three stages in the damage runs. The
larger pits and the more intensely damaged area is on the rear fourth of
the specimen where the high-speed photographs and electrode specimen
investigations indicated essentially a pure fluid ervironment on the
surface. In the limited time samples taken there was no indication of
vapor or bubbles in contact with this portion of the surface. Bowever,
from an extrapolatior of the data from the motion pictures (Figure 43),

3 .
it would be estimated that there were still on the order of 10  times
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(0)

Flow Direction —— (c)

Fig. 57.--Full surface photomicrographs of the polished surface at various stages in the
mercury cavitation damage test of (a) spec. No. 10-Cb-1Zr at O hours, (b) 10-Cb-1Zr at 10 hours,
(¢) 3-Cb-1Zr at 50 hours.
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Flow Direction =——> (b)

Fig. 58.--Full surface photomicrographs of the polished surface at various stages in the
mercury cavitation damage test of (a) spec. No. 37-1, carbon steel, at O hours, (b) 37-1 at 10
hours,
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Flow Direction — (b)

Fig. 59.--Full surface photomicrographs of the polished surface at various stages in the
mercury cavitation damage test of (&) 177-3, 304 SS at 0 hours, (b) 177-3 at 10 hours.
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Flow Direction —— (b)

Fig. 60.--Full surface photomicrographs of the polished surface at various stages in the
mercury cavitation damage test of spec. No. 8-B, Ta-8W-2HE, (a) 0 hours, (b) 10 hours.
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Flow Direction ——> (e)

Fig. 61l.--Full surface photomicrographs of the polished surface at various stages in the
mercury cavitation damage test of (a) spec. No. 89-ni, low ht. trt. nickel, at 0 hours, (b) 89-ni
at 10 hours, and (¢) 85-ni at 50 hours.
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as many bubbles adjacent to the surface in this region as there are
pits.

The row of smaller pits along each side of the polished surface
is typical. This is in the region where a cavitating wake of small
bubbles was observed on the surface (Figures 36 to 39). It has been

48
previously noted in many cavitating tests in turbomachinery and rotat-
ing disks,49 for example, that flows involving considerable vorticity,
as this "wake" from the corner of the specimen are much more damaging
than translatory flows. This is confirmed by the present observation
since the wake, even though it exists in a low pressure region, does
create considerable damage. Figures 58, 59, and 60, typical for carbon
steel, stainless steel, and Ta-8W-2Hf, respectively, also show the same
pattern. These photomicrographs are for a duration for which the damage
consists of individusl pits, i.e., prior to significant overlapping, so
that the formation of individual pits and craters could be investigated.
As pointed out in an earlier paper from this 1aboratory340 the evidence
is very strong that these are single-event failures, randomly located.
Their shape and appearance does not change with additional exposure until
overlapping becomes predominant.

Pure nickel in three different heat treats were also tested in
the mercury facility. Figure 61 shows the resultant damage. The vis-
ible appearance and the fact that these specimens exhibited large weight
gains after exposure, comparable to the weight loss exhibited after bak-
ing under vacuum, indicate that corrosion was closely coupled with

mechanical cavitation damage for this material in mercury. Since this
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is not the case for the other materials, it is not reasonable to include

the Hg-nickel data in the mechanical properties correlations to be con-

sidered later.

E. Typical Damage to Specimens
in Water Facility

While some full-surface photomicrographs have been taken of the
water-facility specimens, generally smaller areas in regions of probable
maximum damage, have been photographed at larger magnification. This
reduced photographic coverage was necessitated by the very large numbers
of test specimens used in the water test program. Figures 62 and 63
show the propagation of damage on the polished surface for tenelon and
Cb-1Zr respectively, up to a duration of 100 hours, Figure 64 shows the
respective damage at 100 hours on the three heats of nickel, and Figure
65 the 100 hour condition of stainless steel, Mo-1/2Ti, and the copper-
nickel alloy in the ''as received" condition.

Individual photomicrographs of the pitting damage in both mer-
cury and water are presented in the next section at much larger magnifi-
cation, along with the proficorder trace data, and comments regarding
the individual pits will be reserved to that section.

F. Comparison of Damage Pattern
to Pressure Profiles

Referring to Table 1, the suppression pressures (i.e., pressure
above vapor pressure) are tabulated for the conditions corresponding to
the photomicrographs previously described for mercury and water. It is

noted that the actual suppression pressure gradient is almost identical
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(o)

Flow Direction =——> ©)

Fig. 62.--Full surface photomicrographs of the polished surface at various stages in the
water cavitation damage test of spec. No. 1-F, Ternelon, (2) at 0 hours, (b) at 1 hour, and (¢) at
100 hours.
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Flow Direction =——> ()

Fig. 63.--Full surface photomicrographs of the polished surface at various stages in the
water cavitation damage test of spec. No. 2-Cb-1Zr at (a) O hours, (b) 1 hour, and (c¢) 100 hours.
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Flow Direction ——> ()

Fig. 64.--Full surface photomicrographs of the polished surface at various stages in the
water cavitation damage test of spec. No. (&) 10-ni at 100 hours, (b) 83-ni at 100 hours,
(¢) 170-ni at 100 hours.
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Flow Direction —> (c)

Fig. 65.--Full surface photomicrographs of the polished surface at various stages in the
water cavitation damage test of spec. No. (2) 139-3, 304 88, (b) 1-E, Mo-1/2Ti, and (e¢) 8-cm, 2all
at 100 hours.






for the three specimen symmetrical arrangement in water at 200 ft./sec.,
and for the two specimen symmetrical arrangement in mercury at 34 ft./
sec. However, the gradient for the two specimen unsymmetrical arrange-
ment in mercury for the same flow conditions is much steeper, as shown
earlier by the pressure profile figures, and later in Table 5, and the
actual pressures on the downstream portion of the specimen thus are
higher. This latter case has been found earlier to be considerably
more damaging than the symmetrical arrangement as used herein, indicat-
ing that minor flow geometry changes can result in major changes in
damage rate.

Although the pressure distribution on the specimen surface is
similar for the two symmetrical arrangements in water and mercury, it is
not possible with the present state of knowledge to draw any conclu-

2,42
sions concerning the expected damage. Theoretical analyses show
that the same collapse velocities would result if the driving head were
the same, i.e., (p—pV)QD , neglecting for the moment the relatively
minor affects of vicosity, compressibility, surface tension, etc.
Hence, for these conditions, the collapse velocities for water should be
greater by roughly a factor of 3.5 (proportional to square root of
density ratio). 1In addition, for the same collapse velocities and
equally compressible fluids,* the force exerted on the adjacent struc-

ture would be proportional to the density ratio, being a factor of 13.6

“This is an approximately valid comparison for water and mer-
cury, since the sonic velocities are about the same in the two fluids,
and hence, for equal collapse velocities, Mach Numbers would be the
same .
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greater for mercury. Thus, with this simple approach, one would expect
forces applied to specimens in the mercury system to be about 3.5 times
as great as in the water system under these conditions. What this would
mean in terms of volume loss to the specimens is not easily determin-
able. Actual across the board comparisons of damage on five materials
tested in both systems for the specified conditions shows the damage in
mercury to be slightly less than that in water (Table 4). This does not
evidently agree with the simple theoretical approach presented above,
indicating that a much more complicated situation exists.

In the water venturi the visible cavitation cloud extends to the
rear of the specimen for this condition, while in mercury it ends at the
center of the specimen. The difference in appearance are at :least ‘par-
tially due to the slightly different geometries (2 versus 3 specimens),
and the fact that only the boundary layer is observed in the opaque mer-
cury. These two conditions with their similar pressure gradients are
the most damaging respectively in the two systems (Figure 27). Compar-
able data exists for water at two lower velocities, and these are also
presented in Table 4, where the comparison is made to mercury. There is
a small velocity effect in the water system, showing a damage increase
by a factor of about 1.75 with a range in velocity of about 3, i.e.,

65 ft./sec. to 200 ft./sec. This is in agreement with earlier results
from this laboratory40 which indicated very little effect of velocity
on damage in this system for this cavitation condition. It was reported
in this earlier work that there was a factor of about 100 greater damage

produced in mercury than in water. This observation was based on a
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TABLE 4

COMPARISON OF MERCURY AND WATER DATA

Hg Damage MDP (mils)
at 50 Hrs. (34 fps)

H,0 Damage MDP(mils) H,0 Damage
at 50 Hrs. (200 fps) /Hg Damage

Material 2-spec. 3-spec. Ratio
Stainless 9 -9
Steel 0.277x10 “(6)* 0.527x10 “(27) 1.90
Ta-10W 0.17x10-1(2) 0.111X10-1(3) 0.65
Ta-8W-2HE O.847x10—2(2) 0.762x10-2(3) 0.90
Cb-1Zr 0.179x10 1(2) 0.203x10"1(3) 1.13
Mo-1/2Ti 0.210x10'1(2) 0.997x10'1(6) 4.75
Tenelon (USS) 0.186x10 2(2) 0.220x10” 2 (6) 1.18
Overall Average 1.75
Hg Damage Hy0 Damage
Material (34 fps) (97 fps) Ratio
Stainless 9 9
Steel 0.277x10°°(6) 0.377x10°°(3) 1.35
Hg Damage Hy0 Damage
Material (34 fps) (65 fps) Ratio
Stainless -9 )
Steel 0.277x10 “(6) 0.277x10 ~(6) 1.00

* , . .
Numbers in brackets after damage value indicate number of test
specimens for which damage value is averaged.
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different test specimen arrangement than currently used for the mercury
tests. The two-specimen unsymmetrical arrangement was used for these
tests, and in addition the mercury contained trace amounts of water.
Evidence exists that the '"wet'" mercury is somewhat more damaging than
50

"dry'" mercury. The current investigation was conducted in dry mercury
for a two-specimen symmetrical arrangement. The wet mercury two-speci-
men unsymmetrical arrangement was analyzed in terms of the pressures on
the specimen surface during the current investigation, and the compari-
son made with the current arrangement. The results are shown in Table
5, where it is observed that the suppression pressure (pressure above
vapor) axial gradient is very much steeper for the earlier system.
This indicates that more damage would be expected since the available
head for bubble collapse is much higher, particularly at the rear of the
specimen, thus giving rise to more energetic bubble collapses. 1In addi-
tion, a crosswise pitting pattern was observed, indicating local cavita-
tion as the flow crossed the specimen edge, due presumably to the
nonsymmetrical arrangement. Thus, for this system, bubbles are carried
into the high pressure region and very violent collapses afforded.
This does not occur in the symmetrical arrangement because if the pres-
sure is raised to the same levels, no bubbles are present on the damaged
face.

The present comparison does not mean that identical degrees of
cavitation with the same velocities in identical systems, in one case

using water and in another mercury, would produce approximately the
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TABLE 5

ACTUAL PRESSURE ABOVE VAPOR PRESSURE ON TEST SPECIMEN SURFACE
FOR STANDARD CAVITATION IN MERCURY FOR TWO SPECIMEN
SYMMETRICAL VERSUS UNSYMMETRICAL ARRANGEMENTS

Pressure above vapor

Velocity No. of Spec. pressure

Fluid ft./sec. Specs. Tap No. Run No.l1 Run No.2 Run No.3

llDryll

Mercury 34 2 1 1.7 1.7

75°F (symm.) 2 4.9 1.7
3 9.5 5.3

”Wet "

Mercury 34 2 1 2.2 2.1 2.0

75°F (unsymm.) 2 12.3 16.8 19.3
3 41.3 39.8 40.8

same damage, but merely that in this particular case, about the same
suppression pressures between water and mercury on the polished surface,
but with a considerably greater velocity in water, have produced about
the same damage. Since the pressures are not known on the sides of the
specimen (which provide about 88% of the exposed area), and since the
geometries in the water and mercury venturis are not identical (3 versus
2 test specimens), the present data cannot be regarded as a generalized
comparison between water and mercury damaging capabilities anymore, in
retrospect, than the previous tests40 which indicated a factor of about
100 between mercury and water. Unfortunately, the physical limitations
of the systems are such that a direct experimental comparison cannot be
made. Eventually, however, such data should be provided by the vibra-

tory facility tests also being conducted in this laboratory. Ideally,
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if the cavitation condition, velocity, geometry, and suppression head
are identical between the two systems then, assuming that the compres-
sibilities of the two fluids are also similar, the forces exerted on
adjacent solids should be proportional to the density ratio (13.5), so
that the damage from mercury should be much greatef. At the present,
there is no real evidence to contradict this expectation. However, it
is quite evident at this point that seemingly minor changes in flow

geometry can have important effects on damage.

