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ABSTRACT Crars
To model the processes of cavitation inception, noise, D
and damage, it is necessary to generate a model of the cav- E
itation event rate which can then be coupled with the con-  N(R)
sequences of the individual events to produce a complete R
synthesis of the phenomenon. In this paper we describe  R¢
recent efforts to connect the observed event rates to the  Ruar
measured distributions of cavitation nuclel in the oncom- Ry
ing stream. A comparison is made between the observed 5
~event rates and event rates calculated from measured nu- [/
clei distributions using an algorithm which includes the  fi, f2, f3
dynamics of the nuclel motion and growth. Various com-
phications are explored including the relative motion be- 1y
tween the nucleus and the liquid, the effect of the finite = p-.
bubble size of the growing bubble relative to the dimen-  peo
stons of the low pressure region, and the effect of bubble  pgo
growth on neighboring nuclei. All of these are seen to have  Pmin
an important influence on the event rate, and therefore, on  pu
cavitation inception and other macroscopic consequences.  Pe
We demonstrate that it is possible to predict the correct 7
order of magnitude of the event rate when an attempt is s
made to model the important flow complications. e
Y
NOMENCLATURE YMm
« . Nuclel concentration P
Cp - Coefficient of pressure, (p—peo)/%pU? o
Cppm Minimum Cp on a given streamline

- Minimum value of C'p on the headform

surface , '
Headform diameter

Cavitation event rate

Nuclei density distribution function
Radius of a cavitation nucleus
C'ritical cavitation nucleus radius
Maximum cavitation bubble radius
Initial nucleus radius

Surface tension

Upstream tunnel velocity

Numerical factors effecting the cavita-
tion event rate

Bubble/bubble interaction effect
Fluid pressure

Pressure upstream

Initial gas pressure in a bubble
Undisturbed liquid pressure

Vapor pressure

Blake critical pressure

Distance from the center of a bubble
Radius of minimum pressure point
Critical radius

Normal off-body distance

Maximum normal off-body distance of
the Cp = —o Isobar

Fluid density 7
Cavitation number, (p, — pm)/%pU?

A



7, Inception cavitation number
o, Cavitation number variation

1. INTRODUCTION

In order to synthesize the cumulative effects of a
stream of traveling cavitation bubbles, it is necessary
to supplement the details of individual events with the
rates at which these events occur. Many investigators
have anticipated a relationship between the cavitation
event rate and the concentration of cavitation nucler in
the oncoming stream (see, for example, Schiebe [31],
Keller [13][14], Keller and Weitendorf [15], Kuiper [16],
Gates and Acosta [9], Meyer et al. [24]). At first sight
this seems like a straightforward problem of computing
the flux of nuclei into the region for which Cp < —0.
However many complications arise which make this anal-
ysis more complicated than might otherwise appear and
we shall discuss some of the specific issues below. But
these difficulties do not account for the lack of experi-
mental research into the relationship. Rather, the diffi-
culties involved in the accurate measurement of the in-
coming nuclei number distribution function, N(R), have
been responsible for the delay in any detailed, quantita-
tive investigation of this component of the problem. (Note
that N(R)dR is the number of nuclei with size between R
and R+ dR per unit volume). As Billet [3] remarked in
his review of nuclel measurement techniques, the only re-
liable method of obtaining N(R) has been the extremely
time consuming procedure of surveying a reconstruction
of an in situ hologram of a small volume of tunnel, water.
However, the time and effort required to construct one
N(R) distribution by this method has seriously limited
the scope of these investigations.

The recent development of light scattering instruments
employing phase Doppler techniques (Saffman et al. [30],
Tanger et al. [32]) and of cavitation susceptibility devices
(Oldenziel [25], and Le Goff and Lecoffre [19]) has im-
proved the situation. In our own laboratory we have at-
tempted to validate and calibrate a Dantec Phase Doppler
Anemometer (PDA) instrument by taking simultaneous
measurements with- the PDA and a holographic system
(Liu et al. [21]). The great advantage of the PDA sys-
tem is the speed with which N(R) can be measured. Af-
ter validation, the PDA system could then be used with
confidence for investigations of the nuclei population dy-
namics in a water tunnel (see Liu et al. [21]) and of the
aforementioned relation between N(R) and the cavitation
event rate {Liu-et al. [22], and Liu and Brennen [23]).

