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Using cavitation to measure statistics of low-pressure events
in large-Reynolds-number turbulence
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The structure of the pressure field of a turbulent water flow between counter-rotating disks is studied
using cavitation. The flow is seeded with microscopic gas bubbles and the hydrostatic pressure is
reduced until large negative pressure fluctuations trigger cavitation. Cavitation is detected via light
scattering from cavitating bubbles. The spatial structure of the low-pressure events are visualized
using a high-speed video system. A fast photo detector is used to measure the scaling of the
cavitation statistics with the pressure. This data is used to determine the shape of the tail of the
probability density function for the pressure. The tail is found to be exponential and scales more
rapidly with Reynolds number than the standard deviation of the pressure. This may indicate the
influence of internal intermittency. @000 American Institute of Physics.
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I. INTRODUCTION measurements from conventional pressure prdb&shave
found that the pressure distribution is skewed to negative

No completely satisfactory experimental technique ex-pressures where there is an exponential tail. It has been
ists for making noninvasive measurements of the pressuréhown analytically® that this does not necessarily indicate
field in a turbulent flow. Conventional pressure sensors arghe presence of structures in the flow because even Gaussian
typically unable to resolve the finest scales of intense turbuyelocity fields produce exponential pressure tails. However,
lence. More fundamentally, conventional sensors usually careful numerical studyfinds that despite qualitative
measure the pressure on the wall of the container rather thagyreement there are significant numerical discrepancies be-
in the bulk of the flow. Pressure probes can be constructelveen a pressure field derived from a Gaussian velocity field
which extend into the flow and measure the pressure at and a pressure field derived from turbulent fluid motion.
point, but these can perturb the flow and usually suffer from | recent years, there has also been much interest in
velocity contamination. filament-like vorticity structures in turbulent flows, and in

In this paper, we report studies using cavitation to detecthe relationship between these structures and the negative talil
large negative pressure fluctuations in a turbulent water flovgf the pressure distribution. Numerical simulations at rela-
between counter-rotating disks. The large-Reynolds-numbejyely low Reynolds number have found that intense vorticity
water flow is seeded with small gas bubbles and the hydroregions are often tube-like structures with diameters a few
static pressure is adjusted so that negative pressure fluctugnes the Kolmogorov scale and lengths on the order of the
tions go below the vapor pressure and tr.igger cavitation. Th%rgest scales in the flof*~17 Experimental investigations
seed bubbles are a negligible perturbation to the system up,e ysed the migration of gas bubbles against the pressure
until the moment that cavitation is triggered. The spatial andyagient to visualize low-pressure filaments in turbulent wa-
temporal re§olutlon of the mgasurement is very high, ar_ld iBer flows!81° Brachet® studied the spatial distribution of
set by the size, number density, and resonant frequencies gficity and dissipation in numerical simulations and ob-
the seed bubbles. We use high-speed video imaging of th&,eq 5 link between low pressure zones and concentrated
coherent pressure structures marked by cavitation as a way {ficity. Several other studies have been conducted to de-
visualize the low-pressure filaments. In addition, we St“dyvelop a more precise understanding of low-pressure
the probability distribution of large negative pressure quc—Structuresl_o_lz,zoIn addition, large velocity gradients have
tuations by measuring the light scattered from CaVitatmgoeen observed in a helium flow between counter-rotating
bubbles in a small region of the flow. From this we estimatejic)s at very large Reynolds number, and can be understood
the scaling with Reynolds number of the negative tail of theas signatures of Kolmogorov scale vorticity filamefit&

pressure distribution. A central issue is the association of the observed low-

t.'l'her:mportetl.nc? (()jf the pretssclijlre n fﬂtf equat|o?s of Il?r'] ressure filaments with high-vorticity regions. In an incom-
motion has m94|va ed many Studies 99 € properties o ressible flow the pressure is determined by the velocity field
pressure field~* Numerical simulatiors® and experimental according to
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TABLE I. Turbulence parameters for the three propeller rotation rates. Re is definef/as wherew is the
angular frequencyr, is the radius of the propeller, andis the kinematic viscosity. Values are given for the
Taylor scale(\), rms velocity(u), Taylor scale Reynolds number (R and Kolmogorov scalesr(,, ) at the
center of the flow as measured in Ref. 29.

f (Hz) Re u (m/sec) N (M) R\ 7, (sec) 7 (m)
7 4.40<10° 0.78 2.1%10°3 1658 6.7 1074 2.6x107°
8 5.03< 10° 0.89 1.9% 102 1772 54104 2.3x10°°
9 5.65< 10° 0.99 1.8% 1078 1880 45104 2.1x107°