G. Detailed Examinations of Damage

1. Mercury Specimens

Typical areas from the heavily pitted regions of each material
were traced with a precision profilometer (''Linear Proficorder”),* at a
horizontal sensitivity of 1000:1 and at a vertical sensitivity of
50,000:1. For each specimen several crosswise and longitudinal (in the
direction of flow) traces were made at intervals of about 0.5 mils.
Due to the extreme sensitivity used, very precise leveling of the sur-
face was required if the trace curve were to remain on scale. This was
accomplished by a built-in adjustment on the machine, and the specimen
was incremented by a micrometer table adjustment made especially for
this purpose. After tracing, the specimens were examined with a metal-

lographic microscope at 500X and photomicrographs taken of the area

o

"Micrometrical Division, The Bendix Corporation, Ann Arbor,
Michigan.
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traced. The trace marks left by the diamond-tipped stylus were visible,
with the use of oblique lighting techniques, very clearly in some cases
though not so in others, depending on the hardness of the material.

The edge of the specimen is a good reference point, clearly indicated

by the dropping of the stylus, which facilitates the location of a par-
ticular pit on the photomicrograph. Also, it was possible to visually
observe where the stylus had passed through a pit (by the trace mark)
with reference to the pit centerline. Figure 66 shows the procedure in
complete detail for matching the traces with the corresponding photomi-
crographs. In general, it was not necessary to photograph the entire
length of the traced area, as only those areas of interest could be
located. This was accomplished by a micrometer adjustment on the metal-
lograph by which the specimen could be indexed by .00l inch increments.
Thus, once the end of the proficorder trace was located (the end where
it dropped off the edge), it was only necessary to index back along the
trace by the amount measured from the end of the trace to the pit from
the proficorder trace. Due to the size of the pits examined, the sensi-
tivities used and the random location of the pits, roughly ten to twenty
feet of chart paper were required per successful pit trace. Figure 66
shows six transverse traces, spaced apart by either 0.5 or 1.0 mils,

and covering almost the full width of the specimen for carbon steel
tested in mercury. Since the stylus had to be started on the surface,
the full width of the specimen is not covered by the traces. The cor-
responding photomicrograph is at slightly smaller magnification than the

trace, so that the arrows are necessary to indicate the correspondence
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between pit and pit trace. However, in the following figures in this
section, each of which cover only about 8 mils in length, the corres-
pondence between pit and trace is obvious since there is only a very
small difference in magnification and the width of the area covered is
small.

Figure 67 shows the areas on the polished surface covered by
the proficorder traces. To compare pit sizes and shapes between mater-
ials it was necessary to trace all specimens in corresponding areas so
that regions which had been exposed to the same cavitation flow regime
would be compared. Figures 68 through 81 are photomicrographs
( ~ 500X), with the corresponding proficorder traces for the mercury
specimens. A careful inspection of all of these figures indicates that
generally the individual pits are very symmetrical and are surrounded by

' No preferred orientation has

raised rims, i.e., they are '"craters.'
been observed for the raised rim formation, i.e., it occurs on all
sides, upstream and downstream, as often as not. In Figure 69, e.g.,
the surface area around the individual pits clearly is raised into the
form of a rim, as would be expected from a central load in excess of

the yield strength of the material. This type of pit formation, pre-
sumably due by its symmetry to a single bubble implosion, is very promi-
nent in this investigation in mercury, although sometimes obscured by
the damage in adjacent areas. In only one case (Figure 77) was a
fatigue-type failure observed, i.e., grossly nonsymmetrical failure,

presumably due to many blows of reduced violence. The "fatigue pit"

(trace #1) is triangular in shape and has a raised lip on the downstream
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Fig. 67.--Schematic of polished surface showing areas covered
by transverse and longitudinal traces.
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Fig. 71.--Photomicrograph and corresponding proficorder traces
of surface of specimen 4-Cb-1Zr, after 50 hours exposure to "standard
cavitation" in mercury at a throat velocity of 34 feet per second.
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Fig. 72.--Photomicrograph and corresponding proficorder traces
of surface of specimen 10-Cb-1Zr, after 10 hours exposure to '"standard
cavitation" in mercury at a throat velocity of 34 feet per second.
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Fig. 75.--Photomicrograph and corresponding proficorder traces
of surface of specimen 9-A (Ta-10W), after 10 hours exposure to "stand-
ard cavitation" in mercury at a throat velocity of 34 feet per second.
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Fig. 76.--Photomicrograph and corresponding proficorder traces
of surface of specimen 9-A (Ta-10W), after 10 hours exposure to "stand-
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Fig. 77.--Photomicrograph and corresponding proficorder traces
of surface of specimen 9-A (Ta-10W), after 10 hours exposure to "stand-
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Fig. 78.--Photomicrograph and corresponding proficorder traces
of surface of specimen 8-B (Ta-8W-2Hf), after 10 hours exposure to
"'standard cavitation" in mercury at a throat velocity of 34 feet per
second.
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Fig. 79.--Photomicrograph and corresponding proficorder traces
of surface of specimen 8-B (Ta-8W-2Hf), after 10 hours exposure to
"standard cavitation" in mercury at a throat velocity of 34 feet per
second.
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Fig. 80.--Photomicrograph and corresponding proficorder traces
of surface of specimen 8-B (Ta-8W-2Hf), after 10 hours exposure to

"standard cavitation" in mercury at a throat velocity of 34 feet per
second.
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Fig. 8l.--Photomicrograph and corresponding proficorder traces
of surface of specimen 24-E (Mo-1/2Ti), after 10 hours exposure to
"standard cavitation" in mercury at a throat velocity of 34 feet per
second.
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side. This is believed to indicate a surface failure produced by
fatigue action, which has loosened a slab, conceivably along grain
boundaries, and subsequently the slab was torn away by the flowing mer-
cury, leaving a raised lip on the downstream side. This type of failure
was previously observed and described in tests conducted several years
ago in this laboratory.40 This fatigue type of failure has been
observed only rarely for the mercury specimens. In many instances,
Figure 76, e.g., the damage has the form of very shallow craters, as
perhaps first discussed by Knapp,24 for aluminum, and is thought to be
the result of a single blow from a bubble collapse, which was not suf-
ficiently strong enough to cause material removal. On the other hand,
the other craters, which appear dark in the center and show a greater
depth to diameter ratio on the traces, are thought to be the result of a
single blow which was strong enough to cause material removal.

In an earlier investigation,46 where a few proficorder traces of
this type were compared with microsections through the traced pits, it
appeared that material was actually removed from such pits (contrary to
Knapp's guess),24 in that the volume of the depression exceeded that of
the raised rim. However, the margin of error for such measurements was
considerable. Since, on many specimens, this is essentially the only
type of damege observed, and a measurable weight loss exists, it is
further substantiated that material removal occurs in this type of dam-
age. As already mentioned, this type of damage appears to result from a
single blow to the surface, since the size and shape of these pits does

not change with additional exposure, while numerous other pits appear in
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adjacent areas. 1In the present study it has been observed that many
times smaller pits will appear on the rim of larger ones, and even
within the larger ones (Figures 69, 73, 75, 77, etc.). It is thus ver-
40
ified, as also previously reported, that the formation of pits in the
initial stages of cavitation damage is a locally random process, and
that gross material removal from cavitation damage, at least in the
present mercury tests, is the result of many superimposed individual
craters of this single blow type. The transition of this type of pit-
ting to the gross damage often found in prototype equipment can be seen
in Figures 78, 79, 80, and 81, where the craters are so close together
that even at 500X, the distinction of individual pits is hard to make.
To the unaided eye, this type of damage looks like a fog on the polished
surface.

Figure 82, typical of the nickel specimens, illustrates the
interplay between mechanical cavitation damage and the associated chemi-
cal attack, which may be enhanced by cavitation. The shspe of the dam-
aged areas is about the same as the mechanical damage areas of the
specimens already discussed, where there was very little, if any, chem-
ical attack. The individual pits of the nickel are very much deeper
than those previously discussed. However, there is nc visible attack
on the surface, other than in those areas where it was indicated by the
previously discussed specimens that cavitation damage wculd be expected.
Thus it appears that the chemical attack is accelerated by the mechani-
cal pounding due to cavitation, and the amount of damage is greatly

increased by the combined action of these intercoanected phencmena.



149

Flow Direction === .m

Trace Direction ===

Trace {2

Fig. 82.--Photomicrograph and corresponding proficorder traces
of surface of specimen 13-ni (as rec'd nickel), after 10 hours exposure
to '""standard cavitation' in mercury at a throat velocity of 34 feet per
second.



150

That the combined damage from corrosion and cavitation is considerably
greater than the summation which would be caused by the two mechanisms
working separately was clearly demonstrated by Plesset53 in a vibratory
facility. This general phenomenon appears to be very similar to stress
corrosion as encountered in many fields.

The depth to diameter ratios for all of the proficorder observa-
tions for which the tracer tip passed through the center of the pit are
listed in Table 6. These ratios do not depend very substantially on
type of material, being of the order 0.015 to 0.06 for most materials,
and ranging as high as 0.09 for one particular material, Mo-1/2Ti. This
lack of strong dependence on the material may be reasonable in that the
variation of mechanical properties between the materials tested in mer-
cury is not excessive. Presumably, if a very weak material could be
included (cr one weakened by a high temperature environment), the depth
to diameter ratio would be markedly larger. This has been observed in
fact in high temperature cavitation tests with potassium on stainless
steel48 and in certain particle or droplet impact tests where the depth
to diameter ratio increases with impact velocity.51 The larger depth to
diameter ratios for nickel are presumed due to the combined cavitation-
corrosion effects previously mentioned. It is again noted that the pits
on the nickel are roughly of the same diameter as those on the other
materials, indicating enhancement of corrosion in the area where craters
were formed.

The number distribution of pits versus pit diameter was also

examined on two materials tested in mercury, stainless steel and carbon
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TABLE 6

DEPTH TO DIAMETER RATIO FOR MERCURY CAVITATION PITS

Pit Diameter Pit Depth Depth/
Material (mils) (mils) Diameter
Tenelon (USS) 0.3 0.009 0.03
0.5 0.010 0.02
0.4 0.012 0.03
0.3 0.006 0.02
0.4 0.007 0.018
Average = 0.024
304 SS 1.8 0.035 0.02
1.0 0.012 0.012
1.0 0.027 0.027
1.5 0.034 0.023
1.0 0.025 0.025
Average = 0.021
Cb-1Zr (10) 0.8 0.037 0.046
1.5 0.035 0.023
0.5 0.017 0.034
Average = 0.034
Cb-1Zr (4) 0.8 0.027 0.034
0.7 0.030 0.043
1.5 0.050 0.044
Average = 0.040
Ta-10W (9-A) 0.3 0.018 0.06
0.6 0.027 0.045
0.8 0.015 0.02
0.2 0.007 0.003
1.0 0.009 0.009
0.3 0.008 0.027
0.6 0.015 0.025
0.8 0.013 0.017
1.2 0.037 0.03
0.5 0.019 0.038
Average = 0.027
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TABLE 6--Continued

Pit Diameter Pit Depth Depth/
Material (mils) (mils) Diameter
Ta-8W-2Hf (8-B) 1.0 0.032 0.032
0.4 0.017 0.043
0.2 0.012 0.06
0.4 0.023 0.058
0.5 0.025 0.05
Average = 0.049
Mo-1/2Ti (24-E) 0.3 0.010 0.093
0.25 0.006 0.024
Average = 0.055
As Rec'd Nickel 0.5 0.115 0.23
(13-ni) 0.3 0.085 0.28
0.25 0.075 0.15
0.3 0.090 0.30

Average

i
o
N
N
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steel, in considerable detail. Figures 83 and 84 show the results of
this study, made at 500X.

