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Dynamics of Attached Cavities on
Bodies of Revolution

Attached cavitation was generated on two axisymmetric bodies, a Schiebe body and
a modified ellipsoidal body (the I. T. T. C. body), both with a 50.8 mm diameter.

Tests were conducted for a range of cavitation numbers and for Reynolds numbers
in the range of Re = 4.4 x 10° to 4.8 x 10°. Partially stable cavities were observed.

The steady and dynamic volume fluctuations of the cavities were recorded through
measurements of the local fluid impedance near the cavitating surface suing a series
of flush mounted electrodes. These data were combined with photographic obser-

vations. On the Schiebe body, the cavitation was observed.to form a series of incipient
spot cavities which developed into a single cavity as the cavitation number was
lowered. The incipient cavities were observed to fluctuate at distinct frequencies.

Cavities on the I. T. T. C. started as a single patch on the upper surface of the body
which grew to envelope the entire circumference of the body as the cavitation number
was lowered. These cavities also fluctuated at distinct frequencies associated with
oscillations of the cavity closure region. The cavities fluctuated with Strouhal num-
bers (based on the mean cavity thickness) in the range of St = 0.002 to 0.02, which
are approximately one tenth the value of Strouhal numbers associated with Kdrmdn
vortex shedding. The fluctuation of these stabilized partial cavities may be related
to periodic break off and filling in the cavity closure region and to periodic en-
trainment of the cavity vapor. Cavities on both headforms exhibited surface striations
in the streamwise direction near the point of cavity formation, and a frothy mixture
of vapor and liquid was detected under the turbulent cavity surface. As the cavities
became fully developed, the signal generated by the frothy mixture increased in

magnitude with frequencies in the range of 0 to 50 Hz.

1 Introduction

“Fixed”’ or ““attached”’ cavitation occurs when a liquid flow
detaches from the rigid boundary of an immersed body or flow
passage to form a cavity, and this cavity may exist indefinitely
with a quasi-steady geometry. Attached cavitation may neg-
atively affect the performance of hydromechanic surfaces, as
in the case of propeller thrust breakdown (Emerson and Sin-
clair 1967). It is associated with cavitation erosion damage in
hydraulic turbomachinery and marine propellers (Knapp et al.,
1970), and is responsible for dangerous ship propeller/hull
interactions (Weitendorf, 1989) and unwanted acoustic emis-
sions (Blake et al., 1977). All of these phenomena are influ-
enced by cavity dynamics, but studies of cavity fluctuations
have been hampered by the lack of simple, nonintrusive cavity
volume measurement techniques.

Previous researchers have used high speed films (Knapp,
1955 and Lush and Skipp, 1986) and near cavity LDA meas-
urements (Avellan et al., 1988) to observe cavity dynamics.
Presented here are the initial results of a different method to
study the time averaged and unsteady nature of attached cav-
ities using electrical impedance measurements of the near-sur-
face fluid with flush mounted electrodes. This technique has
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recently been used to study travelling bubble cavitation (Ceccio
and Brennen, 1991), and the same experimental setup and
techniques were employed by this study.

2 Experimental Methods

Attached cavities were produced on three axisymmetric
headforms made of lucite: one Schiebe body and two modified
ellipsoid bodies (known as I. T. T. C. headforms), which are
described below. The experiments were conducted in the Low
Turbulence Water Tunnel (LTWT) at the California Institute
of Technology. (Gates 1977). The free-stream velocity, U, for
these tests was varied from 8.3 to 9.5 m/s, and for all tests,
the velocity of the tunnel was maintained constant. The test
section pressure, P, was slowly reduced until the desired op-
erating point was reached. The controlled air content of the
water was 6-7 ppm for these tests.

The Schiebe headform used in the experiment had a maxi-
mum diameter of 51.4 mm and a minimum pressure coefficient,
Cp, of —0.75 (Gates et al., 1979). The actual final diameter
of the body, D, is 50.8 mm due to some truncation of the after
body. The body was constructed of lucite and was instrumented
with three surface electrodes made of silver epoxy. The elec-
trodes were circumferential rings and located at positions
s/D = 0.608, 0.645, and 0.691, where s is the streamwise
coordinate measured along the body surface from the stag-
nation point. The electrodes had a thickness of 0.76 mm. Both
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Fig. 1 Profile and surface pressure distribution on the Schiebe and
I. T. T. C. bodies

I. T. T. C. bodies (Lingren and Johnsson, 1966) were of iden-
tical shape but were instrumented with different electrode ge-
ometries. The minimum pressure coefficient for the [. T. T. C.
body is —0.62, and the diameter of the bodies was 50.4 mm.
The first I. T. T. C. body was instrument with sixteen circum-
ferential electrodes of thickness 0.76 mm and equally spaced
2.54 mm apart in the longitudinal direction starting at
s/D= 0.68 and ending at s/D = 1.37. The second I. T. T. C.
headform had rectangular patch electrodes of width 1.14 mm
in the streamwise direction and length 5.72 mm in the circum-
ferential direction. They were equally spaced 2.54 mm apart
in the longitudinal direction starting at s/D = 0.68 and ending
at s/D = 1.37. The surface of the bodies, including the elec-
trode-lucite interface, was highly polished, and no surface cav-
itation was observed to consistently form on the electrode/
lucite interface which would have implied significant local
roughness. The headform profiles and surface pressure dis-
tributions are presented in Fig. 1.