In this paper, we first present the experimental obser-
vations of cavitation event rates on a Schiebe headform
with simultaneous measurement of the nuclei distribution
in the upcoming stream. We then further refine the an-
alytical model of Liu ef al. [22], to synthesize the event
rates from the measured nuclei distributions. . Then we
compare the predicted event rates with cavitation obser-
vations in two water tunnels with quite different nuclei
population dynamics.
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Figure 1: A sketch of the experimental setup. The up-
stream nuclei distribution is measured by a PDA and
the cavitation event rate is measured by the surface elec-
trodes.

2. EXPERIMENTS

The data presented in this paper was taken during
tests conducted in the Low Turbulence Water Tunnel
(LTWT) and the High Speed Water Tunnel (HSWT) at
Caltech. An axisymmetric headform (Schiebe headform
shape, Schiebe [31]) measuring 5.08¢m in diameter was
installed on the centerline of the tunnel, as shown in fig-
ure 1. Three flush ring electrodes of silver epoxy covering
the entire periphery were installed in the lucite headform
and allowed the detection of cavitation events occurring
on the headform (Ceccio and Brennen [7]). A pattern of
alternating voltages is applied to the electrodes, and the
electric current from each is monitored. When a bubble
passes over one of the electrodes, the impedance of the
flow is altered causing a drop in current which can be de-
tected. Thus, event statistics such as the event rate and
event duration are readily accumulated.

A Phase Doppler Anemometer made by Dantec- was
used to simultaneously measure the fluid velocity and nu-
clel number distribution, N(R), on the center line of the
water tunnel, 16em upstream of the Schiebe body. The
PDA uses a 200mW Argon-ion laser with 514.5nm wave-
length. The transmitting optics were mounted horizon-
tally to project. through a side window: the receiving op-
tics were mounted above the top window and focused on
the center plane of the water tunnel (See figure 1)..The
receiving optics collected light scattered at an angle of 82°
to the incident laser beams. The resulting focal volume
measured 0.204 mm x 0.203 mm x 2.348 mm.

3. OBSERVATIONS OF NUCLEI POPULA-
TION AND EVENT RATES

In figure 2, we present a typical comparison of nuclei
number density distributions in the LTWT and in 1;}.1e
HSWT. Also plotted in the figure are measurements in



other facilities (Arndt [1], Peterson et al. [27][28]. Feld-
berg and.Shlemenson [8] and Gates and Bacon [10]) and
in the ocean (Cartmill and Su [6]). Substantial differences
in the nuclei number density distribution were found be-
‘tween the two tunnels. Although the shapes of the dis-
tributions are similar, the differences in the magnitude
can be as much as two orders of magnitude. We note
that the nuclei population in the LTWT is large while
the population in the HSW'T is small. The typical nuclei
concentration in the LTWT is about 100em~2: while the
nuclei concentration in the HSWT is about lem™2. Bil-
let [3] and Gindroz and Billet [11] presented useful reviews
of the subject of nuclel concentrations and distributions.
They found that for de-aerated water, typical concentra-
tions are of the order of 20ern™3 with sizes ranging from
-about 5pm to about 200pum. We conclude that the LTWT
is nuclel rich and the HSW'T is nuclei poor. Therefore,
comparative experiments in the two tunnels should pro-
vide a valuable range of nuclei population effects.

