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e-mail: ctsung@dynaflow-inc.com The acoustic pressure generated by cavitation inception in a tip vortex flow was simulated
) in water containing a realistic bubble nuclei size distribution using a surface-averaged
Georges L. Chahine pressure (SAP) spherical bubble dynamics model. The flow field was obtained by the
e-mail: glchahine@dynaflow-inc.com Reynolds-averaged Naviebtokes computations for three geometrically similar scales of
a finite-span elliptic hydrofoil. An “acoustic” criterion, which defines cavitation inception
Dynaflow, Inc. as the flow condition at which the number of acoustical “peaks” above a pre-selected
10621-J Iron Bridge Road, Jessup, MD 20794 pressure level exceeds a reference number per unit time, was applied to the three scales.

It was found that the scaling of cavitation inception depended on the reference values
(pressure amplitude and number of peaks) selected. Scaling effects (i.e., deviation from
the classicalaiocRg'“) increase as the reference inception criteria become more stringent

(lower threshold pressures and less number of peaks). Larger scales tend to detect more

cavitation inception events per unit time than obtained by classical scaling because a
relatively larger number of nuclei are excited by the tip vortex at the larger scale due to
simultaneous increase of the nuclei capture area and of the size of the vortex core. The
average nuclei size in the nuclei distribution was also found to have an important impact
on cavitation inception number. Scaling effects (i.e., deviation from classical expressions)
become more important as the average nuclei size decreH36d: 10.1115/1.1852476

1 Introduction deformation and the full interaction between the bubble and the

viscous flow field[11]. In the present study we incorporate the

Scaling of the results of a propeller tip vortex cavitation inceF)SAP spherical bubble dynamics model with a statistical nuclei

tion studies from Iaboratory to large scales ha_s not a!ways be Qiribution in order to enable prediction of cavitation inception in
very successful. Aside from the problems associated with prope

i
. i .~ . . ypractical liquid flow field with known nuclei size distribution.
scaling the flow field, existing scaling laws as derived or used Byiq i yealized by randomly distributing the nuclei in space and
previous studies, e.g[1-6], lack the ingredients necessary tQime according to the given nuclei size distribution. According to
explain sometimes major discrepancies between model and iylbyious studie§12,13 the number of nuclei to use in the com-
scale. One of the major aspects which has not been appropriaigl¥ation can be reduced by considering only the nuclei that pass

incorporated in the scaling law is nuclei presence and nuclei siggough a so-called “window of opportunity” and are captured by
distribution effects. Another issue which may cause scaling profie tip vortex.

the flow condition is considered to be at cavitation inception wheghnsider the tip vortex flows generated by a set of three geometri-
either an ‘acousti¢ criterion or an “optical’ criterion is met cajly similar elliptic hydrofoils. The flow fields are obtained by
[7,8]. These two detection methods are known to provide differegfeady-state Navier—Stokes computations which provide the ve-
answers in the most practical applications. Furthermore, for pragcity and pressure fields for the bubble dynamics computations.
tical reasons inception may be detected by one method at mogtgke SAP spherical model is then used to track all nuclei released
scale and by another at full scale. To address this issue in a mggadomly in time and space from the nuclei release area and to
consistent manner for different scales, the present study considessord the acoustic signals generated by their dynamics and vol-
an “acoustic¢ criterion which determines the cavitation inceptionume oscillations.
event by counting the number of acoustical signal peaks that ex-
ceed a certain level in unit time.

To theoretically address the above issues in a practical way .
spherical bubble dynamics models were adopted in many studfes Numerical Models
n o_rde_r to _simula_lte the bubble dynamic_s and to predict tip VOrteX 5 1 Navier-Stokes Computations. To best describe the tip
cavitation inception[8—10]. In our previous studie$8,11], an ey flow field around a finite-span hydrofoil, the Reynolds-
improved surface-averaged pressAP) spherical bubble dy- ayeraged Navier—StokeRANS) equations with a turbulence
namics model was developed and applied to predict single bubblg,je| are solved. These have been shown to be successful in
trajectory, size variation and resulting acoustic signals. This modgdgressing tip vortex flow§14] and general propulsor flows
was later shown to be much superior than the classical spherigpt 16, The three-dimensional unsteady Reynolds-averaged in-

