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ABSTRACT

This paper examines the relationship between the cavita-
tion event rates on axisymmetric headforms and the nuclei
distributions in the incident flow. An analytical model is
developed to relate these quantities and the results are com-
pared with experimental cavitation event rates measured in
the Large Cavitation Channel (LCC) at David Taylor Re-
search Center (DTRC) on three different sizes of Schiebe
body. The experiments were carried out at various cavita-
tion numbers, tunnel velocities and air contents.

Boundary layer, bubble screening and observable cavita-
tion bubble size effects on the event rates are examined. The
trends in the event rates with changing cavitation number
and body size are consistent with those observed experi-
mentally. However the magnitudes of the event rates are
about an order of magnitude larger than the experimental
data. Nevertheless it is shown that the cavitation inception
values predicted using a certain critical event rate are con-
sistent with those observed experimentally.

Nomenclature ,

C =Nuclei concentration

Cp =Coeflicient of pressure, (p — poo)/3pU*?

Cpum =Minimum Cp on a given streamline

CpMs =Minimum value of Cp on the headform sur-
face -

D =Headform diameter

E =Cavitation event rate

N(R)  =Nuclei density distribution function

R =Radius of a cavitation nucleus

R =Minimum radius of an observable cavitation
bubble

Rc . =Critical cavitation nucleus radius

Rpar . =Maximum cavitation bubble radius

S . =Surface tension

U =Upstream tunnel velocity .

Um =Maximum velocity corresponding to Cpys

f1y f2, fs =Numerical factors effecting the cavitation

- event rate

D =Fluid pressure
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Poo =Pressure upstream

Pv =Vapor pressure

ry =Headform radius

rK =Radius of curvature of streamlines near
minimum pressure point

rs =Radius of minimum pressure point

Yy =Normal distances of a given streamline from
axis far upstream and from body surface near
the minimum pressure point

8, 89 =Coordinate along a streamline and the lo-
cation of minimum pressure point

tg =Time available for bubble growth

u, uyy =Fluid velocity, fluid velocity just outside
boundary layer

v =Velocity of a bubble normal to streamline

p =Fluid density

] =Cavitation number, (poo — Pv)/ %pU 2

Ocrt =Threshold cavitation number

o; =Inception cavitation number

£ A =Factors in the chosen analytical expression
for N(R)

v =Kinematic viscosity of fluid

7 =Fluid viscosity

4, 47 =Thickness and momentum thickness of
boundary layer

€ =Displacement of a bubble normal to stream-
line

z =Function defined by equation (15).

x =dZ/d(r[ry)

1 Introduction

It has long been recognized that traveling bubble cavi-
tation occurs as a result of micro-sized cavitation “nuclei”
being convected into and then out of the low pressure re-
gions in a flow. One consequence of this is the recognition
that cavitation inception depends on the criterion one es-
tablishes in terms of the number of events per unit time.
Because of the difficulties experienced in measuring the nu-



clei in a water tunnel (see Billet, 1985), there have been
relatively few attempts to experimentally verify a relation-
ship between the nuclei population in the incoming flow and
the observed event rates. Two of the earliest attempts were
the efforts by Ooi (1985) and Franklin and McMillan (1984)
to synthesize the cavitation event rate in a submerged, tur-
bulent jet (see also Pauchet et al., 1992). However, one of
the major uncertainties in that flow is the difficulty in char-
acterizing the turbulent pressure fluctuations experienced
by the bubble.

More recently Meyer et al. (1989,1992) have presented
a theoretical model connecting the cavitation event rate
on an axisymmetric headform with the nuclei distribu-
tion in the incident stream. The approximate analytical
model presented by Ceccio and Brennen (1992) is simi-
lar in concept. The present paper refines this analytical
model and adds the effects of the boundary layer, of bub-
ble screening and of the finite size of the cavitation bubbles.
Though more approximate than the numerical computations
of Meyer et al. (1989, 1992), the analytical expressions pro-
vide insights into the important mechanisms and allow ap-
plication in more complex flow geometries.