The maximum number density lies in the size range of 0.025 to
0.25 mils. As already indicated, the diameter of bubbles in contact
with the surface ranged from -~ 5 to .~ 30 mils, showing that the pits
are about 10-2 times as small as the bubbles. It is thus indicated, as
expected theoretically, that the bubbles collapse to very small sizes
before the damage is produced, or that the central jet produced from a
nonsymmetrical collapse covers a very small area compared with the ini-

tial bubble size.

2. Water Facility Damage Specimens

The general areas traced by the proficorder for the following
specimens tested in the water facility and the general procedure fol-
lowed is the same as that listed in the previous section for the mer-
cury facility. However, one additional difficulty was encountered in
the course of the specimen examination, in that the tracemarks of the
stylus tip were not visible on most materials. Thus it is not possible
to obtain photomicrographs of the exact areas traced in most cases.
Typical photomicrographs at ~ 500X and typical proficorder traces are
presented of the damage in water for comparison to those for mercury.

The difficulty in locating the tracemarks on the surface of the
water specimens is believed due to the following: The surfaces may be
harder due either to additional coldworking of the surface layers in
water by the cavitation which takes the form of larger numbers of less

energetic bubbles so that the surface layer is more resistant to marking
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by the stylus (evidence of such an increase in surface hardness has been
observed in this laboratory). Also, in general, the pits are more
numerous and the surface correspondingly more roughened, making location
of the traces more difficult. In mercury, individual pits are more pre-
dominant in a rather flat surface.

Figures 65 through 90 are photomicrographs and proficorder
traces of typical damage areas on several materials from the water
facility. As mentioned earlier, the damage consists of pits which are
elongated in the direction of flow on almost all of the materials.

Also, in general, there is a predominant 1lip on the downstream side of
the pit, due presumably to the application of a force slanted ia the
downstream direction. In addition, it was observed (Fig. 88, e.g.) that
transverse traces exhibit no preferential location cf the rim, i.e., the
transverse traces show predominantly that a rim is present either on
both sides of the pit or on one side or the other in essentially equal
numbers, thus eliminating the possibility that the rim indications are
die to peculiarities of the tracing mechanism. These cbservations are
consistent with the earlier discussed damage mechanism consisting of an
unsymmetrical bubble collapse with the formation of a jet, oriented by
the flow into a partially downstream direction.

The depth to diameter ratio for the water cavitation pits has
also been tabulated from the proficorder trace data, althcugh it was not
possible to determine whether the stylus had passed through the pit
centerline or not, due to reasons presented earlier. However, enough

pits have been examined to give a good statistical indicaticn of the
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Fig. 85.--Typical photomicrographs and typical axial proficorder
traces of cavitated surface of specimen No. 139-3 (304 SS) after 100
hours in water at a throat velocity of 200 ft./sec. for ''standard cavi-
tation" (a) nose area, (b) tail area.



158

Flow Dir?CtiQn~—~ﬁb

e e
Trace Direction

o
e gy A g f S = B
e W * ; H B -
i/ 7
W
¥
. R e i ]
o
P4 -
I
1%
v v .
y 4 "ows o
S
. ; "
1721

Fig. 86.--Typical photomicrographs and typical axial proficorder
traces of cavitated surface of specimen No. 1-F (Tenelon) after 100 hours
in water at a throat velocity of 200 ft./sec. for 'standard cavitation."
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Fig. 87.--Typical photomicrographs and typical axial proficorder
traces of cavitated surface of specimen No. 2-Cb-1Zr (Columbium-17%
Zirconium) after 100 hours in water at a throat velocity of 200 ft./sec.
for '"standard cavitation'" (a) nose area, (b) tail area.
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Fig. 89.- Typical photomicrographs and typical axial proficorder
traces of cavitated surface of specimen No. 8-cn (as rec'd copper-
nickel) after 100 hours in water at a throat velocity of 200 ft./sec.
for "standard cavitation'" (a) nose area, (b) tail area.
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Fig. 90.--Typical photomicrographs and typical axial proficorder
traces of cavitated surface of specimen No. 85-ni (low ht. trt. nickel)
after 100 hours in water at a throat velocity of 200 ft./sec. for
""'standard cavitation."
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actual situation. The general range of values for this ratio (Table 7)
compares quite closely with the mercury data presented earlier. Maximum
and minimum values are 0.06 and 0.0lrrespegtiyely.’ It is indicated in
general that pits in the weaker materials show a greater depth to diam-
eter ratio from similar blows, as stated in the discussion of the mer-
cury data. The measured diameter data (taken as the length of
depression from the proficorder trace) could be misleading, considering
the elongated shape of the pits, since the direction of trace compared
to the orientation of the pit is not precisely known in most cases.

A detailed pit size distribution was made for stainless steel
tested in water and is presented in Figure 91, where it is observed that
the majority of pits on this material are in the size range below 0.1
mils, with no apparent lower limit. Thus; in addition to the overall
volume loss being about the same for this particular combination of con-
ditions in mercury and water, the indiviaﬁal pit sizes are also about
t he same and are distributed in similar size ranges. This would seem
toc indicate that the same type of bubble collapses are present in these
two fluids, and that cavitation damage in-general is not dependent on
type of fluid other than as the choice of fluid results in different
fluid dyrnamic situations during bubble collapse (assuming chemical
effects are negligible). Such a change in fluid dynamic regimes would
be expected in the present case between mercury and water under identi-
cal flow situations where, for instance, the suppression pressures
present for bubble collapse would be higher in mercury if the same vel-
ocity were maintained due to the density difference, and the damage in

mercury would presumably be greater.
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TABLE 7

DEPTH TO DIAMETER RATIO FOR WATER CAVITATION PITS

Pit Diameter “Pit Depth Depth/

Material (mils) (mils) Diameter
304 SS 0.3 0.007 0.023
(139-3) 0.5 0.007 0.014
0.2 0.003 0.015

0.2 0.002 0.010

0.3 0.018 0.060

0.1 0.003 0.030

0.2 0.004 0.020

0.1 0.002 0.020

0.2 0.004 0.020

0.4 0.010 0.025

0.2 0.008 0.040

0.1 0.005 0.050

0.2 0.004 0.020

0.2 0.003 0.015

0.1 0.003 0.030

0.1 0.004 0.040

0.6 0.018 0.030

Average = 0.027

Cb-1Zr (2) 0.4 0.011 0.028
0.4 0.007 0.018

0.2 0.008 0.040

0.3 0.009 0.030

0.5 0.007 0.014

0.3 0.010 0.033

0.5 0.022 0.044

0.4 0.017 0.043

0.2 0.010 0.050

0.2 0.009 0.045

0.3 0.013 0.043

0.2 0.006 0.030

0.3 0.010 0.033

Average = 0.035
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TABLE 7--Continued

Pit Diametér Pit Depth Depth/

Material ~ (mils) ‘ ‘(mils) Diameter
Tenelon (USS) 0.2 0.005 0.025
(1-F) 0.2 0.005 0.025
0.1 0.003 0.030

0.3 0.007 0.023

0.2 0.005 0.025

0.1 0.003 0.030

0.3 0.008 0.027

0.25 0.006 0.024

0.2 0.005 0.025

0.2 0.003 0.015

0.2 0.003 0.015

0.1 0.002 0.020

0.2 0.002 0.020

0.25 0.003 0.012

0.4 0.008 0.020

0.4 0.018 0.045

Average = 0.022

Copper-Nickel 0.2 0.018 0.090
(As Rec'd.) 0.3 0.015 0.050
(8-cn) 0.2 0.005 0.025
0.3 0.008 0.027

0.5 0.008 0.016

0.4 0.008 0.020

0.2 0.006 0.030

0.6 0.022 0.037

0.4 0.024 0.060

0.5 0.015 0.030

0.3 0.010 0.033

0.4 0.022 0.055

0.2 0.011 0.055

0.4 0.010 0.025

0.4 0.018 0.045

0.4 0.012 0.030

o
o
w
O

Average =




TABLE 7--Continued
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Pit Diameter Pit Depth Depth/

Material (mils) (mils) Diameter
Nickel 1.2 0.019 0.016
(L. Ht. Trt.) 0.7 0.015 0.021
(85-ni) 0.5 0.012 0.024
1.8 0.037 0.021

0.3 0.007 0.023

0.4 0.007 0.018

1.0 0.024 0.024

0.8 0.016 0.020

1.0 0.042 0.042

1.2 0.018 0.015

Average = 0.022
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If one considers the unsymmetrical bubble collapse and resultant
fluid jet as the major damage mechanism, as it is observed in this
investigation, then it should be possible to draw some confirming con-
clusions from analogous droplet impact tests. An examination of several
pertinent reports from this type of study reveals that in general the
type of damage sustained due to drcplet impact forces is quite similar
to the damage observed in this investigation. In particular, damage
consisting of individual pits with raised rims are reported by Engel51
where the fluid and material used were mercury and copper respectively.
It was noted that the craters produced in this case are dependent on the
size of droplet and the velocity of impact. It is also noted that the
depth to diameter ratio, scaled from figures preseated, is 0.60, 0.286
and 0.083 for velocities of 2445, 1200 and 695 feet per second. The
lowest of these is comparable tc the range of values observed in the
present investigation, indicating an impact velocity of ~ 600 feet per
second for the cavitaticn craters. It is apparent that the larger depth
to diameter ratios reported for ths mercury impsct pits result for the
larger droplet velecities, which are presumably larger than occurring in
the cavitation case. It is encouraging to note that the ratio decreases
with decreasing droplet velocity, indicating that it is not unrealistic
to expect, with jets from bubbles of the size observad, that this shal-
lower cavitation damage is indeed the result of this hypothesized mecha-
nism, but with jet velocities lower than used in the impact tests,
Cavitation pits in stainless steel from high temperature potassium have
been reported48 which have the same shape as the higher valccity impact
pits repnorted above351 further confirming the hypothesized mechanism of

impact in the cavitation case.



CHAPTER V

CAVITATION DAMAGE DATA CORRELATIONS

A. Mercury Damage Data Analysis
Versus Mechanical Properties

1. General

To obtain a better understanding of the damage mechanisms, it is
useful to attempt to correlate the damage data with the mechanical prop-
erties of the test materials. Unfortunately, only the data from the
present tests can be used appropriately, since systematic tests wherein
the presently required material mechanical properties have been measured
do not as yet exist in the literature. The use of nominal handbook
values for standard materials listed in previous investigations has been
found far too inaccurate to be useful.

A digital computer program which was available,47 consisting of
a relatively sophisticated least mean square fit regression analysis
incorporating simple learning techniques, was employed for the data cor-
relation. The general description and unique operational features of
the program are described in Appendix D. Ten applicable properties of
the test materials and/or fluids were selected either because previous
investigators had attempted correlations with respect to them, or

because they were involved in hypothesized damage mechanisms. These

169
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independent variables were utilized in the program with ten allowed
exponents, +1, +2, +1/2, +3, t1/3. The selected variables are listed in
Table 8, and their precise definitions are found in Chapter II.