whereg;; is the rate of strain tensor anal; is the vorticity — end by counter-rotating disks. The container, mounted verti-
tensor?® From this relation it is clear that deep minimamf cally, is 48.3 cm in diameter and 60.5 cm long with a planar
are associated with extended regions of excess vorticitywindow on one side for visualization and a small circular
However, using a simple model of a filamefsuch as a window at 90° for illumination. The disk-shaped propellers
Gaussian vorticity distributionit can be shown that the are open-ended cylinders 20 cm in diameter and 4.3 cm deep
minimum pressure is determined by the maximum azimuthalith 12 internally mounted radial vanes. The propellers are
fluid velocity of the filament, not simply the peak vorticity. spaced 33 cm apart and are driven by 0.9 kW servo con-
Therefore, the similarity hypothesis indicates that structuresrolled dc motors that are coupled to the propellers with vari-
larger than the Kolmogorov scale typically generate the low-able speed reducers. A smaller cylindrical tube surrounds
est pressures. This is consistent with the fact that pressueeach propeller, and stationary radial vanes between this inner
filaments are typically observed to have diameters of order ofylinder and the outer cylinder have been installed to inhibit
the Taylor scale, and depend very much on the nature of thiarge-scale rotation of the flow. When the propellers are
flow.2° driven at their maximum rotation rate of 9 Hz, the Reynolds
At the same time, cavitation in low-pressure structuresmmumber(defined in Table)l reaches 5.68 10°. Although an
has been extensively studied in the engineering communitgrbitrarily-small-Reynolds-number flow can be created, pres-
because it is a very important consideration in the design ofure fluctuations large enough to generate significant cavita-
fluid machinery?*# Cavitation in this sense is very different tion are not observed unless the propeller rotation rate is at
from bubble migration visualization used in previous least 7 Hz. Cavitation was measured at rotation rates of 7, 8,
experimentg®1® In this case it is the explosive growth of and 9 Hz. The Reynolds numbers and other turbulence prop-
seed bubbles resulting from conversion of liquid to vapor aterties for these three rotation rates are shown in Table I. The
the bubble interface. O'HefAvisualizes low-pressure cavi- properties of this flow are described in more detail in Ref.
tating filaments in a shear layer and connects the events {29.
vortex structures. Interest in the effects of pressure fluctua- The averaged flow produced by the propellers can be
tions in cavitation led Ran and K&{Z® to develop a tech- interpreted as the superposition of two basic components, a
nique for nonintrusive measurements of fluctuating pressurgsumping mode and a shearing mode. Centrifugal pumping
in the bulk of a fluid by holographic bubble size measure-by the propellers produces a flow represented in Fig). In
ments. They report pressure measurements in a turbulent jatidition, fluid near the top and bottom of the cylinder tends
and relate the low pressures to vortex rings. to rotate collectively with the propellers. Since the propellers
The general goal of this paper is to relate the structuratounter-rotate, this creates a shear layer around the edge of
information about the pressure field that is obtained by visuthe flow between the two propellers, as represented in Fig.
alization of cavitation with the quantitative information
about the pressure distribution that is obtained by measure-
ment of the cavitation rate as a function of pressure. In Sec.
Il below we describe the flow and instrumentation used in

the experiments. In Sec. Ill we summarize the dynamics of (a) (b)
the cavitation process and describe how cavitation can be

used to characterize the pressure distribution of the flow. In

Sec. IV we describe what we have learned about the struc- Canniiilie.
tural properties of the flow and in Sec. V we describe quan- -
titative measurements of the probability distribution function —’I‘— =

of the pressure. The results are summarized and interpreted
in Sec. VI. Q\ /7 A
Il. EXPERIMENTAL METHODS i % f ’

A. Flow between counter-rotating disks

. . . . FIG. 1. Representation of the streamlines of tRepumping mode an¢b)
_ The eXpe”ment_S descr!bed_ in this paper were performeghe shearing mode in the flow between counter-rotating disks. The shaded
using a water flow in a cylindrical container driven at eachregions in(a) indicate parts of the flow where significant cavitation occurs.
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vacuum b\}gf‘c,lgr sure statistics. In the latter configuration, the noise floor in
p<_p the detector was due to light scattering from seed bubbles in
—_I -— pressure the ﬂOW

sensor
The sensitivity of the detector in the high gain configu-

ration with illumination from a tungsten lamp was measured
by introducing bubbles of known size into the system and
measuring the amplitude of the scattering signal. The
f;lflirfl% bubbles involved are much larger than the wavelength of
light, so geometrical optics is applicable and the scattering
cross section scales & wherer is the radius of the bubble.
The detector current was found to be related to the bubble
radius byi=(3.5x10"°A/mm?)xr2. The output voltage
T of the transconductance amplifier in the high-gain configura-
tion was related to the bubble radius By= (11 mV/mnt)
FIG. 2. Schematic diagram of the pressure control system. X2, Given that the detector noise floor is about 1 mV, a
single bubble with radius 1 mm can be detected with 10:1
signal-to-noise ratio.

1(b). Generation of vorticity in the flow is thought to result
largely from the instability of this shear layer. The mean flow!!l. USING CAVITATION BUBBLES AS PRESSURE
advects this vorticity toward the central region where it isSENSORS
amplified by the_z mean strain fie[depicted by the arrows in If the local pressure in a liquid goes below the vapor
the center of Fig. (8)]. o _ pressure, a vapor bubble can grow without bound by conver-
In order to adjust the cavitation threshold to be within sjon of liquid to vapor at the bubble interface. However, the
the range of pressure fluctuations in the flow, the hydrostatigiestapilization and dynamics of the bubble can be quite com-
pressure is controlled using the arrangement shown in Fig. 3yjicated due to the influence of surface tension, the thermo-
A recirculating loop including a small chamber is coupled togynamics of the vaporization process, and dynamical insta-
the fluid volume using flexible tubing. The chamber is jjities. There is a large and varied literature dealing with the
mounted above the main fluid volume and the system ignset and dynamics of cavitation in turbulent fli#s?2%n
filled until the fluid—air mterfac_e is in this upper chamber. A 5, measurements of the pressure distribution, we will make
water-sealed vacuum pump is used to evacuate the UPPgEe of a few basic properties of cavitating bubbles that can
_chamber and a bleeder valve open to the atmosphere is agé derived from a simple model, the Rayleigh—Ple¢ReP)
justed by a computer servo system o regulate the pressure iy atior?* which includes viscous and inertial effects and