2 Experiments

The data presented in this paper was taken during tests
conducted in the Large Cavitation Channel of the David
Taylor Research Center in Memphis, Tennessee. Three ge-
ometrically similar axisymmetric headforms (Schiebe head-
form shape, Schiebe, 1972) measuring 5.08 cm, 25.4 cm and
50.8 cm in diameter were installed on the centerline of the
tunnel and cavitation tests were conducted over a range of
tunnel speeds (9 m/sec to 15 m/sec) and air contents (30%
to 100% saturation at atmospheric pressure). The experi-
mental arrangements are described elsewhere in greater de-
tail (Kuhn de Chizelle et al., 1992a,b) and will not be re-
peated here. It is sufficient to indicate that a large number
of still photographs and a substantial quantity of video was
taken for each operating condition (the video was synchro-
nized to a strobe light to improve resolution).

Figure 1 presents the observed cavitation inception num-
bers, g, as a function of headform diameter, D, tunnel
velocity, U, and air-content relative to saturation at at-
mospheric pressure. Inception was based on an event
rate of 50 cavitation events per second. Events were de-
tected by means of flush-mounted electrodes, the cur-
rent from which was modulated by the presence of a
bubble (Ceccio and Brennen, 1992). The trends in fig-
ure 1 are fairly clear. The inception number increases
with increasing headform size and the curves may well
asymptote to the value of (—Cpps). This headform
size effect is simply a consequence of the fact that the
larger the headform, the more nuclei are available for
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Figure 1: Experimentally observed cavitation inception
numbers (based on 50 events/sec) as a function of tunnel
velocity, headform size and air content. Velocity: 9 m/sec
(0), 11.5 m/sec (O) and 15 m/sec (A). Air content: 30%
(—) and 80% (--*)

cavitation and, therefore, for a specific event rate the
value of o; will be larger. The values of o¢; also in-
crease with increase in air content for a similar reason,
namely more nuclei at the larger air contents. Figure 1
also demonstrates that the cavitation inception number
increases with decreasing tunnel velocity. This effect is
not so readily explained. However it is clear that to
achieve the same cavitation number at a lower veloc-
ity one requires a higher tunnel pressure and it may
be that the nuclei concentration in the tunnel increases
considerably with decreasing operating pressure. We
shall discuss this and other effects later in the paper.

3 Event Rate Observations

Both the photographs and the video tapes were analyzed
in order to explore the variations in the cavitation event
rates with headform size and tunnel velocity. The event
rates were evaluated by counting the number of individual
bubbles (or events) observable in a single frame and averag-
ing this number over many frames. This allowed construc-
tion of figure 2 in which the average number of observable
events is plotted against cavitation number, o, for each of
three velocities (9, 11.5 and 15 m/sec) for the three head-
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Figure 2: Average number of events observed on the head-
forms at an instant in time as a function of cavitation num-
ber, headform size and tunnel velocity. Velocity: 9 m/sec
(¢), 11.5 m/sec (O) and 15 m/sec (A). Headform diame-
ters: 5 cm (—-—), 25 cm (- -) and 50 cm (=)

forms (this data is for 30% air content and we shall focus our
attention on these conditions). Not surprisingly the number
of events increases with decreasing cavitation number and
with increasing headform size. Not so predictable is the ten-
dency for the number of events to decrease with increasing
speed but further comment on this effect is delayed until
later. :

The data on the number of events may be converted to
cavitation event rates using bubble lifetimes obtained from
knowledge of the velocity (Uy = U(1 - CpMs)% with
Cpys =-0.78) and the measured locations of bubble ap-
pearance and collapse as a function of ¢ (see Kuhn de
Chizelle et al., 1992a,b). The resulting event rate data for
30% air. content is presented in figure 3 and it is clear that
this is consistent with the cavitation inception data of figure
1 given the selected criterion of 50 events/sec.

