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Abstract

Cloud cavitation about a sphere is investigated in a variable-
pressure water tunnel using simultaneous high-speed photogra-
phy and high-frequency surface pressure measurements. The
0.15 m diameter PVC sphere was located on the axial centre-
line of the 0.6 m square test section and tested at a constant
Reynolds number of 1.5×106 and cavitation numbers ranging
from 0.4 to 1.0. The flush-mounted high-frequency pressure
sensor was located within the shedding zone of the cloud cavi-
tation and orientated such that it was visible by the high-speed
camera. Pressure measurements were recorded at 7 kHz. The
high-speed photography was simultaneously obtained at 7 kHz
and a time-series of the pixel-intensity was extracted at the pres-
sure sensor location. The spectral content of the cloud cavita-
tion was obtained from frequency analysis of the time series
from the surface pressure measurements and high-speed pho-
tography. The coherence of the two signals was measured using
Pearson’s Correlation Coefficient, for which the values ranged
between 0.57 and 0.73. Both data sets were investigated using
wavelet analysis. Two peak frequencies are observable at most
cavitation numbers tested that correspond to different shedding
modes relating to cavity length.

Introduction

Cloud cavitation occurs when an attached cavity is periodically
broken off due to the penetration of the re-entrant jet that forms
in the cavity closure region. The cavity volumes broken off
from the main cavity break down into a cloud of bubbbles as
they are advected downstream [5]. This phenomenon is widely
studied, e.g. [7, 8, 11, 12], however has generally been lim-
ited to hydrofoils. Brennen [4] studied cavity formation be-
hind axisymmetric headforms (including spheres), investigating
the surface appearance and nature of the separated interfacial
boundary layer. Arakeri and Acosta [1] investigated cavitation
inception and the role of boundary layer separation and turbu-
lent reattachment. Huang [9, 10] also investigated cavitation in-
ception in regions of boundary layer separation for six axisym-
metric headforms. Ceccio and Brennen [6] studied the fluctu-

Figure 1. Sphere assembly.

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
−3

−2

−1

0

1

2

3

Time (s)
N

or
m

al
is

ed
 In

te
ns

ity
/R

es
po

ns
e

Figure 2. Simultaneous image pixel-intensity (blue, solid) and pres-
sure transducer response (red, dashed) forσ = 0.8. The image pixel-
intensity time series has been reverse polarised such that low image
pixel-intensity corresponds with a high pressure signal from the trans-
ducer.
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Figure 3. Scatter plot of normalised image pixel-intensity vs.pressure
response forσ = 0.8. The Pearson’s Correlation Coefficient is 0.73.

ations of attached cavities on two axisymmetric bodies. Cloud
cavitation about a sphere is not well reported on. The present
work extends that of Brandneret al. [2] and Brandneret al. [3]
and investigates the shedding frequencies of the cloud cavita-
tion developed about a sphere at high Reynolds numbers using
two diagnostic techniques: surface pressure measurements and
high-speed photography. The results from the two techniques
are compared and the merits of each technique identified. Both
results provide information on the shedding frequencies, with
the high-speed imaging providing high spatial resolution and
details of the physics, and the pressure measurements providing
high temporal resolution of the shedding events.

Experimental Setup

A 0.15 m diameter PolyVinylChlorate (PVC) sphere was
mounted on the axial centreline of the test section of the Aus-
tralian Maritime College (AMC) Cavitation Research Labora-
tory (CRL) variable-pressure water tunnel. The test section is
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Figure 4. Time series of image pixel-intensity (blue, solid) and pressure (red, dashed) shown at top with Morlet-6 wavelet spectra and global wavelet
spectra of image pixel-intensity (middle) and pressure (bottom) forσ = 0.8. The same events can be seen from both measurement methods.
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Figure 5. Wavelet spectra of short pressure time series (red, dashed),
long pressure time series (green, dot-dash) and image pixel-intensity
(blue, solid) forσ = 0.8. The long pressure time series more accurately
resolves the shedding spectra; however, the shorter series both identify
the two shedding frequencies.

0.6 m square and the tunnel pressure at the centreline can be
varied from 4 - 400 kPa (absolute) and the velocity from 2 -
12 m/s. A flush-mounted PCB model 105C02 pressure sensor
was mounted on the sphere in the shedding zone of the cavita-
tion (at a 120 degree angle from the stagnation point, see figure
1). The sphere was orientated such that the sensor was visible
in the high-speed photography. In this way the cavitation dy-
namics imaged are at the same location as the measured wall
pressure. The measurements were made at 7 kHz over 2 s. In
addition longer time series of pressure measurements were ob-
tained at 1024 Hz for 200 s. Data were recorded using a Na-
tional Instruments PXIe-4497 card. High-speed photography
was obtained using a LaVision HighSpeedStar8 camera, oper-
ated using DaVis 8.1 software and illuminated with a Dedolight
DLH650. Low-speed still photographs were obtained using a
Canon 50D 35 mm SLR camera and Canon EF 24-70 mm lens
with triggered stroboscopic lighting (DRELLO 1018/LE4040)

Results

From the high-speed photography, time series of spatially aver-
aged pixel intensities were extracted at the point of the pressure
transducer. A window of 65×65 pixels was used to provide the
required spatial resolution whilst minimising noise. The time
series were shown to be relatively insensitive to window size.