the main fluid chamber. confinement of the bubble by surface tension.
) The evolution of the radius of a spherical cavitating
B. Instrumentation bubble is determined by
Cavitation events in the flow are detected by light scat- 1 20 4p. 3
tering. A small volume at the center of the flow is illumi- Fz[—( Pi— P~ Tr) - E(r)2 T 2

nated using a collimated light source and the light scattered
at 90° is collected by imaging optics. A 400 frame per secwhere p; is the internal pressure of the bubble, is the
ond video camera is used to record the distribution of scatexternal pressure fielg, is the viscosity andr is the surface
tering centers and detect coherent structures in the flow. Thension. We will assume that the pressure does not vary over
video images can be recorded with continuous illuminatiorthe region into which the bubble expands, so thais taken
from a tungsten lamp, in which the camera integrates for théo be the local pressure fluctuation. For a pure vapor bubble,
entire frame period, or stroboscopic illumination with a 20 p; is constant and equal to the vapor presgyreln this case
usec exposure time. The video camera is fast enough to tradkere is an unstable equilibrium at radiug=2a/(p,
the evolution of large-scale structures but, as will be apparent p..). However, it is clear that pure vapor bubbles are not
in the discussion that follows, is too slow to resolve therelevant to our experiment. They are not stable, and cavita-
dynamics of the fastest pressure events. tion bubbles cannot be nucleated except from a stable seed
In order to resolve the fast dynamics and measure théubble, since the pressure required to overcome surface ten-
statistics of cavitation events, a PIN photodigdé®T model  sion diverges as the bubble radius approaches zero.
455HS was used in conjunction with the continuous light In our experiments, examination of the flow with a long
source to collect the light scattered from a 3.0’amlume at  working distance microscope indicates that it is seeded with
the center of the flow defined by the 1 cm depth of thebubbles of radiug35=10) um (see Sec. V D beloy which
illumination and approximately 2 cm diameter field of view have a lifetime of a minute or more. The bubbles are gener-
of the detector. The photodiode was used with a transcormated by cavitation near the propell€isdicated by the small
ductance amplifier with a 200 kHz bandwidth to investigatesquare regions in Fig.)Jland are transported throughout the
the temporal structure of the light signal. A high gain con-fluid volume by the strong mixing in the turbulent flow. The
figuration having a bandwidth of 30 kHz was used to mea-bubbles are eventually removed from the flow when they
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FIG. 3. The solid line is the critical pressure as a function of equilibrium

bubble radius 4. The critical pressure is calculated for water using Egs.  FIG. 4. Zero pressure, the cavitation threshgdd) (and the mean pressure

and(4) and assuming,= 100 mbar. The dashed line is the vapor pressure,(po) in the flow are shown on an absolute scale. The probability distribution

p,=29 mbar, the two vertical lines indicate the measured range of see@f the pressure at a point in the fluid is shown for large Reynolds number by

bubble radii. the solid curve and for small Reynolds number by the dashed curve. The
hydrostatic pressurp, is under experimental contrésee Fig. 2.

redissolve into the fluid or coalesce into larger bubbles which
float to the top of the chamber and are removed by the recir-
culating pump(see Fig. 2 To persist for such long times, Not deviate far from the vapor pressure. We therefore expect
these bubbles must be filled with a gas which is effectively2 fairly sharp onset of cavitation when the pressure goes
insoluble in the liquid over these time scales. They are prebelow the vapor pressure.
sumably created when air dissolved in the water is released It is difficult to make an accurate estimate of the re-
into the void of the cavitating bubbles at the propellers. ~ sponse time of the cavitation. The time required for a cavi-
The Rayleigh—Plesset equation can be applied to th&ation bubble to grow to a detectable size will depend on the
gas-filled bubbles if the internal pressure is assumed to bgetailed spatiotemporal dynamics of the pressure field, which
the sum of a vapor pressure and a gas pressure, which can isedifficult to characterize. However, a reasonable upper
approximated as an isothermal ideal gas. This giwesp, = bound for the bubble response speed is the resonant fre-
+k/r3, takingk=nRT, whereR is the gas constanT,is the  quency of the seed bubbles. For the Z6 diameter seed
constant temperature, amdis the quantity of undissolved bubbles observed in our system, this is approximately 10
gas in moles. A gas-filled bubble is stable as long as exparkHz.
sion of the bubble results in a decrease in the internal pres- The result we require from this analysis is that gas
sure that is more rapid than the decrease in surface-tensiohubbles in our flow are stable when subject to moderate pres-
induced confining pressure. It is found from the R-P equatiorsure fluctuations, but grow explosively when they enter a
that a bubble which is stable at a certain radius and pressuregion in which the pressure is below a well-defined thresh-
will restabilize at a slightly larger radius if the pressure isold which is slightly below the vapor pressure of the liquid.
reduced by an infinitesimal amount. However, if the pressurés the exploding bubbles increase in size, they become sub-
goes below a certain threshold, the bubble becomes unstaljkect to the large shear in the turbulent flow and tend to be
and grows without bound. Ignoring inertial effects, the prestorn up into a group of smaller bubbles which is easily de-

sure threshold is tected by light scattering. In effect, the seed bubbles are pres-
sure threshold sensors, which mark regions where the pres-
2\ 32 5302 sure is below a well-defined value.
pC:pv_2(§) Kz 3 The operating principles of the technique are summa-

rized in Fig. 4. In the turbulent flow the pressure distribution

The value ofk is determined by assuming the bubble has ariS believed to have an exponential tail at negative pressure.
equilibrium radiusr o, at mean hydrostatic pressupg and Cavitation is triggered whenever the pressure goes below a