As previously stated, one of the purposes of the present
paper is to demonstrate the connection between the event
rate (and by implication the inception number) and the nu-
clei number distribution. Before embarking on the details
of this connection it is instructive to present the event rate
data of figure 3 in the following modified form. Let us es-
timate that all the nuclei which pass through an annular
stream tube bounded on the inside by the headform and
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Figure 3: Cavitation event rates derived from figure 2 as
a function of cavitation number, headform size and tunnel
velocity. Velocity: 9 m/sec (¢), 11.5 m/sec (O) and 15
m/sec (A). Headform diameters: 5 cm (—), 25 cm (---)
and 50 cm (ee-)

on the outside by the stream surface which just touches the
Cp = —o0 isobar (see figure 6) cavitate and therefore form
observable bubbles. Then, using the potential flow velocity
in this stream tube (therefore neglecting boundary layer ef-
fects) and using the data of figure 5 to estimate the thickness
of the stream tube at each cavitation number, we can calcu-
late the volume flow rate of liquid in the cavitating stream
tube for each operating condition. Dividing the data of fig-
ure 3 by these values we obtain an estimate of the number
of cavitation nuclei per unit liquid volume; this data is pre-
sented in figure 4. It is significant that some of the variation
with cavitation number, headform size and tunnel velocity
which was present in figures 2 and 3 has now been removed.
Indeed, a large fraction of the data of figures 2 and 3 would
appear to correspond to a nuclei concentration of the order
of 0.1 nuclei/em®. The most noticeable deviation from this
uniform value occurs at the highest speed (15 m/sec) with
the two larger headforms.

The fact that a large fraction of the data appears to cor-
respond to a similar nuclei concentration is simultaneously
encouraging and puzzling. It is encouraging because it sug-
gests that a more careful analysis which begins with the
same nuclei number distribution and follows each nucleus
along its streamline may allow synthesis of the event rates
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Figure 4: Effective concentrations derived from figure 3 as
a function of cavitation number, headform size and tunnel
velocity. Velocity: 9 m/sec (¢), 11.5 m/sec (O) and 15
m/sec (A). Headform diameters: 5 cm (—-), 256 cm (--*)
and 50 cm (e——)

and the inception numbers. But it is also puzzling because
the concentration of 0.1 nuclei/cm? is at least an order of
magnitude smaller than most of the measurements of cavi-
tation nuclei would suggest.

Referring to Billet’s (1985) useful review of the sub-
ject of nuclei concentrations and distributions we note that
the most reliable observations of nuclei (microbubbles and
particles) have been obtained by systematically surveying
the reconstructed holograms of volumes of tunnel water
taken while the tunnel is in operation (for example, Gates
et al., 1978, 1979). For de-aerated tunnel water, such
inspections typically reveal concentrations more than 20
nuclei/cm® with sizes ranging from about 5um to about
200um (see also Kato, 1990). However the next question to
ask is what fraction of these potential nuclei do, in fact, cav-
itate when subjected to sub-critical pressures. Here the an-
swer is quite unclear. The other principal method for count-
ing nuclei is the cavitation susceptibility meter in which the
liquid is drawn through an orifice (or other device) and
therefore is subjected to low pressures. The device is of
sufficiently small size so that cavitation events occur indi-
vidually. Then the concentration of potential cayitation nu-
clei (as opposed to potential nuclei) is obtained from the
measured event rate and the known volume flow rate. Bil-
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let’s review indicates that the typical concentrations mea-
sured by susceptibility meters are usually of the order of
2 nuclei/cm?, significantly smaller than the concentrations
obtained by holographic methods. While this may suggest
that only a fraction of the potential nuclei actually cavi-
tate, the data is, as yet, inadequate to support any firm
conclusion and may, of course, differ significantly from facil-
ity to facility. However, insofar as the present experiments
are concerned, it is clear that actual cavitation nuclei con-
centrations are normally much larger than 0.1 nuclei/cm®.
This suggests that some other mechanism comes into play to
produce such a small event rate on the present headforms.