" Figure 3 presents the observations of event rates on a
Schiebe headform in both the LTWT and HSWT exper-
iments. As shown in these figures, the cavitation event
rates increased dramatically as the cavitation number is
decreased. However, the event rates can vary by as much
as a decade at the same cavitation number. At the same
cavitation number, larger free-stream nuclei concentra-
tions correspond to larger cavitation event rates. As one
would expect. the event rates observed at the same cavi-
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Figure 2: A comparison of the nuclel number density dis-
tributions in the Low Turbulence Water Tunnel and the
High Speed Water Tunnel with measurements in other
facilities and in ocean. (A): Peterson et al [28], light
scattering method, (B): Peterson el al. [28], holographic
method, (C): Peterson et al. [27], (D): Feldberg and

Schlemenson [8], (E): Arndt and Keller [1], (F): Keller .

and Weitendorf [15], (G): Gates and Bacon [10], (J):
Cartmill and Su [6] , (K): current study, LTWT, (L):
current study, HSWT.
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tation number in the LTW'T are much higher than in the
HSWT, becausé of the much higher nuclei populafion in
the LTWT.

During the tests in the HSWT, cavitation experiments
were performed at various tunnel speeds and air contents.
As shown on the right in figure 3, the nuclei population
not only has an effect on the event rate but alsc has an
effect on the cavitation inception number. For example,
at a velocity of 9.4m/sec and a nuclei concentration of
0.8em ™2, the cavitation inception number was 0.47. Af-
ter air injection, the nuclei concentration rose to 12em =3,
and cavitation inception occurred at o; = 0.52. It should
be recalled that, in the LTWT. the cavitation inception
number was about 0.57, and the nuclel concentration was
about 100em=3. In the HSWT, attached- cavitation oc-
curred soon after traveling bubble cavitation. This im-
plies that attached cavitation occurs more readily when
the nucler population is low. Li and Ceccio [20] observed
a similar phenomenon on a cavitating hydrofoil. In their
observations, when the nuclei concentration in the water
was high, traveling bubble cavitation occurred before at-
tached cavitation was observed. But when the nuclei con-
centration was low, no traveling bubble cavitation was ob-
served before attached cavitation occurred. They ascribe
the cause of this phenomenon to laminar boundary sepa-
ration on the hydrofoil. However, we are not sure about
the cause on the Schiebe headform since it does not ex-
hibit laminar boundary layer separation in the region of
low pressure.

One should also note in-the right of figure 3, by compar-
ing the event rates at U = 9.4m/sec and U = 14.5m/sec,
that, at the same nuclei concentration level, 1.6em™ <
C < 3.0em™2, the cavitation event rate decreased with
increasing tunnel velocity, which is the inverse of what
would be expected. All the numerical and analytical sim-
ulations (Ceccio and Brennen [7], Meyer et al. {24], and
Liu et al [22]) predict that the event rate increases with
oncoming velocity, provided that the nuclei population
remains the same. This velocity effect on the cavita-
tion event rate was also observed by Kuhn de Chizelle
et al. [17][18]. Since they were unable to measure the nu-
clel population in the oncoming flow, Kuhn de Chizelle el
al. speculated that the free nuclei population was de-

‘creased by the increase in tunnel pressure at a higher

speed, but at the same cavitation number. The inves-
tigations of nuclei population dynamics in a water tunnel
by Liu el al. [21] support their speculations. However,
the current data shows that the event rates decrease with
an increasing tunnel speed even when the nuclei concen-
trations are at the same level. This phenomenon is not
fully understood. A possible.explanation is that the PDA
mistakenly counted more solid particles ‘as microbubbles
at the higher tunnel velocities. Since the population of
solid particles increased with speed, perhaps the number
of microbubbles population decreased even though the to-
tal nuclei concentration remained the same. It may also
be the case that there exists some, as yet unrecognized,
mechanism in the relation between the nuclei population
and the cavitation event rate.
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Figure 3: Left: Variations in the cavitation event rates with cavitation number on a 5.08cm Schiebe body in the
LTWT at a speed of 9m/sec. Data is plotted for various ranges of free stream nuclei concentration, C' (em™3), as
follows: €' < 150 (0); 150 < €' < 200 (+); 200 < €' < 250 (A) and 250 < C (x). Right: Observed cavitation event

rates on a 5.08¢m Schiebe body in the HSWT at various speeds and nuclei concentrations as indicated.