model through its comparison to a two-way fully threegompressible continuity and Navier—Stokes equations in nondi-
dimensional(3D) numerical model which includes bubble shapgnensional form and Cartesian tensor notations are written as
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whereu;= (u,v,w) are the Cartesian components of the velocity
X;=(X,y,z) are the Cartesian coordinatgs,s the pressureR, Bubble Trajectory
=pu*L*/u is the Reynolds numbeg* andL* are the charac-
teristic velocity and length selected to be, respectively, the fr
stream velocity,V,. and root chord lengthC,. p is the liquid
density, andu is its dynamic viscosity. The effective stress tensc
Tjj is given by Nuclei Distribution
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where §;; is the Kronecker delta a ’uj’ is the Reynolds stress
tensor resulting from the Reynolds averaging scheme.

To numerically simulate the tip vortex flow around a finite-spa
hydrofoil, a body-fitted curvilinear grid is generated and EGs.
and(2) are transformed into a general curvilinear coordinate sy
tem. The transformation provides a computational domain that
better suited for applying the spatial differencing scheme and t
boundary conditions. To solve the transformed equations, we t Nuclei Distribution
the three-dimensional incompressible Navier—Stokes flow solv:
DF_uncLE, derived from the code UNCLE developed at Missis
sippi State University. The DBNcCLE code is based on the
artificial-compressibility methodl17] which a time derivative of
the pressure multiplied by an artificial-compressibility factor i
added to the continuity equation. As a consequence, a hyperbc
system of equations is formed and is solved using a time marchi
scheme in pseudo-time to reach a steady-state solution.

The numerical scheme in DBNCLE uses a finite volume for-
mulation. First-order Euler implicit differencing is applied to the
time derivatives. The spatial differencing of the convective tern
uses the flux-difference splitting scheme based on Roe’s mett
[18] and van Leer's MUSCL methodL9] for obtaining the first-
order and the third-order fluxes, respectively. A second-order ce
tral differencing is used for the viscous terms which are simplifie
using the thin-layer approximation. The flux Jacobians required in
the implicit scheme are obtained numerically. The resulting syEig. 1 The location and size of a fictitious volume for ran-
tem of algebraic equations is solved using the Discretized Newtégmly distributing the nuclei
Relaxation methodl20] in which symmetric block Gauss—Seidel
sub-iterations are performed before the solution is updated at each
Newton interaction. &A— e turbulence model is used to model the
Reynolds stresses in E().

Cavitating bubble
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All boundary conditions in DRUNCLE are imposed implicitly. M AmR?
Here, a free stream constant velocity and pressure condition is azz N Al (5)
specified at all far-field side boundaries. The method of character- = ' 3

istic is applied at the inflow boundary with all three components
of velocities specified while a first-order extrapolation for all vari-

ables is used at the outflow boundary. On the solid hydrofoil sur- . . . . .
face, a no-slip condition and a zero normal pressure gradient cgmerENi is the discrete number of nuclei of radiBs used in the

- . mputations. The position and timing of nuclei released in the
dition are used. At the hydrofoil root boundary, a plane symmet ) . . ST -
condition is specified. ﬁgw field are obtained using random distribution functions, al-

ways ensuring that the local and overall void fraction satisfy the
2.2 Statistical Nuclei Distribution Model. In order to ad- nuclei size distribution function.
dress a realistic liquid condition in which a liquid flow field con- From previous studief12,13, we know that only nuclei that
tains a distribution of nuclei with different sizes, a statistical nuenter” a given region or “window of opportunity” are actually
clei distribution is used. We consider a liquid with a known nucletaptured by the vortex and generate strong acoustic signals.
size density distribution functiom(R). n(R) is defined as the Therefore, it is economical to consider only nuclei emitted from
number of nuclei per cubic meter having radii in the rapBeR  this “window of opportunity.” This is similar to considering a
+ 8R]. This function has a unin~* and is given by fictitious volume of cross area equal to the window area and of
length equal to/..At, whereV., is the free stream velocity ankt
_dN(R) is the total time of signal acquisitiofsee Fig. 1L
n(R)= “drR (4)