using critical pressurep, which is slightly below the vapor pres-
sure, at about 20 mbar. The hydrostatic presqyes re-
3 20 duced until this tail crosses the critical pressure and triggers
K=Teq Pu—Po~ r_eq) : (4 cavitation. The properties of the tail are evaluated by observ-

ing the rate and nature of cavitation events as the pressure is
The dependence of the critical presspgeon the equilibrium  decreased. For this technique to be effective, the width of the
bubble sizer ., at a typical value o, is shown in Fig. 3.  pressure distribution due to turbulence must be large com-
Bubbles with radius less than about 28n are strongly pared with the systematic variations in the mean pressure
bound by surface tension, while larger bubbles become urfield in the system, mainly due to the gravitational pressure
stable at an external pressure only slightly lower than thegradient. The spatial variation of the mean pressure field due
vapor pressure. The distribution of seed bubble radii in outo gravity is about 35 mbar, and this limits the propeller
system is centered at 3am, where the critical pressure does speed to be at least 7 Hz.
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FIG. 5. Images of light scattering from cavitation and gas bubbles at pres-
sure 70 mbar with continuous lighting. The vertical field of view is 8 cm, the
propeller rotation rate is 8 Hz, and the time interval between frames is 25
msec.
FIG. 6. Images of light scattering from cavitation nucleated by a vertical
filament. The pressure is 120 mbar, the propeller rotation rate is 8 Hz, the
horizontal field of view is 3 cm, and the time interval between frames in 7.5

IV. VISUALIZATION OF COHERENT STRUCTURES msec. The images were taken with stroboscopic lighting.

In this section we use cavitation to visualize and study

low-pressure coherent structures in the flow. The Im'OOrtanl%ubbles, which persists for the duration of the pressure fluc-

issues are the presence and stability of low-pressure filat- . icall f il d then di
ments, and the extent to which the anisotropy and inhom uation “VF"C"’? y a few milliseconds and then disappears.
' hese cavitation events appear to be triggered when the local

ggnmee"% ?)?Stﬁglilttﬁgu\ll\g:::;he large scale influences the deVep'ressure goes below a well-defined threshold.

) . The rare cavitation events observed at higher pressures
Coherent structures in the flow were observed using the 9 P

high-speed video system described above in Sec. IIB. The © typically much more compact in space and time than the

large-scale properties of the flow are best visualized by seto 2 filaments observed at low pressure, and usually occur in
g prop y e diamond-shaped region indicated in Fig. 1. Figure 6

ting the base pressure just above the vapor pressure. In thl?] . o )
o . shows a large, long-lived cavitation event observed in the
case, cavitation bubbles are created at a high rate throughout

. . . . . center of the flow at a relatively high pressure of 120 mbar.
the fluid volume, which also results in a relatively high den- . "
. . . The event lasts for about 40 msec, and consists of a “neck-
sity of stable gas bubbles. In this regime, low-pressure stru

o S Yace” of cavitation bubbles, evidently marking a filament of
tures are marked by cavitation, as well as by migration of gas - . )

o - Y7strong vorticity. Although this example is one of the larger
bubbles towards local minima of the pressure. This is similar

Lo . ; and longer lived filaments observed in this pressure regime,
to the bubble migration experiments by Douaglyal® in . g : > P g
: it is much smaller than the integral scale filaments observed
that there does not appear to be a well-defined pressur
o L at low pressure.
threshold for cavitation, but local pressure minima are con- . '
: : The vertical filaments observed at the center of the flow
sistently marked by accumulations of bubbles. : . -
. . . . . are sometimes observed to cluster in braid-like structures
Example images recorded in this regime are shown in N ) .
such as the event shown in Fig. 7. In such configurations, the

Fig. 5. The images indicate that the large-scale flow is domli‘ilaments are mutually advected, causing them to orbit each

nated by long vertical vortex filaments whose length can : o . .

o . ther, sometimes resulting in the formation of a helical con-
approach the largest scales of the flow. This is conssten?

with the vortex stretching associated with the mean strain.
These structures can have lifetimes of 100 msec or more,
which is of the order of the propeller overturning time. As
can be seen in the sequence of images, helical undulations
can appear on the long vortices, and these can lead to their
destabilization>* In addition to the large vertical filaments
which dominate Fig. 5, a population of smaller, more isotro-
pically distributed vortex filaments is also present.

The images have a different character when the pressure
is set higher, where stronger negative pressure fluctuations
are required to nucleate cavitatiofThis corresponds tg, FIG. 7. Images of light scattering from cavitation nucleated by a pair of
being moved further to the right as shown in Fig. k this braided vertical filaments. The pressure is 135 mbar, the propeller rotation

9 . 9 . S rate is 8 Hz, and the field of view is 4.9 cm. The images were made
case, CaV|ta_t|0n is infrequent and CO"_]SBtS of brief flashes qj;ith stroboscopic lighting and the time interval between the two frames is 5
light scattering. These flashes consist of a group of smalhsec.
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ciency[see Fig. 1a)] relative to the shearing and wall inter-
actions.

Another issue is whether the low-pressure filaments,
such as the one shown in Fig. 6, can be identified with the
Kolmogorov scale vorticity filaments, or “worms,” which
have been found in direct numerical simulation of moderate
Reynolds number turbulenéé?~1" Such structures are also
thought to account for regions of large velocity gradient ob-
served in large-Reynolds-number turbulence in helium?gas.
The apparent diameter of the vortex core in Fig. 6 and in
other similar examples is estimated to be about 1 mm. This is
of the order of the Taylor microscale, and 50 times larger
than the Kolmogorov scale. The observed low-pressure
events do not appear to be worms. However, Kolmogorov-
size filaments would be very difficult to observe by cavita-
tion, since these events are not expected to produce pressure
fluctuations as deep as those produced by the larger
structures.