2. Single Property Correlations

The first analysis of the damage data was performed with respect
to each property individually to determine the relative importance of
each alone with respect to the observed cavitation damage. The ten
variables considered, along with the best predicting equation generated
by the program for each variable and the corresponding coefficient of
determination and standard error, which indicate the degree of correla-
tion and the degree of fit or data scatter around the mean respectively,
obtained between the best fit curve and the data, are listed in Table
8-A. No good single property correlation of the mercury data is
obtained. However, true breaking stress exhibits the best fit. The
rast of the variables are listed in order of significance of the fit
obtained with the datz. In the following tabulations of this type, no
predicting equation will be listed if the coefficient of determination
values are less than 0.5, as a value of 0.95 or better is indicative of
a good correlation, and a predicting equation for anything less than
0.5 would be misleading.

3. Multiple Property Correlation

Next, the relation between the damage data and a combination of
all ter variables, raised to the ten above-mentioned exponents, was
examined. The resultant best predicting equation is shown in Table 8-B.

The data correlates best with a combination of true breaking stress and
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TABLE 8

B. BEST CORRELATION WITH ALL TEN PROPERTIES CONSIDERED

MDP = - 0.064 + 0.34x102(ms)'1/2 - 0.17x109(TS)'2 + 0.74x108('1:133)'2
Coefficient of Determination = 0.994
Standard Error = 0.00188
Maximum Absolute Deviation = 0.0034

Maximum Percent Deviation = 44.,.56%
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tensile strength. This is a reasonable result. The type of damage
observed on these materials, i.e., crater-type pitting, indicates that
cavitation damage resistance would likely be a function of the ultimate
strength of the material and a property associated with the plastic flow
of the material at stresses above the proportional limit, as e.g., true
breaking stress. The degree of fit of the data to this predicting equa-
tion is shown in Figure 92, which also serves as an illustrative example
of the degree of fit and amount of data scatter indicated by particular
values of the coefficient of determination and the standard error as
reported later.

B. Water Damage Data Analysis
Versus Mechanical Properties

1. General

The procedure already described for mercury was followed in the
analysis of the water damage data. In addition to the full data analy-
sis, since many more materials were tested in water than in mercury, an
analysis was also performed using only those data for which comparable
mercury data existed. Next, the remaining data was treated alone. Thus
a direct comparison between water and mercury effects are afforded using
precisely the same test materials for each fluid. In these two particu-
lar systems, and at the chosen test conditions, the water and mercury
damage is very similar, as already mentioned, both in amount and type.
The carbon steel water cavitation damage data has been deleted from
this analysis since significant corrosion effects exist in water for

this material.
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2. Single Property Correlations

The relative importance of each mechanical property considering
the full set of water data was examined as with mercury. They are
listed in Table 9-A, in their relative order of significance. The best
fit is obtained with the acoustic impedance ratio between material and
fluid.* However, nearly as good a fit is obtained with elastic modulus,
indicating that this term which appears in the definition of the acous-

tic impedance (see Appendix D) may be of primary importance as compared
to the other terms in the acoustic impedance ratio. A set of single
property correlations (Table 9-B) for the water data on materials also
tested in mercury shows that again a very good fit is obtained with
elastic modulus and also with percent reduction of area, although the fit
with acoustic impedance for these materials is quite poor, as it was in
mercury. The analysis of the remainder of the water data (i.e., those
materials tested in water only--Table 9-C) shows that the correlation
with elastic modulus and acoustic impedance again is very good. How-
ever, there is no reasonably good correlation with any other single
property.

3. Multiple Property Correlations

The excellent fit of the acoustic impedance parameter was over-
riding in the multiple property analysis, and in view of the close com-

parison of this parameter to the elastic modulus, it was decided to

I

“Chosen as a coupling parameter between fluid and material, and
related to the ratio of reflected to transmitted energy as liquid shock
waves or jets impinge on the solid.
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examine the correlation with only the other nine variables, all of
which are actual mechanical properties of the specimens, not involving
fluid properties. Considering the full set of water data, the resulting

best fit predicting equation is:

MDP - -27.75 + 0.563x10°2(E) > - 0.118x10%7 (E) "2 + 0.885x10° (E) "L
+0.316x10 °(E) + 0.186x10°(x8) "% - 0.849x107 (TBS) "1/ 2
where
Standard Error = 0.0547
Coef. Determination = 0.993
Maximum Absolute Deviation = 0.176
Maximum Absolute 7 Deviation = 1111.9

A correlation was also determined for the two subsets of water
data, i.e., those for which comparable mercury data existed, and those

remaining. The best correlation for the former is:

MDP = 0.887x10"23(E)> - 0.274x10 2 (B) 2 + 0.70x10 (TsE) "1/?
where

Coefficient of Determination = 0.9993

Standard Error = 0.00108

Maximum Absolute Deviation = 0.00276

Maximum Absolute 7 Deviation = 105.7

The other subset of water data, consisting of those materials

tested only in water, produces the following predicting equation:
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MDP = 0.273 + 0.239x10%(AcImp)> - 0.104x10’ (TBS) ~2

+0.217x1023(rs) 3 - 0.169x10%(E) "1/2
where
Coefficient of Determination = 0.9949
Standard Error = 0.0651
Maximum Absolute Deviation = 0.1735
Maximum Absolute 7% Deviation = 604.3

C. Discussion and Conclusions

It was found that no good correlation existed between any single
mechanical property and cavitation damage in the mercury tests. In the
water tests the elastic modulus did correlate very well with the
observed damage. The resultant multiterm predicting equation also is
dominated by terms involving the elastic modulus, and shows that MDP
decreases as E increases. This correlation with E may indicate that the
damaging mechanism is very local in nature. Thus a material capable of
substantial deflection under load without permanent deformation would
not be damaged. This suggests the possible influence of a rigidity
parameter, in addition to E alone, as the ratio of yield strength to
elastic modulus which is the maximum possible nonpermanent deformation
for the material. However, a check of this parameter as a sirgle cor-
relating parameter produced a coefficient of determination of only 0.18
for the full water data set and 0.69 for the mercury data set. However,
the local nature of the damaging mechanism is consistent with the

already discussed hypothesized damage mechanism wherein a central jet
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along the axis of symmetry of a nonspherical collapsing bubble impinges
upon the surface to be damaged, in that the penetrating range of such a
microjet at full strength is very small.

E did not appear in the multiterm predicting equation for mer-
cury, perhaps because it does not vary significantly between the materi-
als tested in mercury, and also perhaps because the data used for E for
the refractory alloys may not be sufficiently precise to allow a good
correlation with E, if it did exist, over the narrow range of variation
available.

In the full set and one of the subsets of water data, a good
correlation was obtained with acoustic impedance ratio, showing that as
this increased, damage also increased. This is consistent with the
variation of damage with elastic modulus, since E appears in the denomi-
nator of the acoustic impedance ratio. For a given material, the pre-
dicting equation for acoustic impedance indicates that damage should be
greater with mercury than water, other things being equal, which is
probably the case. However, it does not explain the qualitative obser-

40
vation previously made in these tests that plexiglas is relatively
resistant to damage in water (as compared with the metals), but compar-
atively nonresistant in mercury. In any case, it is indicated that
further understanding might be achieved by tests in which elastic modu-
lus and acoustic impedance were varied singly over large ranges. This
could be a key approach for future investigations after the present
study.

Since no good physical explanation of the apparent correlation

with elastic modulus can be advanced at present, and since the amount
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of variation in this parameter is relatively small as compared to the
other variables, the data was further analyzed with neither acoustic
impedance or elastic modulus allowed as a variable. In this case, a

best fit curve was generated as follows:

10/3 -1/3 1/2

MDP = 2.706 - 0.189x101%/3(Ts) + 0.209x10%(TS) ~

- 0.116x10°(ys) ~1/2

where
0.560 (i.e., essentially no

meaningful degree of
correlation)

i

Coefficient of Determination

0.415

it

Standard Error

fi

Maximum Absolute Deviation 0.145

i

Maximum Absolute 7% Deviation 10,698.9%

It is thus not possible to correlate the water data with any
function of the other eight variables when elastic modulus and acoustic
impedance were dissallowed. This could indicate that some mechanical
property not yet considered is significant. As an example, properties
difficult to include quantitatively as ability to be cold worked, or
corrodibility may be important.

From a consideration of the types of damage observed it was

26
anticipated, in connection with the present study, that two or more
properties in combination would be required to predict the damage, and
that these would include a strength and an energy property. As already
mentioned, the mercury damage data correlates well as a function of
tensile strength and true breaking stress. This is consistent with the

argument presented above, since true breaking stress involves strength

and ductility, and hence, is related to failure energy.
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The subset of water data for materials not tested in mercury
includes the weaker materials for which, in some cases, three heat
treats were utilized. For many of these materials the tensile strength
increases as the strain energy is decreased, according to the different
heat treatments, although the steels and refractory alloys, tested both
in mercury and water, behave in the opposite manner. The material sub-
set not tested in mercury was chosen partially to allow a selection
between the strength and energy property effects. As it results, the
best fit equation for these materials includes, in relative order of
importance: acoustic impedance, true breaking stress, tensile strength,
and elastic modulus. Again, the correlation was possible only with a
combination of strength and energy properties, as true breaking stress
and tensiie strength, which were also involved in the mercury correla-
tion. However, the surprisingly predominant effect of elastic modulus
and acoustic impedance is still not clearly understood. The full set
of water data correlated similarly as a function of elastic modulus,
tensile strength and true breaking stress, although in this case accus-
tic impedance did not appear.

Several conclusions can be stated as a result of the foregoing
analysis:

1. No single mechanical property correlates well with the mercury
damage data. However, elastic modulus correlates well with
both water subsets and with the full set, and acoustic impedarnce
with the full set and one of the subsets. Acoustic impedance
does not correlate for that subset of materials for which strain

energy increased as strength increased.
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Fairly good correlations are possible for a combination of ten-
sile strength and true breaking stress in mercury, and of ten-
sile strength, true breaking stress and elastic modulus in
water,

The correlation is best in both fluids for those materials that
have the highest strength properties. An examination of the
standard errors for the predicted results shows that there is
more scatter in the data for the weaker materials. Since these
are more susceptible to handling damage, it is conceived that
errors introduced in this fashion may be significant.

The absence of certain mechanical properties in the correlations
is significant, i.e., yield strength (which is generally propor-
tional to fatigue limit) does not occur, further substantiating
the conclusion that single-blow craters, rather than multi-blow
fatigue failures, are predominant in these tests.

Hardness also does not appear, although in general increas-
ing hardness indicates increasing cavitation damage resistance.
Apparently the numerical hardness values within a given range
and the various hardness scales are not sufficiently rationally
related.

Since cavitation-induced loading is of a highly transient
nature, it is not surprising that some difficulty is encountered
when attempting to correlate cavitation damage with the semi-

statically determined mechanical properties. However, in
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general, suitable dynamically measured property values are very
difficult to obtain. Nevertheless, investigations such as the
present one can assist in the selection of properties for which

dynamic values might be obtained in a future investigation.



186

CHAPTER VI

CONCLUSIONS

Many detailed conclusicns have been drawn thrcughout the body of
the report; however, the major conclusions from the overall investiga-

tion are summarized below.