4 Analytical Model for Cavitation Event Rate

A simple synthesis of the cavitation event rate from the
nuclei distribution in the on-coming stream was presented
by Ceccio and Brennen (1992). Here we explore this rela-
tionship further and comment on other factors which could
significantly effect the event rate. We will use a nuclei num-
ber distribution function, N(R), defined such that, per unit
volume, the number of nuclei with radii between R and
R + dR is given by N(R)dR. From the measurement of
free stream nuclei distribution in our laboratory (see Liu
et al., 1993), a characteristic form for N(R) is

loge e (logR — log¢)? )

N(R) = 0(2“)1/2 ARV 2)2

(1)

where C is the nuclei concentration. By adjusting the val-
ues of £ and ), the distribution function (1) can be made to
fit most observed nuclei distribution functions. It is prefer-
able to the more frequently used power law because it allows
simulation of the peak in the population which is often ob-
served (at B = £) and of the fact that the population of
large bubbles is very small.

The problem is to evaluate how many of these nuclei are
convected into the region of low pressure near the minimum
pressure point on the surface of the body and therefore grow
to observable macroscopic vapor bubbles. Some simplifying
observations allow us to avoid lengthy numerical compu-
tations of the bubble dynamics (using the Rayleigh-Plesset
equation) for every nucleus size, every streamline, every cav-
itation number, etc.. Meyer et al. (1989, 1992) conducted a
detailed numerical study of this kind which included most
of the effects studied here. In this paper we present a much
simpler analytical approach which, though more approxi-
mate, is probably as accurate as the current experimental
data would merit. Ceccio and Brennen (1992) observed
while carrying out numerical integration of the Rayleigh-
Plesset equation that, for a given cavitation number, o,
and minimum pressure coefficient, Cpps, all nuclei above
a certain critical size, R = R, would grow to roughly the



same observable bubble size and therefore would be regis-
tered as “cavitation events”. Furthermore, the critical size,
R, appeared to be almost independent of the details of
the pressure/time history and a function only of the differ-
ence between the minimum pressure and the vapor pressure
(represented non-dimensionally by (—Cpar — @)), the up-
stream velocity, U, the fluid density, p, and surface tension,
S. Specifically,

_ 84S
~ 3pU%(—Cpy — 0) 2

fitted the bubble dynamic calculations very well when the
empirical parameter 3 &1. This expression is, of course,
consistent with the stability analyses put forward first by
Flynn (1964) and Johnson and Hsich (1966). Its use does
save a great deal of computational effort. Furthermore, it
means that we need not concern ourselves with the detailed
pressure/time history along the entire length of each stream-
line but can simply focus on the region around the minimum
pressure point.

However, it is necessary to determine how the minimum
pressure coefficient, Cp s, varies from streamline to stream-
line. Here again we will use a simple analytic expression
derived from much more complex computations. A panel
method was developed to solve the potential flow around any
axisymmetric headform. This was used to calculate the po-
tential flow around the Schiebe headform. Such calculations
suggested that the pressure gradient, dp/dy, normal to the
surface in the vicinity of the minimum pressure point could
be approximated by pUZ, [r k where Upyr = U(1—Cpus)?
and Cppys are respectively the velocity and pressure coef-
ficient at the minimum pressure point on the surface of the
body and ry is a measure of the radius of curvature of the
streamlines in this region. For the Schiebe body (Cpys =-
0.78) it is found that ry/rg =2.5 provides an approxi-
mate representation of the variation in the minimum pres-
sure coefficient, Cpps, on a streamline with the distance
y of that streamline from the surface. The actual varia-
tion of Cpps with y from the potential flow calculation is
shown in figure 5 along with several approximations. With
dp/dy = pU%, / rx it follows that

Rc

()

This expression allows us to evaluate from equation (2) the
critical nuclei size, Rc(y), for each streamline; Rc there-
fore increases with the distance, y, of the streamline from
the surface. A larger critical size means that fewer of the
available nuclei will generate cavitation events. The process
is terminated on that streamline which just touches the iso-
bar Cpy = —0 for then the minimum pressure is equal
to the vapor pressure and no cavitation events will occur
on this streamline or any outside it. Consequently we need