V. STATISTICS OF CAVITATION EVENTS

FIG. 8. Images of light scattering from cavitation nucleated by a horizontal . . . L .
filament. The pressure is 120 mbar, the propeller rotation rate is 8 Hz, the  IN the previous section, the spatial distribution of cavita-

magnification is similar to Fig. 6, and the view is horizontally displaced 3 tion has been used to visualize the large coherent structures
cm from the center of the flow. Thel time ir_]terval b_etw_een frames in 7.5in the turbulent flow. In this section, we will attempt to ex-
msec, and the images were taken with continuous lighting. tract quantitative information about the probability density
function (PDP for the pressure. For this, the photodiode
detector described in Sec. IIB was used to measure time
figuration. When observing such structures, it is important tcseries of the scattering intensity froa 3 cn? region at the
use stroboscopic lightingas was used in Fig.)7Under con-  center of the flow.
tinuous lighting bubbles caught in the peripheral velocity = The relationship between the scattering intensity signal
field of a vortex can trace out helical trajectories and give theand the video images is evident from Fig. 9. The images
appearance of a braid of vortices. show light scattering at the center of the flow and the graph
Figure 8 shows an example of a long-lived cavitationshows the photodiode current and integrated video intensity
event observed off the center of the flow, in the region wheraluring the same time interval. Increased activity is measured
there is strong shear between the counter-rotating fluid abovie the photodiode signal when a coherent structure is ob-
and below the mid-plane of the fluid chamber. Horizontallyserved in the video sequence. However, the inset indicates
oriented vortex filaments can be observed, apparently arisintpat the dynamics of the photodiode signal is much faster
from the Kelvin—Helmholtz instability of the shear layer. than the frame rate of the camera. Close examination indi-
More disorganized flame-like cavitation events are also obeates the photodiode signal consists of clusters of 50—100
served in this region of the flow. usec spikes(Runs taken with higher temporal resolution
Some general conclusions can be drawn from the imagreveal that spikes as narrow as A€ec can occuy.This time
ing study. The images support a model in which vortices arescale is shorter than what one would expect from the explo-
formed in the shear layer, then are advected to the centraion and collapse of an individual cavitating bubble, as esti-
region of the flow where they are amplified by the meanmated based on the Rayleigh—Plesset model. In the course of
strain. The large scales of the flow are dominated by longalibration runs, we have observed similar spiking associated
vertical filaments up to 10 cm in lengttFig. 5, but the  with the vibration of stable gas bubbles. We therefore at-
deepest negative pressure fluctuations resemble filaments kubute these fast fluctuations in scattering to random defor-
rarely exceed a few centimeters in lengftigs. 6 and 8 The  mations of the cavitation bubbles when they are subject to
large vortex filaments observed at low hydrostatic pressuréhe fluctuating strain of the turbulent flow. In effect, vibrat-
(Fig. 5 and the smaller filaments observed at higher pressuring bubbles sparkle.
(Fig. 6) both exhibit a tendency to align with the vertical As discussed in Sec. Il above, the basic idea behind our
axis. This suggests that the small, intense filaments resutheasurement of the pressure statistics is that the small gas
from local amplification of the large weaker filaments, al- bubbles which are distributed throughout the flow act as
though there is no direct evidence of this. Compared with th@ressure threshold sensors. They are stable at the mean pres-
work of Cadotet al,'? filaments in the center of our flow sure but explode when they enter a region where the pressure
exhibit a greater tendency to be aligned with the mean strairis below a certain threshold. The resulting spray of small
In Cadot’s experiment, filaments were more often horizontabubbles is detected by the optical intensity detector. Our
and appeared to be bound to the wall. This may be becaustrategy is to find the functional dependence of the level of
the geometry of our flow results in a greater pumping effi-cavitation activity on the applied mean hydrostatic pressure
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FIG. 10. Probability distribution of the intensity detector output at propeller
speed 8 Hz. The voltage is related to the photocurren y(10 MQ)i .

The distributions were accumulated after approximately 60 min of continu-
ous acquisition at 100 kHz.

the limit of the ADC at 2.0 V. To maximally discriminate
between the zero peak and the cavitation signal, the lower
limit is taken to be 0.1 V, but the results are not changed if
the value is further increased.

The cavitation on-fraction is closely related to the prob-
ability distribution of the pressure. Returning to Fig. 4, the
solid and dashed curves represent the pressure distribution
on a logarithmic scale. They are drawn to reflect the accepted
FIG. 9. The graph shows the time series of scattering intensity for a typicaform of the pressure distribution in a turbulent flow; Gauss-
event at propeller rotation rate 8 Hz and at a pressure of 120 mbar Witrilan for small pressures but with an exponential tail for nega-
continuous lighting. The solid line indicates the photodiode current and the. iorls? . . .
dashed line indicates the integrated intensity from the video camera. Thgv_e pressure ﬂUCtuat'O_ : The fraction (_)f time that cavi-
inset graph shows a detail of the photodiode signal over a time period equéAtion occurs at a point in the flow is expected to be
to the camera integration time. The four images show the light scatterinq)roportiona| to the integral of this curve over the pressure

measured by the camera at tin{fes 10 msec(b) 30 msec(c) 50 msec, and = : : P : :
(d) 85 msec, as indicated by the lower case letters set above the graph. Tllzrgterval (=%.pc), i.e., the cumulative distribution function

field of view for the images is 2.5 cr2.0 cn? and the depth of illumination ~ (CDF) of the pressure. The cavitation on-fraction for our
is 1 cm. The measurement volume for the photodiode is defined in Sec Il Bmeasurement volume would be equal to the CDF multiplied
by a constant spatial factor. This spatial factor is related to