2.3 Bubble Dynamics. The nuclei convected in the flow
whereN(R) is the number of nuclei of radiuR in a unit volume. field are treated using a spherical bubble dynamics model. To do
This function can be obtained from experimental measuremests, we use the Rayleigh—Plesset equation modified to account for
such as light scattering, cavitation susceptibility meter and ABSslip velocity between the bubble and the host liquid, and for the
Acoustic Bubble Spectrometer® measuremditsl and can be nonuniform pressure field along the bubble surfeb@. The re-
expressed as a discrete distribution Mfselected nuclei sizes. sulting modified surface-averaged pressy®AP) Rayleigh—
Thus, the total void fractiong, in the liquid can be obtained by Plesset equation can be written as:
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where Ris the time varying bubble radiu®, is the initial or
reference bubble radiug, is the surface tension parametpy, is
the vapor pressurgy, is the initial or reference gas pressure
inside the bubble, and is the polytropic compression law con-
stant.u is the liquid convection velocity andy, is the bubble
travel velocity. PencounteriS the ambient pressure “seen” by the
bubble during its travel. In the SAP meth&4q,,countedS defined as
the average of the liquid pressures over the bubble suffeide

The bubble trajectory is obtained using the following motion
equation[22]
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where the drag coefficier@p is given by an empirical equation
such as that of Haberman and Mort&8]

24
Re b

2pRlu-u
Com PRIU— Uy

(1+0.19R%%3+2.6X10 R,  Rep=
®)
The pressure at a distankcBom the bubble center generated by
the bubble dynamics is given by the expression
R*R2
214

)

p=IB[R2h+2R'R2]—p

Whenl|>R, Eq.(9) becomes the expression for the acoustic pres-
surep, of Fitzpatrick and Strasbei@4] after introduction of the
delayed timet’ due to a finite sound speed,

’ Rp C ’ 247 ’ r R
Pa(t’) = T[RR(t )F2RAL)], t=t- c (10) Fig. 2 Computational domain and grid for the current study

To determine the bubble motion and its volume variation, a

Runge-Kutta fourth-order scheme is used to integrate BIS. once the interpolation stencil and interpolation coefficients are

and (7) through time. The liquid velocity and pressures are ohyetermined, the pressure and velocities can be obtained by using a
tained directly from the RANS computations. The numerical sQgmijar equation to Eq(11).

lution of the RANS equations, however, offers the solution di-

rectly only at the grid points. To obtain the values for any 2.4 Computational Domain and Grid Generation. To
specified location X,y,z) on the bubble we need to interpolatecompute the flow around the finite-span elliptic hydrofoil we gen-
from the background grid. To do so, an interpolation stencil arefated an H—H type grid with a total of 2.7 million grid points in
interpolation coefficients at any specified location are determingdich 191x101x101 grid points were created in the streamwise,
at each time step. We use a three-dimensional point-locatisganwise and normal direction, respectively, and<8l grid
scheme based on the fact that the coordinatey,f) of the points were used to discretize the hydrofoil surface. The grid is
bubble location are uniquely represented relative to the eight cerbdivided into 12 blocks for a computational domain which has

ner points of the background grid stencil by all far-field boundaries located si6) chord lengths away from
8 8 8 the hydrofoil surfacdsee Fig. 2 Grid resolution was determined
_ _ — according to previous numerical studigist,25 in which exten-
X:Z NiX , y:Z NiYi Z:Z Niz (11)  sive investigations of the grid resolution for the tip vortex flow
=t =t =t showed that the minimum number of grid points needed for good
where resolution is at least 15 grid points across the vortex core. Here,
the grid resolution for the tip vortex was optimized through re-
Ni=(1=)(1=)(1=¢), No=¢(1-¢)(1-9), peated computations and regridding to align grid clustering

around the tip vortex centerline. The final refined grid selected for

N3=(1-d)p(1-¢), Ni=di(l—9), (12) the results shown below had at least 16 grid points in the spanwise

—(1_ _ _ _ direction and 19 grid points in the crosswise direction within the
Ns=(1=¢)(1=¢)e. Ne=d(1-¢)e, vortex core. The first grid above the hydrofoil surface was located
N;=(1—¢)pep, Ng=ddie. such thaty*~1 in order to properly apply the turbulence model.