Cpm =Cpums +2y(1 — Cpus)/rk
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Figure 5: Variation in the minimum pressure coefficient,

Cpu, on a streamline with the distance y of that streamline

from the surface of the body near the minimum pressure
point

only be concerned with a region near the surface given by
O<y<ymfs (4)
where (—C )
—LCpMs — 0O

P e . Chukl 5

VM = S50 = Crus) (5)
and f3 =1. Different values of f3 which is a function of
R /r g will be used later to examine the influence of a min-
imum observable bubble size, R)s. Using the relations (2)
and (3) and disregarding any possible effects of the bound-
ary layer or of relative motion between the nucleus and the
flow one can then construct an event rate from the nuclei
number distribution as follows. The volume flow rate pass-
ing through two stieam surfaces a distance, dy, apart at the

minimum pressure point (see figure 6) is given by

2xrsU(1 — Cpus)? fi(y)dy (6)

where fi(y) =1, but different values will be used later to
account for boundary layer effects. The variable rg is the
radial distance from the axis of symmetry to the minimum
pressure point (on the Schiebe body rg/rg =0.75). It fol-
lows from equation (6) that the cavitation event rate in the
stream tube, dF, is given by

dE = 2rrsU(1—Crus)} f ‘(”’)dy/nw( ) 'IZ—((II?% )
c(y ?
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Figure 6: Schematic showing typical annular stream tube
upstream and in the neighborhood of the minimum pressure
point

where f2(R,y) =1, but different values will be used later to
account for screening effects due to relative motion between
the nuclei and the liquid. In the above equation it follows
from equations (2) and (3) that

885 2y(1-C, -t
Rc(y)=3—f'U‘2 —U—CPMs—y(_rK-@-‘i)-

(8)
Note that Rc(y — ym) — oo. It follows that the total
cavitation event rate, E, will be

*  N(R)R

Rc(y) fz(R, v) y
(9)

M I3
E:/y 2xrsU(1-Crus)? £1(v)
0

5 Boundary Layer Effect

The above analysis neglected the effects which the pres-
ence of a boundary layer might have on the pressure/time
history experienced by a potential cavitation nucleus. Sev-
eral such effects can be envisaged. These include the fact
that the boundary layer will reduce the volume flow rate of
fluid traveling close to the headform and thus reduce the
supply of nuclei. It may also alter the shape of the iso-
bars near the surface. Here we will explore only the first
of these two effects. To do so we assume a simple form for
the boundary layer profile near the minimum pressure point
namely

18

fory<é
fory>d

Mo { i(i‘) -2(§)°+ (3’ (10)

umM

where § is the boundary layer thickness. If d2 is the mo-
mentum thickness, it follows that 62 = 0.133§ and us-
ing the modified Thwaites method to solve for the laminar
boundary layer thickness (Thwaites, 1949, Rott and Crab-
tree, 1952), we find that :

52 v *
— = 0.68(—=
2 % 068() (1)
Then, to account for the decrease in volume flow rate due to
the boundary layer, the expressions (6), (7) and (9) should
include non unity values for f)(y) given by
_[20) -2+ B tey<s g

n={ 2 brv<d
with 8 = 5.10(wrg /U)3.

It is also true that the boundary layer will effect the shape
of the isobars and therefore cause some alteration of the
expressions (3), (5), and (8); we have not included this effect
in the present analysis.

6 Screening Effects

In their study of the potential cavitation of nuclei, John-
son and Hsieh (1966) recognized that the relative motion
between the nuclei and the liquid might play an important
role in determining the number of nuclei which enter the
region in which the pressure is below the vapor pressure.
Specifically they recognized that a bubble “screening” ef-
fect would occur in which the nuclei are forced away from
the body due to the large pressure gradients normal to the
streamlines in the vicinity of the stagnation point. This out-
ward displacement would be larger for the larger bubbles.
Because one is concerned only with streamlines very close to
the stagnation streamline and the body surface and because
the streamline curvature and therefore the pressure gradi-
ent normal to the streamline is much larger in the vicinity of
the stagnation point than anywhere else, we may evaluate
this screening effect by focusing attention on the stagna-
tion point flow alone. In order to obtain an estimate of this
effect we shall assume that the nuclei under consideration
(of radius R) are all sufficiently small that the Reynolds
number of the relative motion is much smaller than unity.
Then the velocity of the nucleus in a direction normal to the
streamline, v, is given by