. the number of pressure coherence volumes contained in the

Po and reIaFe this to the pressure distribution. By perform'ngmeasurement volume. As will be shown below, the cavita-
this analysis at several values of the Reynolds number W8on on-fraction(and therefore the CDFis found to be ex-

;? N ||jvest|gatter:1 the scalln? f[).f plressuii Sttﬁt'tSt'CS'bHowe\ée onential with pressure. This implies that the PDF is also
ere 1s more than one stafistical quantity that can be use ponential with the same pressure decay constant.

measure the level of cavitation activity, and the challenge is * 1 o precise relationship between the cavitation on-

in determining wh|ch of thes_e IS most egsny related to theﬁfraction and the pressure CDF will be influenced by several
pressure PDF, and is least likely to be biased by systematie, -tors. The flow may be perturbed by the cavitation itself,
or random errors. and the pressure threshold is slightly blurred due to imperfect
discrimination and due to the distribution of seed bubble
sizes. However, in the case where the CDF is exponential
The most straightforward measure of cavitation activityand the pressure distribution is self-similar, these factors are
is the fraction of the time that cavitation is occurring in the 3independent of pressure and should cancel out when we con-
cm® measurement volumé@lefined in Sec. Il B which we  sider the scaling of cavitation rate with pressure.
will call the cavitation on-fraction This quantity can be ob- The upper panel of Fig. 11 shows the cavitation on-
tained by measuring the fraction of the time that a light scatfraction as a function of pressure at three different Reynolds
tering signal is detected in the measurement volume. Figureumbers. The curves indicate that the cavitation rate scales
10 shows the probability distribution of the measured scatexponentially with the pressure. The lower panel of Fig. 11
tering intensity for a propeller speed of 8 Hz. The peak neashows the same data on a log scale, along with least-square
zero intensity is slightly shifted and broadened due to thdinear regressions. We conclude that the PDF of pressure is
light scattering from the seed bubbles. The long, nominallyof the formP(p) = exp[ —(p—po)/«] with pressure constants
exponential tail for positive intensity is due to the cavitation «=26.6, 35.4, and 48.1 mbar for propeller speeds of 7, 8,
signal. The cavitation on-fraction is obtained by integratingand 9 Hz, respectively. These pressure constants varied by
this probability distribution from a small voltage threshold to only a few percent when the threshold was varied between

A. Cavitation on-fraction
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0.006 pulses burst
5 >
0004 I LI LIl
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._0.002 \ FIG. 12. Pulses and bursts in the time series of the scattered intensity signal.
0.000 T

typically results from the explosion and disappearance of a
single cavitation bubble. It is evident that the pulses are nor-
mally not independent events. It can be seen in Fig. 9 that
numerous cavitation pulses may be produced by a single
long-lived pressure structure.
To measure the true event rate, it is necessary to group
the individual pulses into bursts of cavitation activity. The
0.‘10 0.15 0.20 temporal structure of the scattered intensity signal, illustrated
pressure (Bar) in Fig. 12, can be characterized by measuring the wait time
16 11, The & | shows the intearal of the intensit bability i between consecutive pulses. The distribution of wait times
tribu.tion. frorre1 0(.);) \F/)a;zethz Se\ll\tljrat;rllnv?ur: gataeis!nsﬁg\?vlnyapsr(; :Jr:é?onlifbeme_en_pm_ses for data taken at 8 H_Z is shown in Fig. 13.
pressure for three different values of the Reynolds number. The bottond N€ distribution has a sharp peak for times of 0.1 ms or less,
panel shows the same data on a log scale. indicating highly correlated pulse events within a burst.
However, the distributions all exhibit exponential tails that
appear linear on the semi-log plot. The exponential distribu-
0.1 and 0.2 V, or when number of seed bubbles was in:[ion of wait times is char:_:\cteristic of th.e Pois_son sta_tistics of
. o uncorrelated events, which we associate with the interburst
creased by using a 0.272 mol/L NacCl solution in place of =~ . . L
pure water. wait time. By measuring this time constant, we are separat-

This result indicates that the negative tail of the pressurt'ang out the rate of uncorrelated cavitation bursts from the

L T . . correlated pulses which occur within a burst.
distribution is, in fact, exponential. As mentioned above, - . .

. T . The scaling of this uncorrelated event rate with pressure
since the pressure distribution is found to be self-similar, any

: o . . . hown for three values of the Reynolds number in Fig. 14.
corrections to the cavitation signal resulting from spatial fac-, ™. o . :
) : T L .~ Again, the level of activity scales exponentially with pres-
tors, imprecise discrimination of cavitation or perturbations

to the flow by cavitation events should be independent 01sure.(A noticeable deviation from an exponential function is
y P gbserved in the data at 7 Hz, which has a low event rate. This

gtrzsfure, and should not affect the value of the pressure Corr]ﬁay be due to pickup of inFermittant electrical pulses emitted
' by the dc motors that drive the propellerdhe pressure
constants obtained are=27.0, 44.1, and 68.5 mbar for data
at 7, 8, and 9 Hz, respectively. Agaia,increases with pro-
peller speed, indicating that the pressure tail increases with
It would be of interest to use a measure of activity whichReynolds number. However, the scaling with Reynolds num-
is less dependent on how the pressure fluctuation continugger is more rapid for the event rate than for the cavitation
to develop after cavitation has been triggered. An alternativen-fraction. This is expected because the characteristic time
is to measurdnow oftenthe pressure goes below the cavita-
tion threshold. In this case, the time interval between rare
cavitation events would be long enough to insure that the

log(rate)