A. Pressure Profiles

The measurements of pressures on the test specimen surfaces have
shown that in general the venturi wall pressure profile measurements can
be adequately assumed to represent the pressure profile along the ven-
turi and on the test specimens. A very much larger axial pressure
gradient has been measured on the test specimen surface for an unsym-
metrical two-specimen arrangement than for a symmetrical two-specimen
arrangement in the same venturi inm mercury and for the same apparent
termination of the cavitation cloud. This observation tends to explain
the larger amount of damage, observed in earlier tests in this labora-
tory using this equipment, than was obtained in the present series.

It has been observed that similar pressures above vapor in
water and mercury on the test specimen surfaces result in similar quan-

tities of damage, as might be expected. However, the velocities to
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produce these pressures were of course far different and, as it happens,
the system specimen geometry differed to some extent. Very approximate
theoretical treatments indicate that more damage should occur in the
mercury system, under identical velocity and geometry conditions; this
is not contradicted in the present case.

Minor geometrical changes can apparently result in major

changes in local flow parameters affecting bubble collapse during

B. High-Speed Motion Pictures

In the mercury system, it has been observed from the high-speed
pictures that there exist on the order of 103 to 104 bubbles adjacent to
the specimen surface per pit formed, and similar observations have been

52
made by other investigators  using other test systems. Thus a damaging
bubble collapse must involve a highly selective process separating the
very large number of nondamaging bubbles from the very few which produce
damage .

It has further been observed in the mercury that some bubbles
detach from the relatively steady-state void at the ncse of the speci-
men, travel along the corner formed by the test specimen radial sides
and the venturi wall, and transform from a nonsymmetrical to a circular
shape as they collapse at a slight distance from the test specimen.
Since the bubbles observed in mercury must be in contact with the view-
ing surface, only their contact area can be viewed, and it is not pos-

sible to determine their behavior in the dimension normal to the viewing

surface. All bubbles that were observed to collapse on the polished
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surface of the test specimen were observed to retain a circular shape
during collapse to as small a diameter as was visually observable. How-
ever, the technique of observation did not allow a determination of the
retention of symmetry to critically small diameters where nonsymmetries
might conceivably occur.

In the water tests, no bubbles were observed to contact the
polished surface in the area of maximum damage during the short time
sample available (less than 1/20 second per 100 foot roll of Fastax
film) . However, an estimate of the probable numbers of bubbles in the
area, by extrapolating from regions where bubbles were observed, con-

firms the large bubble to pit ratio observed in the mercury tests.

C. Specimen-Fluid Contact Measurements

The unique technique employed to observe the amount and location
of contact between the specimen surface and the fluid in the mercury
system confirmed the observations from the motion picture analysis that
thers exists very little, if any, contact betﬁeen the fluid and specimen
near the nose where the mction pictures indicated essentially a continu-
ous void. Alsc, this technique indicated almost continuous contact
betwzen the specimen and fluid at the tail of the specimen where the
motion pictures indicated very few bubbles in contact with the surface.

D. Typical and Detailed Analysis
of Damage to Specimens

It was found that the type of damage inflicted was very similar

in the two different fluid systems. The damage appeared as craters
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with raised rims, as have also been observed in many droplet and par-
ticle impact tests by other investigators. Due to the symmetry of the
craters, and the fact that they do not change in any way if exposed to
further cavitation,40 it must be concluded that the damage is the result
of single blows. A rim predominantly on the downstream side of the
craters was observed in the present series of water tests as it had been
in a previous study in this laboratory.40 The nonsymmetrical location
of the rim lends support to the unsymmetrical bubble collapse with
resultant fluid jet damage hypothesis, as opposed to the shock wave
impingement hypothesis. The similarity in amount and type of damage due
to two different fluids leads to the conclusion that the effect on dam-
age from different fluids, chemical effects excluded, stems from the
different flow regime which may be afforded, and the resultant driving
pressures for bubble collapse.

The size range of pits (predominantly less than 0.1 mils diam-
eter), compared to the observed bubble sizes, confirms the belief that
damage is produced in the very final stage of bubble collapse which is,
of course, the most difficult portion to observe.

Comparison of the depth to diameter ratios for the two fluids
with those from impact type tests51 leads to the conclusion that the
damage is produced by an impact mechanism in the later stages of bubble
collapse, and that probable velocities of impact in mercury are on the
order of 600 ft./sec. Assuming the "water hammer equation' to give a
first approximation to pressure exerted by an impacting drop on a solid

surface, then since the velocity of sound in water and mercury is about



190

the same, a water velocity necessary to create the same force would be
scaled up in proportion, i.e., about 8000 ft./sec.

A recent article from water jet impact tests54 with velocities
in the 2500 to 3500 ft./sec. range reports damage of an almost identical
type to that observed in the present investigation. The profiles of
pits reported54 are strikingly similar to those presented herein which
fact lends very strong support to the unsymmetrical bubble collapse with
a resultant fluid jet damage hypothesis being the contributing factor in

the cavitation damage case as subscribed to in this investigation.

E. Damage Data Versus Mechanical
Property Correlations

The analysis of the mercury damage data showed that it was not
possible to correlate the observed damage with any single mechanical
property. In the water damage data analysis, it was found that either
elastic modulus or acoustic impedance correlated well with the full set
of materials. A fairly good correlation was found in terms of a func-
tion of tenmsile strength and true breaking stress in mercury, and as a
function of tensile strength, true breaking stress and elastic modulus
in water. Accelerated corrosion effects were noted for three nickel
alloys in mercury and for carbon steel in water, attributed to the
interplay of mechanical forces applied to the surfaces from the cavitat-
ing flow regime and ordinary corrosive action. The fit of the acoustic
impedance parameter in two of the three water data sets, and elastic
modulus in three, indicates that further studies where these two param-
eters were singly varied over larger ranges would be rewarding in deter-
mining whether such a correlation exists over a larger range of differ-

ent materials.



APPENDIX A

DEFINITION OF CAVITATION CONDITIONS

The degree of cavitation as defined in the overall damage inves-
tigations in this laboratory and in this particular investigation differ
between mercury and water. In the mercury venturi, where only two
specimens are used, cavitation initiates at the throat outlet for all
velocities used thus far, and the degree of cavitation applied to the
mercury tests describes the extent of the cavitation cloud starting at
the throat outlet and extending downstream to the point indicated, i.e.,
"cavitation to nose' is self explanatory. However, in the case of
water, where three specimens are used, thus presenting more blockage to
the venturi, the cavitation cloud initiates on the nose cf the specimens
and extends downstream to some point arbitrarily labeled by the degree
of cavitation terminology. The first visible manifestation of cavita-
tion occurs on the nose of the test specimen, and thus the term 'visible
initiation" was applied in this case. Then, succeeding degrees of more
fully developed cavitation followed the old progressiocn, regardless of
the termination point on the specimen. The following are the defini-

tions of the degrees of cavitation as used in this investigation:

Mercury

Visible Initiation - continuous ring of cavitation at the throat
outlet, about 1/8" long.

191



Cavitation to Nose

Standard Cavitation

Cavitation to Back

Water

Visible Initiation

Cavitation to Nose

Standard Cavitation
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cavitation cloud extends from throat outlet
to termination at the nose of the specimen.

cavitation cloud extends from throat outlet
to termination at the middle of the
specimen.

cavitation cloud extends from throat outlet
to termination at the rear of the specimen.

cavitation cloud extends from nose of speci-
men to a point downstream on specimen about
1/8" long.

cavitation cloud extends from nose of speci-
men to termination at the middle of the
specimen.

cavitation cloud extends from nose of speci-
men to termination at the rear of the
specimen.

From the pressure profile data in this report, the correspond-

ence between water and mercury from a standpoint of degree of cavitation

is as follows:

Mercury Condition
(2 spec.)
Cavitation to Nose

Standard Cavitation

Cavitation to Back

corresponds to Water Condition

(3 spec.)
-- Visible Initiation

-- Cavitation to Nose

-- Standard Cavitation

This would result in the pressure gradients on the surfaces and

the termination points on the surfaces being approximately the same for

corresponding conditions from water to mercury.



APPENDIX B

COMPUTER ANALYSIS OF PRESSURE PROFILE DATA

The computer program used to reduce the raw pressure data taken
during the venturi pressure profile portion of this examination is
listed below. The program is based on earlier work in this laboratory,
40 o N .

another thesis investigation currently under way, and several modi-

fications incorporated for the present investigation. A typical set of

pressures and the resulting computer output is also presented below.

193



194

SCOMPILE MADSEXFCUTES1/0 DUMP4PRINT OBJECT$PUNCH OBJECT

REGIN
|SEGINT
START

CON(Y)

CON(?)

CON(3)

CON(4)

CONI(5)

SPN(1)

SPN(2)

SPN(3)

INFO

R
R PRESSURF PROFILF DATA REDUCTION PRCGRAM MJR THESIS
R

INTEGER CONDoNRD sNPTsNRSsRPMoF Lol s JdaKaL sMaNsDEXsTUTALWKEPEAT
1SHTNO s “PFCsCORRsTPC1TPC2

REPEAT = 1

VIS X(1)1==2e00090610091022692¢27192e97992¢784950166936354
136166924540944131964000

READ NDATA TOTAL

NEX = 1

READ FORMAT IN19COND9SPFCoHBsHC yNRDaNPT9yNRSyTEMP ¢ INCH sGPMy
1FLsRPMsSHTNOWDT

VIS INT = $21392F8e4931393F 763y I13915418sFT764%%

PRINT FORMAT HEAD

VIS HEAD =$1H19S550933HPRESSURE PROFILE RUNSs MJUR THESIS*S

WIR FL «Fe 1

PRINT FORMAT LIQ1

VS LIQY1 = $1HO0sS10s19HTEST FLUID IS WATER*$

O'FE

PRINT FORMAT LIQ2

VIS 1LTQ2 = $1HNsS10921HTEST FLUID IS MERCURY#*S

Erp

TRANSFFR TO CON(COND)

PRINT FORMAT ZFRO

V'S ZERO = $1H0OsS10s38HCAVITATION CONDITION = ZERO CAVITATION
1#%

TRANSFFR TO SPN(SPFEC)

PRINT FORMAT VIS

VtS VIS = $1H09S109s41HCAVITATION CONDITION = VISIBLE INITIATI
1ON*%

TRANSFFR TO SPN(SPEC)

PRINT FORMAT NOSF

V'S NOSF = 3$1HNsS10+41HCAVITATION CONDITION = CAVITATION TCO N
1OSF*% _

TRANSFFR TO SPNI(SPFEC)

PRINT FORMAT STD

VIS STD = $1HO»S10e42HCAVITATION CONDITICN = STANDAKRD CAVITAT
1I0N*$% :
TRANSFFR TO SPNI(SPEC)

PRINT FORMAT BACK

VIS BACK=$1H0+S10s41HCAVITATION CONDITION = CAVITATIUN TU BAC
1K*%

TRANSFFR TO SPN(SPEC)

PRINT FORMAT ONF

VIS ONF = $THDeS10942HNUMBER OF TEST SPECIMENS IN VENTURI
1ONF *#%

TRANSFFR TO INFO

PRINT FORMAT Tw0

VIS TWO = $1H09S10s42HNUMBER OF TEST SPFECIMENS IN VENTURI
ITWO*$

TRANSFFR TO TINFO

PRINT FORMAT TRE

V'S TRF = $1HO0sS1Cs44HNUMBER OF TEST SPECIMENS IN VENTURI
1 THREF*$

PRINT FORMAT CONDSsTEMPsHB9HCe INCHIGPMoaRPMy SHTNU

VIS CONDS=%1H09S14922HTFMPERATURF = FT7e392h F/1H +S14
19?22HPAROMFTRTIC PRFSSURF = FBe&498H MM  HGe/1H 951492 2HHFIGHT C
20RRECTION = FBa&eylOH MM  FLUID/1R 98144224HFLOW RATF
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2 = F7e3914H INe FLUID OR EF74394H GPM/1H 9S14922HPUMP SPEED
4 = 1594H RPM/IH 9S14426HORTGINAL DATA ON SHEFT NO.IS8
5#%