4. MODELS OF CAVITATION EVENT RATES

It has long been recognized that cavitation is caused by
microbubbles being convected to the low pressure region.
If the nuclel were to follow the fluid motion without any
slip, and if the bubble was always spherical and always
small relative to the important dimensions of the flow,
the problem would be relatively simple. For each stream-
tube passing close to the body in which nuclei are likely
to grow into macroscopic bubbles, one could input the
pressure time history into the Rayleigh-Plesset equation
and, for a range of initial nuclei sizes and cavitation num-
bers, calculate the resulting cavitation bubble size his-
tory. Such, of course, was the approach taken in the pi-
oneering work of Plesset [29], Parkin [26] and others (see
Brennen [5]). But there. are other complications which
occur in the actual flow and create more serious prob-
lems. First, the boundary layer on the headform surface
will clearly have an effect on the volume flux through the
low pressure region. Second, the relative motion between
the nuclei and the liquid can be important. Johnson and
Hsieh [12) included relative motion in their analysis and
identified an important phenomenon which occurs when
the nuclei experience the large fluid accelerations in the
vicinity of the stagnation point. Specifically, the nuclei
migrate outwards onto streamlines further from the stag-
nation streamline/body surface as a result of the large
centripetal accelerations near the stagnation point. And
the larger the nuclei, the larger this shift so that the flow
acts as a screen or filter. The larger nuclei which are
those most likely to cavitate may, in fact, be so displaced
that they no longer experience tension in the low pressure
region.

Other complications arise because the growing bubble
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rapidly reaches a size which 1s comparable to important
dimensions such as the height above the headform surface,
ynm, of the critical isobar, Cp = —o. As a result, differ-
ent parts of the bubble surface are exposed to different
pressures and the bubble itself changes the local pressure
distribution within the flow. Then 1t becomes necessary
to resort to a complex procedure such as that of Kuhn
de Chizelle et al [17][18] in order to calculate the shape
and growth of the bubble. Such analyses, which would

. take the place of the Rayleigh-Plesset calculations, are

too complex for inclusion in the present event rate analy-
ses, at least initially.

Liu et al. [22] presented an asymptotic approach to the
connection between the event rate and the nuclei popu-
lation, which included many of the above complications.
They found that an event rate, E, given by ’

ymfa 1
E = / 2arsU(1 — Cpums)Z fi(y)
0
N(R)R

—d
/Rc(y) Fa(R )T+ )Y

where fi, f2 and fs represent the boundary layer effect,
the bubble screening effect and the finite bubble size ef-
fect, respectively (f1, f2 and f3 are unity in the absence of
these effects) and n; denotes the effect of bubble/bubble
interactions (see below). The critical nucleus radius, Ec,
and the functions fi, f» and fs were discussed in detail
by Liu et al. [22] and that discussion will not be repeated
here. Rather, we focus on refinement of the model to
include the interactions between bubbles. S
As a bubble grows in the low pressure region, the pres-
sure field close to the bubble is altered. Within a certain
distance close to the growing bubble the pressure pertur-

(1)



bation due to bubble growth increases the local pressure
abové the critical pressure at which a nuclei will cavitate.
Thus; a nucleus in this volurme will not cavitate. We will
explore this bubble interaction effect in more detail.

To quantify the effect, we need to calculate the liquid
volume in which the local pressure is larger than the Blake
critical pressure, p., (Blake [4])

45 [ 28
Ny 2
pe=p 3 [3paoR8] (2)

N

When a bubble is growing, the pressure perturbation in
the surrounding liquid is given by

p(T) — Pman

~ B (RrE 4200 (3)
P T

where pp;y, is the undisturbed liquid pressure. When R >
Ro, the pressure perturbation can be simplified using the
Rayleigh-Plesset equation and written as

4R

"_(Pv = Pmin) (4)

p(r) — Pmin = 37

For another nucleus to cavitate, the local pressure must
be smaller than the Blake critical pressure. Solving for
p(r) < pe. we find the radius of the volume within which
another nucleus will not cavitate:

4 (—Cp~0)

4 (Cr-o) .
R ¥ pirs e (5)

where o' is. given by

, 1/ 8S ) 1 [ 85 1
=l 5 |z
3 \pl'ZRy) |6 \pUZR, U+( 85

PUR,

(6)
)

Now, the minimum pressure which a nucleus experi-
ences in flow of the type considered here is a function
of the streamline offset, y, normal to the headform sur-
face. And the bubble size at the point where the pressure
reaches the minimum pressure is approximately half of the
maximum bubble size, Ry,,./2. Thus the critical radius
- is given by

4
=3 (7

€

(_CPM(y) "U) (anar\
(~Cpu(y)—o—~a)\ 2

Thus, only those nuclel outside r, can cavitate. Note in
equation (6) that r. is a function of y and Rjg.

It follows that the number of nuclei which will not cavi-
tate due to the pressure perturbation surrounding a grow-
ing bubble is

o 3
n= | %[e-(%“)]mmwm (8)

Only one nucleus out of 14n; nuclet will actually cavitate.
Thus. the effective nuclei number density distribution is
given by

N(R)
14 n;

)
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64 < —Cpm(y) —o )‘5 .

21 \-Cpu(y)—o -0’
Note that the effect of bubble interactions, n;, is propor-
tional to the cube of the maximum bubble size, Rn,z.
which 1s proportional the headform scale. This means
that, for a small model, bubble interactions may not be
very important for the cavitation event rate. But for a
large model, interactions may be very important. We also
note that when n; > 1, 1 4+ n, & n,. This implies that,
when the bubble interactions become large (n; > 1), the
event rate becomes independent of the nuclei concentra-
tion. ‘

Figure 4 presents some of the typical results for a
5.08¢cm Schiebe body and a tunnel speed of 9m/s. The
individual changes in the event rate due to four sepa-
rate effects are shown in the figure, namely the boundary
layer flux effect, the finite size effect, the screening effect
and the bubble interaction effect. The finite size effect
assumes that the observer will only detect bubbles whose
maximum radius is greater than Imm. Note that all these
effects produce significant alterations in the event rate.
Among the effects, the bubble screening effect causes the
greatest reduction in the event rate. At high cavitation
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Figure 4: Typical event rates calculated using an assumed
but typical nuclei distribution for flow around a 5.08¢m
Schiebe body at a velocity of 9m/s. Original: Basic
method not including the additional effects included in
other lines. Boundary layer: As original but including
the boundary layer flux effect. Finite size: As origi-
nal but including only “observable” bubbles larger than
lmm in radius. Screening: As original but including
the bubble screening effect. Interactions: As original
but including the bubble interaction effect.
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Figure 5: Left: A comparison of observed cavitation event rates (¢) on a 5.08em Schiebe body in the LTWT at a speed
of 9m/sec with anticipated event rates based on simultaneously measured nuclei distributions. The numerical results
are plotted as (A): event rates calculated using the largest nuclei concentrations, (B): event rates calculated using
intermediate nuclei concentrations, (C): event rates calculated using the smallest nuclei concentrations. Right: A
comparison of observed cavitation event rates (lines with symbols) on a 5.08¢m Schiebe body in the HSWT at various
speeds and nuclei concentrations with the anticipated event rates (corresponding lines without symbol) based on
simultaneously measured nuclei distributions. The data is plotted for various tunnel speeds and nuclei concentrations
as follows, (A): U = 8.1m/sec, 3.6 < C < 4.3cm=3, (B): U = 9.4m/sec, C = 0.8cm™3, (C): U = 9.4m/see,
17 < C < 24em™3 (D): U = 12.6m/sec, 2.0 < C < 3.0em™3, (E): U = 14.5m/sec, 1.6 < C < 2.9em™3.

numbers the effect of bubble/bubble interactions causes
little or no reduction in the cavitation event rate. How-
ever, at low cavitation numbers, it causes significant re-
duction. As for the boundary layer flow rate effect, its ef-
fect 1s more obvious at the large cavitation numbers since
the boundary layer thickness is comparable to the thick-
ness of the low pressure region in which nuclei cavitate.