&, i, ¢ are the interpolation coefficients, an; (y;,z) are the 3 Results

coordinates of the eight corner points of a grid stencil in the back-

ground grid. Equation(11) is solved using a Newton—Raphson 3.1 3D Steady-State Tip Vortex Flow. The selected finite-
method. For a bubble point to be inside the grid stencil requirapan elliptic foil has a NACA16020 cross section with an aspect
that the corresponding, #, ¢ satisfy O<=¢=<1, O<y=<1, O<ep<1. ratio of 3(based on semisparThe flow field at an angle of attack
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Table 1 Characteristics of the three NACA16020 foil used

Small scale Medium scale Large scale
Co 0.144 m 0.288 m 0.576 m
V., 10 m/s 10 m/s 10 m/s
Re 1.44x10° 2.88x10° 5.76x 10°
—CPuin 3.34 4.34 5.48
NACA16020 Finite-Span Elliptic Hydrofoil at a=12°

[ Re=1.44x10°

L N e Re=2.88x10°

i —— - Re=5.76x10°"
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Fig. 3 Pressure coefficient variations along the NACA16020
elliptic foil for three values of the Reynolds number

of 12 deg was computed for three foil sizes or three different
Reynolds numbers in order to study cavitation scaling effects.
These correspond to the three scales shown in Table 1. In all three
cases a steady-state solution was considered achieved When
-V=1x10*. The resulting pressure coefficients along the tip
vortex centerline are shown in Fig. 3. It is seen that the locations
of the minimum pressure for all three cases are very close to the
hydrofoil tip and are located at/C,=0.085, 0.075, and 0.075.
The corresponding minimum pressure coefficients are shown in
Table 1. If the cavitation inception number is assumed to be
—Cpmin» then these values correlate with the power formulation:
R0,

To validate the steady state computations an additional case was
computed at an angle of attack equal to 10° &e-4.75x 10°.
The results were compared to the available experimental measure-
ments of 2] by considering the tangential and axial velocity com-
ponents across the tip vortex core at two streamwise locations. As
seen in Fig. 4, the comparison indicates that the tip vortex flow is
well predicted in the near-field region in which the pressure coef-
ficient along the vortex center reaches its minimum. However,
over-diffusion in vortex core size and over-dissipation in veloci-
ties are seen for the numerical solution further downstream espe-
cially for the axial velocity component whose velocity profile
changes from excess to deficit. Notice, however, that this occurs
beyond the region of interest here for bubble dynamics studies.
Indeed, the bubble dynamics simulations show that the bubble
growth and collapse durations are relatively very skeet Fig. 5
and occur before/Cy=0.1. In this region, our numerical solution

(61)1 x/Cy=0.1 (b) [ x/Cy=0.1
T 15
1} [
0.8 ;- 1.25 R ‘
g 0.6 |- /““’1 ;
2.t g f \\
g 04 2 1 :
3 2 | b
02 ! \
of 075 \/
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02k ———— Numerical Result [
- 0sf
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02 -0.1 0 0.1 0.2 Co T ) PR - |
IC -0.05 0 0.05 0.1
(C) z Z/C
12 ¥/ Co=03 (d)15L x/Cy=0.3
ik ;
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-15‘ N A B T | - N B . e L ]
-0.2 -0.1 0 0.1 0.2 -0.05 0 0.05 0.1
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Fig. 4 Comparison of tangential and axial velocity components across the tip vortex core at
between present numerical result and experimental measurements
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Small Scale Cavitation Number= 3.2 RO = 10 microns
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Fig. 5 Example computation of bubble dynamics for bubble radius, encoun-
tered pressure, and emitted acoustic pressure versus time during bubble cap-
ture in the tip vortex

agrees quite well with the experimental measurements. Therefderent scales with the same initial nuclei size are shown in Fig. 7.