VI(2) = NPT

V2(2) = NPT

PRINT FORMAT TAPS

V'S TAPS = $1HO9S2594HV-IN9S494HP=0095393HP-095493HP-19S5493MHS
1=195493HP-295493HS=295493H5-39S493HP-395493HP-495493HP=5953
25HV=-0UT#¢

READ FORMAT TN?2sPTD(191)eeePTD(NRDINPT)

VIS IN? = S(6FTe2/6F7e2)%%

PRINT FORMAT OPTM

VIS OPTD1 = $1H09543926HCRIGINAL PRESSURE TAP uATA%%

PRINT FORMAT QPTD2sPTD(191)eeePTD(NRDINPT)

VIS OPTD2 = $1HO09S23912F7e2/(S24912FT7e2)%%

AT = 3,1416%¥(DTePe2e¢0)/57640

B = 0s002228/AT

WIR FL oFe 1

TRANSFER TO BETALA

O'F
TRANSFFR TO RETA?
Fri
RETATA DEN = 140409%6243685/TEMP WP 40401085

WIR TEMP oLFe 113,
LNVP = 24303 + 0e03175%(TEMP = 5040)
O'E
LNVP
ErL
VAP = EXPe (LNVP)*#(14e7/7604)
TRANSFFR TO GAMMA

44290 + 0e0261%(TEMP = 113e0)

HETAZ2 DEN = (13e45708-0e001448%(TEMP=504))%6243689
WHFNFVFR TFMP oLLFe 158,
VAP = 040

TRANSFFR TO GAMMA
OR WHENFVFER TEMP +Ge 158
TRANSFFR TO FRROR 1

END OF CONDITIONAL

GAMMA PC = HB#(1447/760) + HC*¥DEN/17284
VT = GPM#*R
KE = (VT ePa?e)/6bek

THROUGH DFLTAs FOR I=1s19]eGeNRD
THROUGH DFLTAs FOR J=1919JeGeNPT
NPSH(TsJ) = (PTD(IsJ) + PC - VAP)I*#144e%]14/DEN
DELTA NRMPR(T4J) = NPSH(IsJ)/KE
PRINT FORMAT INFO?
VIS INFO2=%1H09532936HTHF UNCORRECTED NORMALIZED PRESSURESH*S
PRINT FORMAT OUT2s NRMPR(191)eeeNRMPR(INRDINPT)
VIS QUT?2=%1HC 9523 12F 704/ (5249 12F Tett)#%
PRINT FORMAT QUT3, VT
V'S QUT3=31H0sS14918HTHROAT VELOCITY = r7e4297H FT/SECH*Y
READ FORMAT IN3sCORR9TPCleTPC2eLTHLSLTH29mULT
VIS IN3 =5(31543F7e4)*$
WIR CORR oEo 2
T'0Q ZETA
Q'F
PRINT FORMAT INFOZ2A
VIS INFORA=$1HO9S14943AN0O CORRECTIUNS MADL TU wwuamALIZEr PRES
SURES#%
T1Q THFTA

—
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Fri
Lo TA T'i1 ZETALs FOR N=l9lsweUeinkis
DELPIN)Y = (iNRMIER(NIZ) = NRidPRIONDSS) V/7LIRL
CALNPRRIN) = NRYFRINS3) = (LELP(N)*LTRZ®MULT)
LETAL FACTURKIN) = NRMPR(Ns4) = CALNPR(IN)

TtH ZETAZsFOK J=1l9lsJdeUeNRL
TtH ZETA2y FOR I= THClelsleGeTPCY
LETAZ NRMER(Jo ) = NRMPR(J9l) = FACTCR(J)
FTA FYTOINFO3
VIS INFQO2=31H09S32434RTHE CORRECTED NORMALIZED Pi*E SSUKESHY
P1T QUT2sNRMPR(191)eseNRMPR(NRDG$NPT)

THETA THROUGH THFTAZ2s FOR I=191sleGeNPT
SUMIDEXs 1) = 040
IHRCUGH THETALls FOR J=1lslsJdeGeMNRD
THETAL SUM(DEXsT) = SUM(DEXsl) + NRMPR(Jsl)
THETAZ AVGNPIDEXs[) = SUM(DEXs D) /NRD T
LUSC(LEX) = AVGNP(DEXsl) - AVGNP(D;X,NPT)
1cTe THROUGH [OTAls FOR w=1,1,m.g NRO -+

THRCUGH [OTAYs FOR L=1s) sl sGeNPT
DEVNP (MsL) = NRMPR(MsL) = AVGNP(LEXsL)

10TA1 SGNEVIMeL) = DEVNP(MsL)ePa2e
THROUGH T0TA3s FOR T=1s1s1eGeNPT
SHMSO(NEXe 1) = 0,0 o
THROUGH TOTA2s FOR J=1s19JeGeNRD
1OTA? LSUMSQINDEXeI) = SUMSQIDEXsL) +, %@DFV1J,I)
VAR(DEXs 1) = SUMSO(DEXs1)/NRD v
STRBFVIDEXsI) = VAR(DEXs1) ePoale50" PRI
[OTA3 - .COVAR(DEXsI) = (eABSe sTchv<th,1 *LOO Y/ (eADSeAVONP (L Xyl ))
CAPPA PRINT FORMAT INFO4 .

VIS INFO4=31H0s542932HTHE AVtRAGE NORFALIZ;D FPRESSURES =D
PRINT FORMAT QUT4s AVGNP(urx,l)...Avqu(OLx,NPT)
VIS OUT4=$1H0s (S23912F744)%% : :
PRINT FORMAT OUT&As LOSC(DEX) «
VIS OUTaA=91HO STy 2 3RTHE LOSS €OF frkfﬁgmr*- ra.q~»

<APP A PRINT » (?:ALA{W}»N\ .,:‘\\f‘ ‘\Vﬁ)‘
v|5 InEdbs mmwxab, JpiHE VALIANzks 1 JURﬂALILFU FRESSURES L
KINT FUR‘QAJ\%@WF%\ VAIWBBXH)n.VAR(Urx’!\PT) PV X O
v.k orm-%‘brv@gkﬁz*ngr‘/ 4)“»' . o ;‘mﬁ 1./;,‘ GO
PRINT FOQXM AT ,INF’#% o e 'ny""\‘\kﬂ A

VIS INFOgE 3JND’n4Qy§§H LLE ilamgmhw VEVIAT Lulimes. -
. PKINT r“‘(’lATy\ULdP@’r‘ [me&i\/(égmlu..-%Tu;/_v(u;)kmi‘?; T
ERANRVAR qué”ilﬁx&4g2§“l€fywﬁ)“§ e aen)
PRINT FORMAT. o NECGT =0

D Yo INFOT §Lmn,%43?é9nﬁﬁt‘¢u rth*NYg UF VARLALTuN=3 T
CUTBR N POQJADJNJWY \&PwAu&uer;Jpn.\uvAm(hL' mwlllﬂlfiJ“ﬂ!pﬁh%
\VALIAN (‘J]ﬁiﬁlﬁ,ﬁe.’li‘kr}"qil{’fi(l/')‘fi1;‘\' NCR »,._v)li'/( fk:'; AL r*j“x‘zd."
LAY A CAVN(DEX) ,,avuwﬁlwrﬁeyl L R SRR TI P AA R
THRQ 1GH L"Algu’{'k)‘%*‘é!f’ l,ﬂK.Xﬂ |\{9I \"H rn e et
Yk NEVE R AVp‘and )’f’”\‘ﬁl“‘T ,QL‘Q é!g\/”ﬂ“bx) ) "_“."(;(‘“’!\""‘ N '
CAVN LT K) B AVY m\n‘(\nx} 'ni,w-‘ ‘u.,«eu\’ ) .{‘::oo'%?:, Ve T
Lo FLp Gk Uht;!t%@;\.“ < (,:ci‘l BN carl N §
Hd PieliT FJ¥’AT wuﬂ&t’(athﬁt%ﬁ'
VIS 0UTe=: IHOws 14y 2&H THE CAVITATIUN NUMGER = reetnd
NY WHENEVER DEX els NRS S
DEX = DFX * ] . ‘ s v

TRANSFER TGO &TART ‘

R WHENFVER DEx g¥s | eANDe TOTAL: ek e |
TRAMGEER TO HEGIN ‘

OtHERY &R



PI

PI1

P12

PI3

Plu

RHO

kA(1)

RH(2)

RH(3)

RH(4)

RH(5)

SP(1)

SP(2)

SP{(3)
AGN

TAU
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TRANSFFR TO PI
END OF CONDITIONAL
THROUGH PI2s FOR I=19191eGeNPT
SUMAVG(T) = 040
THROUGH PIls FOR JU=191lsJeGeNRS
SUMAVG(I) = SUMAVG(I) + AVGNP(JsI)
MEAVG(T) = SUMAVG(I)/NRS
Y(I) = MEAVG(I) .
THROUGH PI3y FOR L=1slsLeGeNRS
THROUGH PI3s FOR M=191sMeGeNPT

DEVME (L sM) = AVGNP(LsM) -~ MEAVGI(M)

SQDMF (L eM) = DFVME(LsM)ePe2e

THROUGH PI5s FOR J=19lsJeGeNPT

SUSUME(J) = 00

THROUGH Pl4y FOR I=1slsleGeNRS

SQSUME(J) = SQSUME(J) + SUDME(IsJ)

VARM(J) = SQSUME(J)/NRS

STDEM(J) = VARM(J)ePeOe5

COVRMI(J) = (eABSeSTOEMIJI*100e)/ (eADSeMZAVG(J))

PRINT FORMAT HEAD
PRINT FORMAT INFO8» NKS
VIS INFO8=%1H09S514916HMEAN VALUES FOR I3948HSETS AT SAME FLOW

ls RPMs AND CAVITATION CONDITION*%

PRINT FORMAT INFO9sGPMsRPM
VIS INFO9=51H09S14912HFLOW RATE = F7e394H GPM/1H 9S514913HPUMP

1 SPEED = I5s4H RPM¥3%

TRANSFER TO RH(COND)

PRINT FORMAT ZERO

TRANSFFR TO SP(SPEC)

PRINT FORMAT VIS

TRANSFFR TO SP(SPEC)

PRINT FORMAT NOSE

TRANSFFR TO SP(SPEC)

PRINT FORMAT STD

TRANSFFR TO SP(SPEC)

PRINT FORMAT BACK

TRANSFER TO SP(SPEC)

PRINT FORMAT ONE

TRANSFER TO AGN

PRINT FORMAT TWO

TRANSFFR TO AGN

PRINT FORMAT TRE

PRINT FORMAT OUT3sVT

PRINT FORMAT TAPS

PRINT FORMAT INFO4

PRINT FORMAT OUT9s MEAVG(1)eeeMEAVGINPT)
VIS QUT9=%1H0s (S23912F Tet) %%

PRINT FORMAT INFOS5

PRINT FORMAT OUT10s VARM(1)eeeVARMINPT)
VIS OUT10=%1H09(S23912F7e4)%%

PRINT FORMAT INFQ6

PRINT FORMAT OUT1ls STDEM(1)eeeSTDEMINPT)
VIS QUT11=%1HO09s(S23912F Tett)*$

PRINT FORMAT INFO7

PRINT FORMAT QUT12s COVRM(1)eeeCOVRMINPT}
VIS OUI12=3%1H09(S23912FT7e2)%$

MECAV = MREAVG(1)