) (13)

v=

(

R2
m

ol
e
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Figure 7: The function E(r/ry) for the stagnation point
flow in the potential flow around a sphere

where Op/8n is the local pressure gradient normal to the
streamline. Then the total displacement, €, across the
streamlines is given by

B B v
e=/ vdt=/ —ds
A a ldl

where |g| is the magnitude of the fluid velocity, the coor-
dinate 8 is measured along a streamline, A is a point far
upstream and B is a location after the large pressure gradi-
ents in the vicinity of the stagnation point have been expe-
rienced. Note that € will, of course, differ from streamline
to streamline and will therefore be a function of r defined
as the radial position of the streamline far upstream of the
body (see figure 6). Thus

(14)

e(r/rg) _ 2R (P 1 dp g.d(i)
ra vrg Ju pU2O(n/ru)lgl ‘rm
2R%U
= g E(r/ra) (15)

where I(r/ry) is used to denote the dimensionless integral
. on the previous line.

Since the stagnation point flow is the same on any blunt
axisymmetric body it is appropriate to choose to examine
the stagnation region in the potential flow around a sphere
in order to evaluate X(r/rg). This is a non-trivial calcu-
lation, and the details will be omitted here for the sake of
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brevity. The result is the function E(r/ rH) presented in
figure 7; for convenience this can be approximated by the
empirical relation

S(r/ru) =T(r/ru)"

where I" 1.69, v ~0.5.

Having evaluated the screening displacement it can be
applied to the evaluation of the event rate in the following
way. A nucleus of radius R which is on the streamline at
radius r far upstream will, when it reaches the low pressure
region, be on the streamline which is the following distance,
y, from the body surface:

(16)

¥ _ 1 r2 _(___)21'HU
ry 2(1 - CpMs)'} rSTH

I(r/ra)

(17)
Thus the stream tube between y and y + dy will contain all
the nuclei of radius R which were present in the upstream
flow between radii r and r + dr (figure 6) where

dy rdr

Y e oS (1)

and

fa(Rv) = 1+ 3P (ED)(1 - Coms)H () L
'(19)

where I’ denotes dX/d(r/rg) and r and y are related by
equation (17). Since the liquid flow between y and y + dy
is still given by the expression (6), it follows that the actual
number distribution function for the stream tube between
y and y + dy is Ng(R,y) where

NE(R7 y) = N(R)/fi.’(R’ y)

Consequently the screening effect alters the event rate by
introducing a non-unity expression for fa(R,y) in the ex-
pression (9), namely that given by equation (19).

(20)

7 Observable cavitation bubble size effect

Normally, experimental observation can only detect cavi-
tating bubbles when they achieve a certain observable size,
say Ry, and in this section we shall incorporate this “ob-
servable cavitation bubble size effect” in our analysis. This
requires an analysis of the maximum size, R4z, achieved
by the cavitation bubble. To do so we represent the pressure

coefficient near the minimum pressure point approximately
by

2y(1— s |8~
Cp = Cpus+ .t rfPMs) +CP II:H |
Chyls—
= Cpu+Shle=nl (21)
ry



where s is a coordinate measured along a streamline and sg
is the minimum pressure location. Cp )y is given by equation
(3). The value of the constant C'p, is about 1.39. It follows
that the time of residence of the bubble in the region —Cp <
o on a given streamline distance y from the surface is given
by

2(—0—Cpum)

r
UCh,(1- Cpus)'2 ©
The bubble growth rate is given approximately by

dR
dt

where Cpys is given by equation (3). It follows that the
maximum size, Rynqz, & cavitating bubble can reach will be

given roughly by

Rz _ 2(—0' - CPM)3/2
Ch1(1 - Cpus)'/?