B. Event rate

flow has effectively forgotten the previous cavitation event ° 110 mBar
when a new event occurs. Although we regard this event rate o 1MgmBarfit
as potentially cleaner than the cavitation on-fraction, it is not T 130 mBar fic
. S = 150 mBar

as easily related to the pressure CDF as the cavitation on- £ —as — — 150 mBar fit
fraction. To relate the event rate to the pressure CDF we Ed ﬁ“‘mﬁ\A\* .
must have information about the duration of the pressure g L A )
events. E e

In order to measure the cavitation event rate, the cavita- e n -
tion time series was analyzed in termspoilsesandburstsof s d
cavitation. A pulse is considered to have occurred whenever 10 15

the scattering signal goes above a certain threshold, set sig- wait time (s)

nificantly above the detector noise level. When a pulse is G 13, The distibution of wat 1 o three it | Cih
[ i ; IG. 13. The distribution of wait times for three different values of the

detected, it is delimited by scanning forward and bEjmkward:ressure at 8 Hz is represented by the symbols. The distribution is compiled

in time to the point \_’Vhere_ the signal goes _belOW a SeconcCIith a variable absolute bin width, but a constant relative bin width of 15%.
lower threshold that is set just above the noise level. A pulsehe lines indicate least-square linear fit to the tails of the distributions.
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i —o0— f=7Hz 1
Lok —0— f=8Hz 0.008
1 —&— f=9Hz |
0.006
| 1 2
g osh .
[ 1 E 0.004
=
0.002
0.000 0.10 0.15 0.20
—_ pressure (Bar)
&
;'% FIG. 16. Integral time scale of autocorrelation as a function of pressure at
=2 three values of the Reynolds number.
[ 4

ress"'r‘:(Bar) 0.20 fluctuating velocity in the flow is about 0.5 m/sec and the
P field of view is approximately 2.0 cm, giving a sweeping

FIG. 14. The scaling of the uncorrelated event rate with pressure for threéime of approximately 40 msec. The fact that the bursts are

;_’a'ues of fhefr?p.e"er SPeec‘H T;‘e Uplzlff gfapht ShfWS the Ievem f?te Oqsﬁgnificantly shorter than this indicates that the dynamics we

Inear scale. e lower grapn shows the event rate on a log scale, wi . .

least-squares linear regression indicated by the solid lines. tghbeseszlge?JI’iigdL(l)? ;(t)at;lz Isli?lzl(r:?l?rsegftft'}hrgusg;[;lugtljurr?izI::Iat)k:‘ecig\]/\?n
In addition, the burst duration is short compared with the

scales for pressure fluctuations become shorter as Reynoldsicorrelated event rate, and both of these are small compared

number increases. with the overturning time of the largest scales in the flow.
This indicates that the flow has lost its memory of the pre-
C. Burst length vious cavitation event when a new event begins.

Another quantity of interest is the mean burst length.
The wait-time analysis presented in Sec. V B does not yield a ) o
value for the burst length, but this quantity can be rougthD' Systematlc effects due to variation in seed bubble

. . . . ..~ density
estimated from the autocorrelation function of the intensity
signal. The log of the autocorrelation function is shown for ~ The major difficulty in the interpretation of the statistical
several values of the pressure at 8 Hz in Fig. 15. The autaresults is the seed bubbles for the bulk cavitation are gener-
correlation is monotonically decreasing, so a practical meaated by cavitation on the propellers. The density of seed
sure of the correlation time is the integral time scale, showrbubbles therefore depends on the pressure and Reynolds
in Fig. 16. For all three values of the Reynolds number thenumber.
burst time are seen to increase from 2 msec to about 8 msec The distribution of sizes of the seed bubbles was deter-
as the pressure is decreased. The effect is rather weak, sinagned by measuring the separation of the front and rear sur-
the burst length increases by a factor of 4 over the saméce reflections from seed bubbles using a large working dis-
range of pressure for which the cavitation on-fraction in-tance microscope. The mean bubble radius was found to be
creases by a factor of nearly 100. approximately 35um, with a standard deviation of about 10

The order of magnitude of the burst duration can be usegim. As the propeller speed was increased from 7 to 9 Hz, the
to evaluate the robustness of our measurements. The mearean bubble size decreased by an amount small compared
with its standard deviation. More importantly, the distribu-
tion of bubble sizes had no appreciable dependence on the

- llOI mBar

i O — pressure. Since our results only depend on the scaling of the
F ST cavitation process with pressure and not on the absolute cavi-
F — " 140 mBar tation rate, we are only sensitive to the pressure dependence.
[ 150 mBar . .
5 -Lof == 160 mBar The number density and homogeneity of the seed
kS S R T bubbles was determined by measuring the dc output level of
§ T the scattered intensity detector. The number density of the
2 a0 . J bubbles does depend on the pressure. Figure 17 shows the
- S, \\\\v< scaling of this dc scattering level with pressure and Reynolds
o T D . . .
F number. The scaling of the bubble seeding is roughly expo-
;);)o 0;)2 0'04 - nential, giving pressure constants®t+45.6, 51.8, and 68.9

mbar at 7, 8, and 9 Hz, respectively.
The variation in seed bubble density is a serious concern.
FIG. 15. Autocorrelation function of pulses at 9 Hz. At lower seed densities there is a greater probability that a

time
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— ] without changing the uncorrelated tail of the wait time dis-
tribution. Despite this, the run with the 0.27 mol/L NaCl

] solution resulted in a 20% increase in the wait time pressure
constant, suggesting that this statistic is more sensitive to
seeding density than the cavitation on-fraction.