the present Navier—Stokes computations are reliable for studyings seen that the size of the “window of opportunity” increases

the bubble behavior in th€ py,, region of interest. as the scale increases. This implies that larger scales capture more
3.2 Window of Opportunity. The “window of opportu- Nnuclei into the vortex for the same nuclei sizes and duration of

nity” can be determined by releasing nuclei upstream of the foioservation time when compared to smaller scales.
and tracking their trajectories to see if they enter into the low - s T o —y
pressure areas in the tip vortex flow. A release plane Iocatedba .'3 Stzt_lstlt_:al Nuclei Slzel D'ftlr('bunond Nuclei snzehdlstrl
x/Cy=—0.1 ahead of the hydrofoil tip{C,=0) was used. Nu- Pution studies in water tunnels, lakes an 0ce@6527] show a
clei were released from this plane at various locations, tracké&?wer'law distribution for the number density distribution func-
and the minimum pressure they encountered is recorded at tig®, with n(R)~1/R?, where the exponeng lies between 2.5
corresponding release point. and 4. In the present study we consider a nuclei size distribution
Initially, 300 nuclei of a given size were released from theanging from 10 to 10Qum with a void fractiona~1x10 ® as
release plane. All properties are defined at 20°C. The cavitatigRown in Fig. 8. In order to consider a same bubble population for
number was specified high enough such that the maximum grO\Af)p scales, we have accounted for the fact that a bubble will

size of n.ug:leus was less than 10 %. Figure 6 shows a contour ﬂ%nge its radius in a static equilibrium fashion when the ambient
of the minimum pressure coefficient encountered for each release

location for different nuclei sizes in the small scale. The contouf{€SSUré |_s_change_d._Therefore, for the same scaled cavitation
are blanked out for the release points where the nuclei collide with!Mper, initial nuclei sizes are reduced for the larger scales where
the hydrofoil surface. It is seen that the size of the “window of'® ambient pressure would be larger. This is not a major change

opportunity” becomes smaller and its location shifts closer to tHg the values since gas pressure inside the bubble varies like the
hydrofoil surface of pressure side when the nuclei sizes decreagghe of the radius, while surface tension which is predominant
The contours of minimum encounter pressure coefficient for difaries like the inverse of the radius. This results in nuclei sizes

Re=1.44x10° C,=0.144m U_=10m/s Re=1.44x10° C,=0.144m U_=10m/s Re=1.44x10° C,=0.144m U_=10m/s
R,=20 micron R,=5 micron R,=1 micron
0.216 0.216 | 0216
[ Cpmin N
0.214 0.214 (= | o70| o24f ‘
- — -0.90 - ;
i -1.10 - 7.
0212 1A 30| 0212 s A
0.212 - 7 i -1.50 N = V4l /1(.
o s b B
5 021 s, 021 210| 5 021 e
- -2.30 - i
s — -2.50 C
0.208 0.208 o = -2.70 0.208 |-
C < -2.90 i
- -3.10 [F i
0.206 0.206 [~ -3.30 0.206 [~ g
0.20 0.204 | 0204 |
C . o ) i | L
0.202 8 L 0202050 5 - 0202 5 (
z z

Fig. 6 Contours of the minimum pressure coefficient encountered at high cavitation number for different
nuclei size in the small foil scale
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Re=2.88x10° C,=0.288m U_=10m/s Re=5.76x10° C,=0.576m U_=10m/s

0.432

AN
2 é‘y“
SN 1 1
-0.005 0 0.005  0.01
z

o ! 1
-0.01 0 0.01 0.02

Fig. 7 Contours of the minimum pressure coefficient encountered at high cavitation number for Ro=20 pm and for the medium
and large foil scale

ranging from 10 to 10@«m for the small scale, 9.2—92m for the mmx20 mm for the small, medium, and large scale, respectively.
medium scale, and from 8.5 to §am for the large scale. These As a result, the number of nuclei in each population is 142, 568,
curves are used to generate the nuclei field. and 2272 for the three scales, respectively.