Only those bubbles whose maximum size, Rmaz, is
greater than a certain radius, I2)s, are regarded as observ-
able cavitation events. By solving Ruymar = R for y, we
have

(22)

g =

U(—a’ CPM)U2 (23)

(24)
TH

y<ymfs(Rm/rH) (25)

where
[4 (82) Cpi (1 Crus)?
(—o — Cpums)

Notice that as Ry —0,

] 2/3
fs —) =1- (26)
and Yy is given by (5).
fs(Rm/ru) —1. And when

' 2/3
Oert = —Chpums — [ (— )CPI(]- CPMS)I/z]

(27)
f3s(Rm/ru) = 0., which means that if ¢ > gcre, there will
be no bubbles with sizes greater than Rs. Hence 0yt is the
threshold cavitation number. For example, for Cpys =-
0.78 and Ry /r g =0.04, 0yt is 0.67, which is far less than
—Cpms =0.78.

8 Results of Analytical Model

In this section we shall evaluate the various effects on
the cavitation event rate and compare the results of the
analytical model with the measured cavitation event rates of
figure 3 and the inception data of figure 1. For this purpose
we select a particular nuclei number distribution of the form
given by equation (1), namely

C = 100ecm™3
§ = 13.0pum
A = 043 (28)
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Figure 8: Example of the effects of boundary layer volume
flow (f1), bubble screening (f2) and observable cavitation
bubble size (f3) on the calculated event rates. D =5cm,
U =9 m/sec, Ry =1.0mm

These values produce a shape which is similar to that
of many of the nuclei number distributions which have been
measured in our laboratory (Liu et al., 1993). We note that
the concentration, C, of 100 em~3 is consistant with the
measurement done by other researchers. It is much larger
than that proposed by Billet (1985), but is less than those
measured by Gates (1978) and Kato (1990). When viewing
the analytical results in figures 8 and 9, one should remem-
ber that the cavitation event rates simply scale linearly with
concentration C and therefore the results for other values
of concentration C' are easily obtained.

In figure 8, we present typical results showing the char-
acteristic effects of boundary layer volume flow (f;), of the
bubble screening (f2) and of the observable cavitation bub-
ble size (f3). Note that all these effects can cause a sig-
nificant reduction in the event rate and, together, can ac-
count for an order of magnitude reduction in the event rate.
Among all the effects, the boundary layer flow rate effect
causes the biggest reduction in the event rate. Also note
that the observable cavitation bubble size restriction sets
up a sharp threshold at cavitation number of about 0.69.
However, from figure 9, even with these effects taken into ac-
count, the event rates are still about an order of magnitude
larger than observed experimentally.

The event rates predicted by equation (9) with f; # 1,
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Figure 9: Calculated cavitation event rates for the 5
cm (—), and 50 cm (=) headforms at 9 m/sec (o), 11.5
m/sec (0) and 15 m/sec (A). Boundary layer volume flow
and the bubble screening effects are included. The observ-
able cavitation bubble size effect is not included

f2 # 1, f3 = 1 are shown in figure 9. Note that the vari-
ations in the event rates with cavitation number and with
headform size are qualitatively similar to the experimental
trends in figure 3. But there are also two substantial dis-
crepancies. First the tunnel velocity effect produced by the
model is not consistent with that observed experimentally,
having a different sign in the experiments. Secondly, the
magnitude of the event rate is at least one order of magni-
tude larger than that observed experimentally.