Figure 6. High-speed images of cavity shedding atσ = 0.8. The top
image shows a shorter duration shedding event att = 0.87 s. The bottom
image shows a full cavity axisymmetric shedding event att = 0.110 s.

For these experiments a software error caused a delay between
the trigger signal and the start of the camera recording. A cross-
correlation was performed on the two signals which was used
to determine the delay and re-synchronise the signals. Figure 2
shows the simultaneous pressure measurement and image pixel-
intensity time series forσ = 0.8. The cavitation number,σ, is
given by:(p− pv)/

1
2ρU2, wherep is the tunnel pressure,pv is

the water vapour pressure,ρ is the water density andU is the
tunnel velocity. Both signals have had the mean subtracted and
magnitude normalised by the standard deviation. The image
pixel-intensity has been reverse polarised such that low image
pixel-intensity corresponds with a high pressure signal from the
transducer.



The signals follow each other well. A typical scatter plot of the
image pixel-intensity vs. the pressure response is shown in fig-
ure 3. The Pearson Correlation Coefficient (PCC) is calculated
by

PCC =
Σn

i=1 [(xi − x̄)(yi − ȳ)]
√

Σn
i=1 (xi − x̄)2 Σn

i=1 (yi − ȳ)2
(1)

wheren is the number of samples,x andy are the data points
of the two signals and an overbar represents the mean. It varies
between -1 and 1 where -1 is total negative correlation, 0 is
no correlation and 1 is total positive correlation. ThePCC of
the image pixel-intensity and pressure response signals varies
between 0.57 and 0.73. On inspection of the signals, the im-
age pixel-intensity shows the same frequency of the shedding
events as the pressure response; however, the amplitudes are
varied. The similarities of the signals for the shedding frequen-
cies shows that the spectral content of the cloud cavitation can
be measured using both high-speed imagery and surface pres-
sure measurements. High-speed imagery allows visual inspec-
tion of the shedding events and comparison between event types
and frequency content. Surface pressure measurements allow
measurement of longer time series for improved spectral analy-
sis, and give greater accuracy on the magnitude of the pressures
generated.

The wavelet analysis method of Torrence and Compo [13] with
a Morlet-6 wavelet has been used to analyse the frequency con-
tent of the image pixel-intensity time series and both long and
short pressure transducer measurements. Figure 4 shows the
wavelet analysis of the image pixel-intensity time series and
short pressure response atσ = 0.8. The frequencies are rep-
resented as Strouhal numbers, given byf D/U , where f is the
frequency andD is the sphere diameter. Two dominant frequen-
cies are seen atSt = 0.25 and and 0.47. The comparison of the
spectra from these time series with the spectra from the long
pressure time series is shown in figure 5; all three spectra show
the same peak frequencies, with reduction in noise at the lower
frequencies evident in the spectra from the longer time series, as

expected. From inspection of the high-speed movies, the lower
frequency corresponds with full sheet cavity detachment or the
axisymmetric mode identified in [3]. The higher frequency rep-
resents the intermediate or asymmetric shedding mode. High-
speed images are shown in figure 6 att = 0.87 s, where there is
a shorter duration, asymmetric shedding event andt = 0.110 s
where the full cavity is shed axisymmetrically.

Figures 7-8 show the wavelet analysis of image pixel-intensity
at σ = 0.5. Figure 9 shows low (top image) and high (bottom
image) frequency shedding events. ThePCC for the pressure
response and image pixel-intensity is 0.63.

As σ reduces, a more permanent cavity is formed. At the higher
σ values, when the shedding is most energetic, the cavity lead-
ing edge is extensively eliminated for short periods, after which
re-nucleation and cavity regrowth occurs. At lowerσ values the
larger shedding events do not result in the extensive elimination
of the cavity. The re-entrant jet that causes the cavity to shed
does not fully eliminate the laminar cells that characterise the
initial formation of the cavity [3] and the shed cavity remains
connected via streamwise vortices.

Conclusions

Cloud cavitation about a PVC sphere was investigated using
simultaneous high-speed photography and high-frequency sur-
face pressure measurements. The coherence between the two
measurements was found to be favourable, withPCC values
ranging between 0.57 and 0.73. Wavelets were used to anal-
yse the signals and identify cavity shedding events and fre-
quencies. Both measurement techniques identified the same
shedding events and frequencies, with the pressure measure-
ment providing higher temporal resolution and the image pixel-
intensity provided details of the physics. Two dominant fre-
quencies were found that represented larger and smaller shed-
ding events. At highσ the larger events are axisymmetric shed-
ding of the full cavity. At lowerσ the cavity is generally not
shed in its entirety, remaining connected via streamwise vor-
tices.
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Figure 7. Time series of image pixel-intensity (blue, solid) and pressure (red, dashed) shown at top with Morlet-6 wavelet spectra and global wavelet
spectra of image pixel-intensity (middle) and pressure (bottom) forσ = 0.5. The same events can be seen from both measurement methods.
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Figure 8. Wavelet spectra of short pressure time series (red, dashed),
long pressure time series (green, dot-dash) and image pixel-intensity
(blue, solid) forσ = 0.5. The long pressure time series more accurately
resolves the shedding spectra; however, the shorter series both identify
the two shedding frequencies.

Figure 9. High-speed images of cavity shedding atσ = 0.5. The top
image shows a longer duration shedding event att = 0.063 s. The bottom
image shows a shorter duration shedding event att = 0.195 s.
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