THROUGH TAUls FOR J=2919JeGeNPT
WHFNEVFR MEAVG(J) oLFe MECAV



TAUY

OMEGA

ERRCR1
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MECAY = MEAVGY)
FNi2 Gr CONDITIONAL
PRINT FORMAT OUT13s mMEoCAvV
VIS QUILs=SIHC L4 29nint MEAN CAVITATIOUN (UMBLK = roeb®d
PRINT FORWMAT TITLF
Vs Tilibs =51H19S50e34HPRESSURE Pinur b PLUTSy MU THES] %4
Ear(ulr PLUT) e« (NSCALE IS 91UsD920)
VIS NSCALF = 190939Ue2
FXECUTE PLOT.? a (IMAGE 9040009=240009166U0»=Ue400)
FAFCUTS 2LOT3e(0%DeX (1) oY1) eNPT)
EXECUT FILUTGe (4490RD)
Vs URo=$ AVERAGE NORMALIZED PRESSUKE o
PRINT FORVAT ROTTOM
VIS BCTTUM=STH 9511 91HVIS2591HP9S1291HP9S1491HF9S691HP STy
12HSS95393HS PS5 1HP 9S2391HV/IH 95729 1HP/1HUS21e5%m LISTANCL
2 OF TAP FROM VENTURI ENTRANCE - (INCHLS) %3
DIMENSTON Y(16)eX(16) s IMAGE(1000)
WHFNFVFR KFPFAT oLe TOTAL
RFPFAT = RFPSAT + 1
JRANSFER TO REGINIT
OTHERWI&F
TRANSFFR T0O RFGIN
END OF CONDITIONAL
TRANSFFR TO START
PRINT FORMAT FRRI
VECTOR VALUES ERR1=%1rmusSiusceinTtmPtrRATURC LIMIT ¢ AlLovivnd
TRANSFER TO REGIN
DIMENSION PTD(160svi)oNPom(louev i) sNRMPK(160eVI)sutLP(LlU)
ICALNPR(L10) s FACTURCLIU) 9s5UMi0UsV L) sAVUNEFE{60sVL) st Vink (10UIVi)
ZSUMSQ (96 sV ) sVAR(BuUsVZ) eSlurcviousvZ2)sCUVARIBUYVZ) s CAVINID )
ISUMAVG(16) 9MFAVG16) sboeviMt (oidevZ ) aduwe e iB8usV2isSulSurillio)s
GVARM{16) oSTLEMI1S) seuviMilo)sSwuLvijoCsV1)snLuSL(10)
VECTOR VALUFS VI = 2sislb
VECTCR VALUFS V2 = /9lslb
FND OF PROGRAM
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APPENDIX C

COMPUTER ANALYSIS OF CAVITATION DAMAGE DATA

The computer program used to compute the mean depth of penetra-

tion, both from the pit count data and the weight loss measurements, is

listed on the following pages. Included also is a page of typical out-

put showing the rumbers calculated, etc.
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SCOMPILFE MADGEXFCUT 9 DIMP 9 PUNCH ORJFCT

R PROGRAM A

R REVISFD AS OF FER 239 1960
R

=2

RFAD DATA FLUID

PRIMNT FORMAT TARLF

PRINT FOPMAT TITLFy FLUID

J=0

K=1

START RFAD FORMAT RFMT ¢MATL sNOsVFLsCAV

MNPR = 0

AMDPR = 0

MDP2 = 0

AMDP? = O

H?2 = 0

1=0

AGAIN READ NATA HRSsNT sN2 N3 yN&ypwL

WHFNFVFR 74543

PRINT COMMFNT $0 NEXT SAMP
1LLF DATA WERF ORTAINED IN THF OLD WATFR LCOPS
J = J + 1

Z =

OR WHFENFVFR 7e4Fet

PRINT COMMENT $0 NEXT SAMP
1LE DATA WFRt ORTAINED IN DRY MERCURY $
J J + 1

7 2

FND OF CONMDITINNAL

WHENFVFER JeFe25

K o= ¥ + 1

PRINT FORMAT PAGF,y X

PRINT FORMAT TITILFy FLUID

J =0

END OF CONDITICNAL

WHENFVFR HRS.Le0Os TRANSFER TC START
WHENFVER TeFa0

FILAG = HRS

N10=N1

N20=ND

N3Q=N3

N&4Q=MN4

[=1

FAND OF CONDTTIONAL

WHENFVER 7 ¢F 42

NY = O

N2 = 0

N3 = 0

Ng = 0

OTHERWISF

N1=NT=M]1O0

N2 =NP2=N2(O

N3=N3-N30

N4=N4=-N4QO

FND OF COMDITICONAL

WHEMEVER MATI oF e 3555 eCReMATI o530 SS
RN = 7485

OR WHENFVYFR MATL ¢Fe$PLTXD

RO = 14272

non
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OR WHENFVER MATL«Fe3CBZRS

RO = 8472

OR WHFNFVFR MATL .Ee3ALS

RO = 2477

OR WHENEVFR MATL +Ee3%CZ%

RO = B.616

OR WHENFVFR MATL eFe3ADeOReMATL Fe3B%
RO = 174655

OR WHFENFVFR MATL ¢Fe3CUS

RO = 940248

OR WHENEVFR MATL«Fe3CNS$

RC = 94,040

OR WHENEVFR MATL «Fe3NIS

RO = B49713

OR WHENEVFR MATL 4E43%5SS15%

RO = 74994

OR WHENEVFR MATLeF+3F3

RO = 7.810

OR WHENEVFR MATL.Fe3DS

RO = 98322

OR WHENEVFR MATLGFe$G%

RO = 4452

OR WHENEVFR MATL.Fe3F®

RO = 104215

END OF CONDITIONAL

AUX1 = 65216%N1+640363%N2+71e1547T%#N3+334645]13%N4
KO = 7e346E-3

KP = 14172

KS = 3.601

WLPS = 16642F—-8%RO*KO*¥KPePe3*¥AUX1

WL = KS * WLPS

APS = 3,72E4

AT = 3.362F5

MDPPS = KO # KPePe3 * AUX1 /APS

MDP = KO # KP4Pe3 * KS #AUX1/AT

AUX2 = e64B0%¥N] + 261525%¥N2 + 16e4799%¥N3 + 4646233 # N4
PDAPS = 25+%3414159 % KPePe? *AUX2/APS
PDA = 254%3,14159%#KPePe2 *KS #AUX2/AT
AMDP = AWL/ (AT * 1,642E-8 % RO)
WHENFVFR WLeFeQ

APDA = 0

OTHERWISF

APDA = PDA * AWL / WL

FND OF CONDITIONAL
WHFNFVFR HRS4Fe0

MDPR = O

AMDPR = 0

MDP2 = 0

AMDP2 = 0

H2 = 0

OTHERWISE

H1 = H2

MDP1 = MDP2

AMDP1 = AMDP2

H?2 = HRS

MDP2 = MDP

AMDP2 = AMDP

MDPR = (MDP2 - MDP1)/(H2-H1)
AMDPR = (AMDP2 -AMDP1)/(H2-H1)
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FND OF CONDITICNAL

WHENFVFR HRS «GoFEAG

WHENFVFR ZeFosl

PRINT FORMAT PFMT]1sHRSsNEsN29sN3sN&osMDP9PDAsMDPR 9AMDP s APDA
1 AMDPRAWL

OR WHENFVFR 7ZeFeD ,

PRINT FORMAT PFMT]14HRS9N1sN29yN3 N4 sMDPsPDA s MDPR

OR WHENFVFR 76Fe?2

PRINT FORMAT PFMT29HRSsAMDP, AMDPR s AWL

END OF CONDITIONAL

NTHFRWISF

PRINT FORMAT PFMT yMATLINOsVEL9CAVIHRSINIIN29sN3sNGsMDP9sPDA Yy
1 MDPRsAMDPsAPDAYAMDPRAWL

END OF CONDITIONAL

J=J+1

WHENEVFR JeFa25

K=K+1

PRINT FORMAT PAGE K

PRINT FORMAT TITLFs FLUID

J=0

END OF CONDITIONAL

TRANSFFR TO AGAIN

FORMAT VARIARLE 2

INTEGER MATLsNOsNIsN2sN3sN&yJsKeI9sZyFLUIDY CAV
R
R FORMAT VALUES
R

VECTOR VALUES TARLE=31H19+56398HTABLE *$

VECTOR VALUES TITLE=%1HQsS50930HCAVITATION DAMAGE DATA IN

1 9C6//5105103H WL = WEIGHT LOSSs MDP = MEAN DEPTH OF
2PENETRATIONs PDA = PERCENT DAMAGED AREAs R = RATE /7759
39119HTHROAT CAVe HOURS PIT COUNT DATA ~-~-~ CALCULATED
4VALUES -——=- = =—==- ACTUAL (OR MEASURED) VALUES --=---

5 /129HMATL NOe VFL-FPS COND RUN N1 N2 N3 N& MDP-MIL

65 PDA-PERCENT MDPR-MILS/HR MDP=-MILS PDA~PERCENT MDPR-MILS
7/HR WL-GRAMS *5

VECTOR VALUES PAGF=31H19S6345HPAGE 412#%

VECTOR VALUES RFMT=3C44+569139579F5e19559C4%%

VECTOR VALUES PFMT=%1HOsC4)y 139529F5e¢19529C49S519F5e19S1914y
15191395291295191295331PF10e39S291PE106e395291PE10e395291PE1062
295291PF106395291PE10e39S291PE10e3%93

VECTOR VALUFS PFMT1=%$1H0sS21 F519S1914y
15191395291295191295391PF10e39S5291PF10e395291PF10e395291PE10S72
29S5291PF10429S?291PF10e295291PFE1Na3*%

VECTOR VALUES PFMT2 = $1HO09S219F5e1955H -=== PIT COUNT
1ING WAS NOT POSSIBLE —-==-- 91PE10e39S514y 1PF1C
2039529 1PF10e3%9%

END OF PROGRAM
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APPENDIX D

COMPUTER REGRESSION ANALYSIS OF DAMAGE DATA
VERSUS MECHANICAL PROPERTIES

Due to the length and complexity of the regression program it is
not reproduced in detail here as it appears in the original reference.
However, it is desirable to describe in general the characteristics and
unique operational features of the program in order to better understand
the predictions resulting from the use of it with respect to the damage
data.

The program is in essence a least mean square fit regression
analysis. It is capable of handling 59 independent variables, one
dependent variable, 36 terms per variable, i.e., 36 powers per independ-
ent variable, and third order interactions of terms, i.e., a term of
this latter type would be X(l)aX(Z)bX(B)C, Due to the tremendous number
of possible terms available if the program is utilized to full capacity,
it has incorporated into it a process of learning. The program selects
a subset of up to 59 terms for a single pass out of the possible large
number of terms generated for the entire number of variables considered
to their different powers and interaction orders, e.g., for 8 variables,
10 terms per variable, there are 80 possible terms to analyze. However,
if second order interactions are permitted, the total number of possible

terms becomes 2880. Thus, it is soon obvious that it would take a long

209



210

time to examine all possible terms in this manner. The simple learning
technique incorporated in this program consists of a weighting of the
terms in the matrix, such that the probability of selecting terms of the
type that have been selected in a previous pass as good fits are
increased, and vice versa, for the terms of a type that have not been
shown to have a good fit in a previous pass. Thus, the program is able
to converge more rapidly on a statistically good fit of the observed
data points with a function of the independent variables that were pre-
sented to it. The regression analysis is terminated when either of
three criterion are satisfied: (1) The probability of inserting another
term or removing a term from the current predicting equation is such
that the chance of getting a bad term in or of taking a good term out is
greater than the control value specified, (2) the total number of pos-
sible terms is exhausted and there are none left to insert, (3) the
total number of trial passes specified is exceeded.