Despite the fact that our results do not appear to be
strongly dependent on the seed bubble density, it would be
advantageous to move away from a self-seeding system to
. , . one in which the seed bubbles are introduced into the flow
0.10 0.15 0.20 under experimental control. This would allow the density to

pressure be held constant, which would simplify the interpretation of
the data.

FIG. 17. Background scattering intensity. The exponential pressure con-
stants arex=45.62, 51.8, and 68.9 mbar are 7, 8, and 9 Hz, respectively.
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E. Discussion of statistical results

low pressure event will be missed because it is unseeded. |, this section we have discussed two fundamentally dif-

The seed density variation in our system would thereforgerent measures of cavitation activity; the cavitation on-
tend to augment the increase in cavitation activity that 0CCUr§4ction measurebow muchcavitation occurs and the burst

as the pressure is lowered. However, the sensitivity of OUfate measuresow oftencavitation occurs in a small volume
statistics to the seed bubble density is mitigated by the fact: e flow. The cavitation on-fraction is thought to be

that we operate in a regime where the effect of the seedingj,gey related to the pressure PDF. The burst rate is a well-
appears to be saturated. defined statistic, but is not easily related to the pressure PDF

In the CaV':"’?“O” op—fracu:an, Wekm(;JSbt assu_;m; thai;aact%md has not been extensively studied in the literature.
pressure event 1S continuously marked by cavitation. VISUal - the measurement of the pressure constants in Fig. 11

L?]Speﬁt'%npf th(?[ d_?t(asee f',:'gs'ﬂ?.’ Stind)%d'ia;ea that th'sil may be compared with results of direct numerical simulation
resdo IS me .t g C(_)tr;wn:) 2'75’ I?Lnliln gl | f prqpet er DNS) of turbulence. The comparison requires the pressure
speed was repeated With a ©.2/ Mo at.’ solution INSteaq 5 to be scaled by the pressure variance in our flow, which

of water, which has the effect of increasing the number Oleni's difficult to measure. Using an estimated value of the pres-

sity of seed bubbles by a factor of 2 while preserving the ure variance, the numerical values obtained in Fig. 11 are a

seed bubble size. The measured pressure constant was Ifsré%tor of 2 larger than DNS results reported by Vedula and

same to within a few percent, strongly suggesting that we 'Y eund and by PumiF. This disparity may well be due to the
in a regime where the measurements are not sensitive to the

. mean strain imposed on our flow by the pumping action of
seed density. o the propellerdsee Fig. 1a)], which appears to be a signifi-
In the event rate data, the condition is that each pressure ~ " '

o o cant influence on the low-pressure structures.
fluctuation is marked by at least one cavitation pulse. The . . ) ) .
Another important issue is the scaling of the pressure tail

wait time distributions indicate that there ar n aver . .
a e distributions indicate that there are, o 1290 ith the Reynolds number. In Fig. 18 the pressure constants

significantly more than one cavitation pulse per burst. The btained f th diff ¢ itati tatisti lotted
probability that a pressure event will be unmarked appears tgorained from three difierent cavitation statistics are plotte
a function of Reynolds number and compared with the

be small, even at the lower bubble seed densities. The lo & . ) .
v wer bu " W pected (Ré)scaling. These are the on-fraction and wait

seed density should deplete the large peak at zero time dela ine discussed earlier, plus a third derived from simple

counting of pulses. The range of Reynolds number accessible
: — : is too small to provide a strong test of the scaling. However,
80 o on-fraction a linear fit to the log—log plot indicates that the scaling of the

£l i g Walit time | pressure constants of all three quantities is faster than the
g 60 pulse counting expected (Ré) The cavitation on-fraction, which is more or

g - less directly related to the pressure PDF, scales as>fRe)

2 ~ -] suggesting the pressure tail grows slightly faster than the rms
g 40F =" i pressure. The deviation of the exponent from the expected
g = value may be interpreted as an intermittency correction. This
&

effect has been explored in numerical simulatiéfsut di-

: . rect comparison with our work is difficult because the simu-
-0.35 -0.30 -0.25 lations are at much lower Reynolds number. We cannot de-
Re /1076 finitively conclude that the deviation from the expected
FIG. 18. Scaling of the pressure constant with Re, on a log—log plot. Thescaling is due to intermittency because of the relatively nar-
pressure constants are derived from the intensity distribfigm 11), the row scaling range and because of possible biases resulting

uncorrelated burst rai@&ig. 14, and from simple counting of the number of o h . .
pulses per unit time. Straight line fits indicate scaling with? Réth y of from variations in the seeding density. The burst and pulse

2.36, 3.63, and 4.04 for the intensity, wait time and pulse counting methods€Vent raFeS do SC"_’"e significantly faSFe_r th_an {Ralthough
respectively. The dashed line indicates the expectédsBaling. the predicted scaling for these quantities is unclear.
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VI. CONCLUSIONS tent with DNS simulations of isotropic turbulence. The
pressure tails scale more rapidly with Reynolds number than
This study allows us to draw several important conclu-the rms pressure, and this may be evidence of internal inter-
sions about large-Reynolds-number turbulence betweemittency.
counter-rotating disks. Visualization of the flow using cavi-
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