With the void fraction and size distribution provided, the total . L . . .
number of nuclei released for each scale is then determined baseg:4 Scaling of Cavitation Inception Noise. As nuclei travel
on the length of signal acquisition time and the size of the releal (e computational domain, the resulting acoustic pressure is

area. To determine an appropriate statistically meaningful obsBfonitored. The acoustic pressure was computed at a location 0.3
vation time we tested two different signal acquisition times m away from the hydrofoil tip for all cases. A series of computa-

=0.2 and 1 s. Both cases were conducted for the small scale at
cavitation numbeir=3.0. The number of nuclei released and the

number of nuclei reaching criticgcavitating condition versus Small Scale R0 = 10-100 micron

nuclei size for these two cases are shown in Fig. 9. In this figure Acquisition Time = 0.2 second
a nucleus is considered to be a cavitation bubble WRgR,unter 60 - ey
<P, where the critical pressure is defined as

2y
Pe=p,—(3k—1) ﬁ

)3k/3k—l

¢l
(PR >t (13)  E, 1]

= k| O Nuclei Released
with k=1.4. Comparison between these two cases shows that thg 0 L] 3
smaller acquisition time only results in a slightly smaller probabil- _:’_
ity for cavitation. ThereforeAt=0.2 second is statistically suffi- 2, |
cient and was used for the other tests. For the release window, w8
consider an area to be large enough to cover the “windows of§ 10
opportunity” for all nuclei sizes released. Here, the size of the
release area is specified as 7 MBmm, 14 mmx 10 mm, and 28 04

B Nuclei Cavitating

10 20 30 40 60
Nuclei Size (micron)

1.00E+12 Small Scale RO =10-100 micron
Acquisition Time = 1 second
300
1.00E+11 \ ol E T
bl ;
'é E 200 @Nuclei Released | |
~ 1.00E+10 3 B Nuclei Cavitating
3 S
E’ c
)
1.00E+09 \ 3 )
}
1.00E+08 T T L | | i ;
1.00E+00 1.00E+01 1.00E+02 1.00E+03 10 20 30 40 60 80 100
Nuclei Size (micron)
Bubble Radius {microns)
Fig. 9 The number of nuclei released and the number of nuclei
Fig. 8 Nuclei size number density distributions applied at the reaching critical pressure  (cavitating ) versus nuclei size ob-
three scales tained at =3.0 for two different acquisition times
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Fig. 10 The acoustic signals for the small scale at three differ-

ent cavitation numbers Fig. 11 The acoustic signals for the medium scale at three
different cavitation numbers

tions were conducted at different cavitation numbers for the three

scales to obtain the acoustic signals for conditions above and lbavitation number is near the cavitation inception number. It is
low cavitation inception. Figures 10—12 illustrate the acoustic sigeen that, as expected, for all scales the number of high-level
nals for three different scales at three different cavitation numbepeaks increases as the cavitation number decreases. However, the
High-level peaks of acoustic signals are clearly seen when tlaeger scale is more sensitive to cavitation number changes since
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Fig. 12 The acoustic signals for the large scale at three differ-

ent cavitation numbers
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Fig. 13 Amplitude spectra for all three scales at three different
cavitation numbers

the number of peaks increases much faster than for the smallér-12. A peak in the frequency range 30—40 kHz is seen at all
scale as the cavitation number decreases. Figure 13 shows dbales. The amplitude of this peak increases as the cavitation num-
resulting frequency spectra for the acoustic signals shown in Fidper decreases.
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Fig. 14 Number of pressure peaks versus cavitation number deduced at two
criteria of acoustic level for the three scales considered

Based on the results shown in Figs. 10-12, we can definemental studies usually established in laboratory conditions where
cavitation inception number based on the number of acoustidackground noise and detection techniques lead to high values of
signal peaks per unit time that exceed a certain level. To dedube pressure amplitude for inception detection.
the cavitation inception number based on this criterion, a curve for

the number of pressure peaks higher than a give acoustic pressu > Nucl_e| _Slze_D|_str|b_ut|on_ Effect. To '”“St“'?‘te. how d'f'.
level is created for each cavitation number and for the thr%grent nuclei size distributions influence the prediction of cavita-

scales. Figure 14 shows such curves with two acoustic pressHP& iNception, a much finer nuclei size distribution ranging from 1
levels, 10 and 40 Pa, are chosen for each scale. Given a selel® HO'““m IS tested. In the computations the tota! number qf nuclei
criterion based on the number of peaks and acoustic presslfri¢ased in each case was kepitgthe same. This results in a much
level, one can determine the cavitation inception number fropmaller void fraction ¢~1X10"%) than in the previous case.
Fig. 14. Figure 15 shows the acoustical signal obtaineda8.0 and the
The deduced cavitation inception numbers of the three scal@4mber of nuclei cavitating for each prescribed nuclei size is
for the criteria: 10 peaks/s over 10 Pa and 50 peaks/s over 40 PPWn in Fig. 16. Itis seen that, as expected, the number of peaks