The sequence of analysis events occurs as follows:

The program reads in the specified control information and data
sets, sets up a labeling system for the total possible number of terms,
and then randomly picks out a subset of up to 59 of these for the first
pass. It then computes individual correlation coefficients for each
term with respect to the observed data values listed. The term with the
highest correlation coefficient is selected to be entered into the equa-
tion and the least mean squares analysis is used to generate the coeffi-

cients for an equation of the following form:

Y = ao + alxl
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and the statistical information regarding the fit of this equation to
the data is computed. - The program then computes an importance factor
for the test of the terms not in the equation with regard to how each
will best account for the deviations between the actual data and the
predicted values. The best term in this respect is entered into the
equation if the test for the probability of insertion and deletion error
is passed. If not, the regression is terminated. This process is con-
tinued until the best fit predicting equation possible with the first
subset of terms is achieved. This completes a standard trial. Then,
still working with the same subset of terms, a random trial is per-
formed. The above process is repeated through the entering of the first
term. The second term in this case is chosen randomly from the remain-
ing terms of the subset with respect to the importance factors. This
process is continued as for the standard trial until the regression is
terminated for one of the three reasons mentioned previously. Several
random trials are possible per pass, and in some cases result in a
better predicting equation than the standard trial due to the combina-
tion of several terms that did not have as high of importance factors
being better than another single term with the highest importance fac-
tor as selected in the standard trial.

At this point, the learning technique is employed by increasing
the probability of picking terms of the type that got into the equation
in the last pass and decreasing the probability of picking those types
of terms that did not get in. The terms that are in the equation from

the last pass are entered in the subset for the next pass and a random
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process of selection, with respect to the changed probabilities of term
selection, is employed to select enough other terms from the total pos-
sible to fill out the subset to its normal value. Another pass as
described above is then initiated and carried out. At the end of the
prescribed number of passes, the best trial of the best pass is indi-
cated and the statistics of degree of fit to the data are generated and
printed out along with the predicted equation. A typical pass and set
of trials for this pass are included for the data and control parameters
as used in this investigation for clarification of the above statements.

Control parameters used for following pass:

Prescribed Coefficient of Determination = 0.97
Prescribed Standard Error of Y = 0.00
Probability of insertion error = 0.01
Probability of deletion error = 0.01
Number of independent variables = 10
Number of terms per variable = 10
Interaction order = 1
Number of terms per pass = 40

Thus the total possible terms is 100.

TYPICAL PASS FOR MERCURY REGRESSION ANALYSIS

In the following program, the mechanical properties were read

in as follows, i.e., as dependent variables:

X(1) Tensile Strength

it

X(2) Yield Strength



X(3)
X(4)
X(5)

X(6)

X(7)
X(8)
X(9)
X(10)

X(11)

i

3
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Engineering Strain Energy
Elastic Modulus

Brinell Hardness

0 \1/2
. E
Acoustic Impedance = Ef’EEZQ ;1 Z;fluid =

material

(Density x Sonic Velocity)
(Density x Sonic Velocity)

fluid
material

True Breaking Stress
True Strain Energy
% Elongation

% Reduction of Area

MDP (Independent Variable)



214

0C000°1 = IHS1cM G¢ ‘UGN NOTLVAY3ISEO

) )X 20-5000014g" = (11 )X 20 3000096%° = (UT )X 70 Iouuedze® = (6 X
10 20000C%6° = (g )X 20 30009G€T* = (L )X 20 3003HCETT = (9 )X €0 Z00005LT° = (s )X
20 306000672° = (¥ )X 10 50000€02Z° = (€ )X 10 2000CY%0H*° = (2 )X 10 Zocecres” = (1 X
00000°1 = IHSIEM ok “(N NOILVA¥3SHU
)X 10-300060L1° = (11 )X ) ZC 30000€€9° = (CT )X 20 T00005Te" = (6 )X
10 300060CT6" = (y )X 20 F000TL11* = (L X 10 30000%€7° = (5 )X €0 I0000EST® = (6 X
20 30600062° = (% )X 10 30000e91° = (€ )X 10 3000082L° = (2 X 10 H06G0L0E*® = (1 )X
0G0CI T = IHSILN  %¢ *ON NOILVAY¥3ISEO
X 10-3000€L61° = (11 )X Z0 30000071L° = (01 )X ?2¢ 3060000%° = (6 )X
10 2cC0C0C7" = (g X 10 3000026¢° = (L )X 10 300002E€%° = (9 )X 20 Z00Cu0eL” = (s X
20 3000C0%7° = (% X 10 3000065T1° = (¢ X 10 300C00%E° = (2 )X 1C Z000GHYYY° = (1 X
GoCCo "1 = IHS13M €€ *Uh NOILVAY3SE0
)X 10-3000006¢° = (TT )X 20 300000TL° = (6T )X 20 Z000000%° = (& )X
10 300G00€2° = (g )X 10 30000245° = (L X 10 300002€%° = (9 )X Z6 z0600ST6” = (s )X
26 300660u2Z° = (% )X 10 300C0681° = (g )X 10 3000000¢° = (2 X 10 Z0CGO0G0S*° = (1 ¥
o ocuenct = IHY1ZM Z¢ *Gh NOILVAY3SE0
)% 20-30000%0%"° = (11 JX 20 30620605° = (Ul )Y 20 Z000CwHG* = (6 X
10 300006%L° = (¢ )X 20 300007221° = (L X 10 300002€%° = (9 )X €0 30COCZER" = (& X
20 30000C5H2Z° = (» )X 10 300008%%° = (g X 10 2606006L€° = {2 )X 16 I6GOC2%6° = (1 )X
GCOCo "1 = LHOILM 1€ *Gh NOIAVAY¥3SEOD
X7 zo-zooo0€sTT = (1T X ‘20 30000606 = (LT )X 20 Z2000YYs* = {& )X
10 3000GSHL® = (8 )X Z0 300082L1° = (L )X 10 300002€%° = (2 )X €0 Z0N0GZET® = (s )X
20 3000.00nz* = (% )X 10 300004%%" = (€ )X 10 30060028 = (2 )X 10 300CC266° = (1T )X
000001 = IHYIZIM ©¢ *GMh NOTLVAY3ISSO0
X Z0-H0000f€%2° = (11 )X Z0 3000660¢° = (0T )X 20 30000%%5° = (6 )X
. = (¢ X 20 300097i7° = (L )X 10 300002€%° = (9 )X €6 70000¢21° = (¢ )X
. = (v X 10 00008 = (€ )X 10 3060GOLES = (2 )X 10 30000766° = (1 )X
000G0*1T = IHYIIM 62 “Ut NOTLVA¥3SHO
T ‘ ‘ viva Mvy
S *ON W3780ud

MY EOLUYd »31¥VLS

GoY =Swv31 3741SS0d

ASMIIN U/M ViVa U3SVvR3AVY 9H - tUTLIVYAILIN]T ¥IUwU LSald -



215

)X 20-3060098T1° = (11T )X Z2C 3060C99%° = (01 )X 20 20000c%H%° = (6 )X
16 30C50a7¢ " = (6 ) X 20 zoo0oeGee* = (¢ )X 10 30000ce¥%* = (6 )X €0 30000s51c° = (g )X
20 3060000, 70 = (% IX 10 300005%5* = (¢ X 1Cc 3000002Z8° = (2 )X 20 30Cceelel” = (1 )X
oooco°t = 1HOIZM 1Y *ON NOI1VA¥3S80
) X 16-300C07012° = (T1T )X 20 30000L%6s" = (0T )X 20 3060NL0¢° = (& )X
15 HCeoeset = (g ) X 20 aGooconzy® = (L X 10 30000L2¢" = (9 )X €0 30000912° = (s )X
20 zsononirTe = (% )X 0 300000ST° = (¢ )X 10 3000C9¢€8° = (Z )X 10 300C6CL%E" = (1 )X
60000°1 = LHSIzM  GY *Gh NO1LVAY3ISEO0
) X 10-3000L¢LT" = (11 )X 20 300008C6"° = (0T )X 20 10000%2%° = (6 )X
10 30NGOCSZ* = (¢ )X 106 100090G6<* = (L )X 10 3002082Z9° = (9 )X €0 =0002¢TT* = (5 )X
20 3u0n0oct:® = (% )X 00 z0000009° = (¢ )X 10 300009%1° = (2 X 10 zpocce6” = (1 )X



216

EDITOR PROGRAY

PRORLFEM NO, 5

St TION PASS n, ¢

NO. OF INDEPEMMENT VARTARLES = i

NO. OF TRIAL TrR4S = 40

TRIAL TERM REFINITIOMS FNR PASS NO. 2

TERM( 1) = 1.0, CONSTAMT TurM,

TERM( 2) = INTERACTION OF MADER 1, WHIRF THI COMPONSENTS ARE OSFINED T "F —-=
COMPONENT( 1) X( 7)

TERM( 3) = [NTZRACTION OF 0RDER 1, WHERS THI COMPONINTS ARE DEFINED T RE ——
COMPONENT( 1) = X[ 5) .P. -+33333
TERM( 4) [NTERACTIAN AF QRPER 1y WHERE THE COMPONINTS ARE OEFINED TH pE —-

COMPONIMT( L) = X{ 7) P 2. 00090

TERM( 5) = INTZRACTION OF ORNER 1, WHERE THT COMPONFNTS ARE DEFINED T RC -
COMPONENT( 1) = X{ 1) .P. « 50000

TERM( 6) = INTIRACTION OF ODER 1, WHERT THI COMPONGNTS ARE DEFINED TN PE --
CoMPONENTL 1) = X(10) .P, -2.60CN9

TERM( 7) = INTIRACTION NT 0ORDIR 1, WHERE THZ COMPONENTS ARE DEFINEN TO RE ——
COMPONENTL 1) = X( 2) .P. 033335

TERM( 8) = INTERACTIGN OF ORDSR 1, WHERE THD COMPONFNTS ARE DEFINED TN BRE --
COMPONENT( 1) = X( 5)

TERM( 9) = INTZRACTIOW IF ORDER 1, WHERE THE COMPONENTS ARE DEFINCD TO RS ——
COMPONENT( 1) = X( 9) .P. -2.80030

TERM(10) = INTIRACTION OF NRDER 1, WHEIRS THT COMPONENTS ARE DEFINED TN RE —-
COMPONENT( 1) = X( 2) .P, «5C000

INTERACTION OF JRDER 1, WHIRE THT COMPONSMTS ARE NCFINED TN RE -
COMPONENT( 1) = X({ &) .P. 3.0007)

TERM(11}

TERM(12) INTERACTION

COMPANENT( 1)

F ORGER 1, WHERE THI COMPONCNTS ART DEFINED TN 237 --

X(19) P, «5CC20

TERM(13) = INTERACTION OF NRDER 1, WHERD THT COMPOMENTS ARE DEFINED TO PRI —-
COMPONENT( 1) = X( 4) .P. 33233

n

TERM(14) = INTZRACTION OF NRDER 1, WHIRD THZ COMPANSNTS ARE DIF[YED TN 8BS -=-

COMPONENTL 1) = X( &) P, -Z. 00000

TERM(15) = [INTZRACTICN OF ORNDER 1, WHERE THE COMPOMENTS ARE DEFINED 10 RE --
COMPONENMT( 1) = X( 4) «P. Z2.39002Jv

Tt (16) = INTERACTION OF JDER 1y WHEIRT THT COMPONENTS ARE OCZFINED TO 8 --
COMPOMNENT( 1) = X( 9) «P. -3.00002

TERM(17) INTERACTION NF 0RDER 1y WHERT THE COMPOHIMNTS ARE NEFINFD TN BF —--

COMPONENT( 1) = X( 3) .P. 2. 00000
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