We must conclude that two outstanding issues still re-

main. First the observed event rates are at least one or-

der of magnitude smaller than one would predict based on
the anticipated nuclei distributions. Perhaps only a small
fraction of the “potential” nuclei actually do cavitate but
more detailed study is needed to confirm this. Secondly the
changes with tunnel velocity cannot be explained at present.
One suspects that the observed effects may be the result of
changes in the nuclei population with changes in the tunnel
operating condition (pressure and velocity). On-line moni-
toring of nuclei content and explorations of how the nuclei
content changes with operating condition seem essential pre-
requisites for answering the questions posed by this study.
Moreover, it seems clear that cavitation inception criteria
are a natural consequence of the event rate variations and
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Figure 10: Predicted cavitation inception numbers for var-
ious tunnel velocities (9 m/sec (), 11.5 m/sec (O), and 15
m/sec (A)), headform diameters and two minimum observ-
able bubble sizes of Ryy =1 mm (—) and Ryy =0.5 mm
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that the above recommendations are also an essential pre-
requisite to an understanding of inception and the scaling
effects of cavitation.

The information on event rates can be used to produce
cavitation inception numbers simply by selecting a certain
event rate criterion for inception. Notice in figure 8 that
the observable cavitation bubble size effect has the largest
influence at large cavitation numbers.

The cavitation inception numbers will mostly depend on
the the ratio of Ry /ry. For example, when Ry [ra =0.04
or 0.004, the cavitation inception number can not exceed the
threshold cavitation number o.,; which has a value of 0.67
or 0.75 respectively. The fact that this effect does not show
up in the experimental data in figure 1 is probably because
of the counteracting effects of the tunnel blockage on the
large headforms in the LCC. For example, when the overall
tunnel cavitation number was 0.78, the blockage effect on
the 50.8 cm headform would create an effective value of 0.70
in the low pressure region.

In the work of Ceccio and Brennen (1992), the mini-
mum detectable cavitation bubble radius on 5 cm diameter
Schiebe bodies was about 1 mm. Figure 10 shows the pre-
dicted cavitation inception numbers for various body sizes
and various velocities with Ry =1.0 mm and R)s =0.5



mm. Comparing fignre 10 with figure 1, the trends of pre-
dicted cavitation inception numbers with changing head-
form sizes are consistent with the experimental observations.
And the values are also close to those experimentally ob-
served.

9 Conclusion

The present paper consists of an intermediate report on
an investigation of the relationship between cavitation nu-
clei distributions in a water tunnel and the cavitation event
rates on some axisymmetric headforms. Data on the event
rate for a series of headforms of different size installed in
the DTRC Large Cavitation Channel is presented and ana-
lyzed. It is shown that the event rate scales with size and
speed in a manner which is consistent with a simple model
and a fairly constant nuclei concentration. Cavitation in-
ception numbers based on a fixed event rate also seem to
scale as expected with headform size and, crudely, with air
content. However the scaling with speed seems the opposite
of that which one would expect based on a constant nuclei
concentration and suggests that the concentration changes
substantial with tunnel pressure and speed.

A simple analytical model is presented for the connection
between the nuclei distribution and event rate. Similar in
concept to the numerical model presented by Meyer et al.
(1989, 1992), it has the advantage of ease of calculation and
adaptation to other flows. The effects of the reduction in
volume flow due to the boundary layer, of the bubble screen-
ing near the stagnation point and of a minimum observable
cavitation bubble size are included. Combined these effects
give rise to a reduction in the event rate of an order of mag-
nitude.

Comparison of the experiments with the model using a
constant nuclei distribution characteristic of those measured
in our laboratory reveals two important discrepancies. The
event rates observed in the LCC experiments are fairly con-
sistently about one order of magnitude less than expected.
This may be due to the fact that only a small fraction of
the observed nuclei actually cavitate or it may be due to
some other effect which is not included in the model. The
other discrepancy has already be mentioned, namely that
the trend with velocity is the reverse of that observed ex-
perimentally. As mentioned above, this could well be due
to a nuclei distribution which changes substantially with
tunnel operating conditions. Experiments in our laboratory
show that the nuclei distribution can change in this way
(Liu et al., 1993).

When the model for the event rates is used with some
chosen criterion to predict the cavitation inception number,
the results are consistent with those observed experimen-
tally in so far as the trend with headform size is concerned.
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The trend with velocity is, of course, at odds with the exper-
iments because of the same discrepancy in the event rate.
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