are shown in Table 2. The deduced cavitation numbers alfgdramatically reduced for the smaller nuclei size range when
— Cpyy, are fitted with the classical power formula<R?, and comparing the results to those of the larger nuclei size range. That
min e’

the fitted values ofy are also shown in Table 2. It is Seen thais because as shown in Fig. 16 near inception the nuclei contrib-

different criteria for defining the cavitation inception event caHt'Rg to the ?lgh-levizl tpeaks are olnly the éargtezj b‘it:ﬂfe sm;:s. _
lead to different cavitation inception numbers and different scal- .. serlesg Cofmptlha lons l\llver%at\hso lcon ue el a 'tr: t(;ren Cal\ll"
ing laws. The scaling effect due to the nuclei can be demonstra?gaon numbers for the smafl and he large scale wi € smailer
by comparing the deduced inception number WitlC p,i,. The

results in Table 2 show that cavitation inception scaling deviates

more from —Cpy,, when the reference inception criterion be- Small Scale C.=0.144 V =10m/s g=3.0

comes less stringenthigher reference pressure amplitude and R,=1-10 micron  Total humber = 142

larger number of peaksFurthermore, the predicted value pfs 0
closer to the classical valug/=0.4), as the reference inception L
criterion becomes less stringent. This agrees with many experi-

Table 2 Cavitation inception numbers obtained from the nu-
merical study using various criteria, and power law fit deduced
from these results

251

Numerical computed
values foro; RZ curve fit

Acoustic Pressures (pa)

Square of
Small  Medium  Large correlation
scale scale scale y coefficient

~CPun 3.34 4.34 548  0.357 0.999
10 peaks/s ~ 3.28 433 547  0.369 0.998 )| IR PO T S P R
over 10 Pa 0 0.06 Ti 0.1 0.15 02
50 peaksls  3.12 4.28 5.44  0.401 0.994 ime (sec)

over 40 Pa

Fig. 15 The acoustic signals for the small scale at 0=3.0 us-
ing the smaller nuclei size range  (1-10 um)
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Fig. 17 Number of pressure peaks versus cavitation number
deduced at two criteria of acoustic level for the small and large
scales considered

Table 3 Cavitation inception numbers obtained from the nu-
merical study using various criteria, and power law fit deduced
from these results. For smaller void fraction (a=1X1079%).

Numerical computed

values forg; RY curve fit
Small Scale Large Scale y
= CPrmin 3.34 5.48 0.357
0 peaks/s over 10 Pa 3.20 5.40 0.377
50 peaks/s over 40 Pa 2.0 5.18 0.687

4 Conclusions

The study of the behavior of a realistic distribution of nuclei in
the tip vortex flow field of a NACA16020 foil at three scales has
enabled observation of several effects:

1. Comparison of the size of the bubble capture area or “win-
dow of opportunity” at the various scales shows that the larger
scale results in more cavitation events by allowing more nuclei
per unit time to be captured by the tip vortex;

2. the numerical results show that different criteria for defining
the cavitation inception can lead to a different cavitation inception
numbers as well as different scaling laws. By comparing the pre-
dicted cavitation inception number with Cp,,, we found that
scaling effects(i.e., deviation from—Cp,,) due to nuclei in-
crease as the reference inception criteria become less stringent
(higher reference pressure amplitude and larger number of peaks

3. the predicted value of in the power formula ¢;*R?) is
closer to the classical valug/=0.4), as the reference inception
criterion becomes less stringent;

4. the range of nuclei sizes was shown to have an important
effect on the prediction of cavitation inception. Differences be-
tween predicted cavitation inception number an@ p,,,;, increase
as nuclei sizesgor void fractiong decrease. This implies that scal-
ing effects due to nuclei size distribution are stronger when the
water contains only small nucléor for low void fraction.
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