The effects of the boundary layer flow rate and of bub-
ble screening varied slightly with flow velocity and head-
form scale. The effects of bubble/bubble interactions,
however, varied significantly with headform size since the
bubble size increases with the headform size. As the head-
form scale increases, the reduction of the cavitation event
rate at low cavitation numbers due to bubble/bubble in-
teractions increases with the cube of the headform ra-
dius. For the values chosen and at a cavitation num-
ber of ¢ = 0.46 the bubble interaction factor, n;, is 0.9
for a headform radius of 2.5cm. At the same cavitation
number, but with a headform radius of 25¢m, the bub-
ble/bubble interaction factor, n;, is 900, which implies sig-
nificant reduction in the cavitation event rate. Note, how-
ever, that the cavitation on the headform will transition
to fully-attached cavitation long before bubble/bubble in-
teractions reach that level.

Figure 5 presents comparisons between the experimen-
tally measured event rates and the predictions using the
simultaneously measured nuclei distributions. Note that
the event rates are in rough agreement at the larger cav-
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itation numbers but that a progressively increasing dis-
crepancy develops as the cavitation number deereases and
the event rate increases.

Finally we observe that the prediction of the cavita-
. tion inception number is inextricably connected with a
detailed understanding of the event rate (see Billet and
Holl [2]). In figure 6 we make a qualitative comparison
between the inception number observed in the LCC ex-
periments of Kuhn de Chizelle et al. [17][18] and those
calculated from the model of Liu et al. [22] using an as-
sumed but typical nuclei distribution function. Both the
observed and calculated o; are based on an arbitrarily
chosen critical event rate of 50 events per second. In
comparing the two graphs in figure 6 we note that the
scaling with size is similat while the scaling with speed is
quite different probably for the reason given at the end of
section 3. 7 . :

5. CONCLUSIONS

The present paper describes investigations of the rela-
tionship between the cavitation nuclei distributions in wa-
ter tunnels and the cavitation event rates on some axisym-
metric headforms. The cavitation event rates and the nu-
clei populations in two water tunnels were simultaneously |
measured. The event rate increases with an increasing
nuclei population and a decreasing cavitation number as
expected. However it decreased with an incré‘asing tunnel
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speed even when the nuclei concentrations were similar.
This is the inverse of what would be expected.

A simple analytical model is presented for the connec-
tion between the nuclei distribution and the event rate.
The effects of the reduction in the cavitation event rate
due to the complications of the reduction of volume flow
rate by boundary layer, of the bubble screening near the
stagnation point, of the interactions between bubbles and
of a minimum observable cavitation bubble size are in-
cluded. Among all these effects, bubble screening results
in the largest reduction in cavitation event rate and the

“effect of bubble/bubble interactions becomes increasingly
important with increasing body size and decreasing cav-
itation number. Combined, these effects give rise to a
reduction in the event rate of an order of magnitude.

The scaling of the predicted cavitation event rate with
body size, cavitation number and nuclei population agrees
with the experimental observations. At larger cavitation
numbers, the predicted cavitation event rates quantita-
tively agree with experimental observations in the Low
Turbulence Water Tunnel and the High Speed Water Tun-
nel. However, two outstanding issues still remain. First
the observed event rates at lower cavitation numbers are
about an order in magnitude smaller than one would pre-
dict based on the actual nuclei distributions. This may
be due to the fact that only a fraction of the observed
nucler actually cavitate or it may be due to some other
effect which is not included in the model. More study 1s
needed to confirm this. Second, the changes with tunnel
velocity cannot be fully explained at present.
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When the model for the event rates is used with some
chosen criterion to predict the cavitation inception num-
ber. the results are consistent with those observed ex-
perimentally in so far as the trend with headform size is
concerned. The trend with velocity is, of course, at odds
with the experiments because of the discrepancy in the
event rate discussed above.
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