The electrodes were used to measure both the mean volume
and volume fluctuations of the attached cavities. An alter-
nating potential of fixed amplitude is applied to each electrode,
and neighboring electrodes have voltage signals which are 180
degrees out of phase. Changes in the emitted current are meas-
ured for each electrode. When a void or cavity is present over
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Fig. 2 Schematic diagram of fluid impedance measuring system

a portion of the electrode, the fluid impedance is increased,
decreasing the emitted current. In the case of attached cavi-
tation, changes in the electrode signal are the result of two
separate effects. First, the percentage of the electrode surface
area which will freely conduct electricity is reduced, and hence
the magnitude of the output current decreases. This is the
primary effect detected by the electrode system. There may
also be a secondary effect due to changes in conductivity of
the cavity content, which consists of a liquid and vapor mix-
ture; the conductivity of this mixture will clearly differ from
that of water.

The dynamic response of the electrode signal processor is
on the order of 10 kHz, and the signal to electrical noise ratio
was at least 45 dB for all the experiments. A complete de-
scription of the electrode system is provided by Ceccio (1990).
The Fourier transforms of the electrode signal were performed
digitally with a windowed FFT algorithm, and the error esti-
mates which accompany the FFTs were derived from baseline
measurements. In addition to the electrical measurements, high
speed still photographs of the attached cavities were taken for
each operating condition. From these photographs, the mean
cavity thickness and length could be measured, and the cavi-
tation present over each electrode could be recorded. A sche-
matic diagram of the electrode system is shown in Fig. 2.

3 Experimental Results-Schiecbe Body Measurements

Originally the Schiebe body shape was designed to avoid the
occurrence of laminar separation (Schiebe, 1972) which has
been associated with the presence of attached cavities (Arakeri
and Acosta, 1973). The experiments were conducted in a fairl;r
narrow range of Reynolds number (Re = 4.4x 10° — 4.8 x 10°,
based on the body diameter, D). The cavitation formation
index, defined as the first appearance of attached cavitation
anywhere on the headform, was about ¢;, = 0.40 for all ex-
periments. The leading edge cavitation was located at about
s/D = 0.45. The cavitation disappearance index, whicH was
always greater than the formation index, was about o4, = 0.42.

Cp = pressure coefficient (Ps — P)/ P, = water vapor pressure
(1/2pU2) R = radius of headform 6. = mean cavity thickness

D = diameter of the axisymmetric Re = Reynolds number (UD/») » = kinematic viscosity of water
body s = streamwise coordinate measured p = density of water

E = electrode signal voltage along the body surface from ¢ = cavitation number (P — P,)/

f = frequency the stagnation point 1/2p0%

H = local radius of headform St = Strouhal number (f6./U) 0, = attached cavitation formation

L = mean cavity length U = freestream velocity index

P = freestream pressure x = coordinate along centerline of o4, = attached cavitation desinence

Pg = pressure on surface of body body index
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Fig. 3 Examples of attached cavities on the Schiebe body for cavi-
{ation numbers ¢ = 0.40, 0.38, 0.36, and 0.34 at a free-stream velocity

U=9mis

|3
o

(L/D)

o
i
.

5
e

e
o
L

MEAN CAVITY LENGTH
taH

ol
=

o 042 i0

034 0ds 0.38 0.
CAVITATION NUMBER

Fig. 4 Mean cavity length plotied against the cavitation number, o,
for the Schiebe body (open symbols) and the 1. T. T. C. body (filled

error bars represent the minimum and maximum cavity length measured
from the photographs. The value for the . T. T. C. body at ¢ = 0.39 is
the maximum length of the partial cavity.

Photographs taken at each operating point were used as a
reference for the electrode data, and examples are presented
for the Schiebe body in Fig. 3, with U = 9m/s and ¢ = 0.40,
0.38, 0.36, 0.34. At the first formation of cavities, the cir-
cumference of the headform was only about half covered with
attached patch cavities, or ‘‘finger”’ cavities, some of which
were temporally intermittent. At lower cavitation numbers these
finger cavities combined to cover the entire circumference of
the body. Further decreases in cavitation number increased the
mean length of the cavity, L, which is plotted against cavitation
number in Fig. 4. The surface of the cavity shows a transition
from a smooth laminar interface to a wavy and then turbulent
surface in a manner similar to the growth of Tollmein-Schlicht-
ing waves in an unstable boundary layer (Brennen, 1970). The
point of transition on the cavity surface was about one half
the total cavity length in all cases.

Both the mean and fluctuating components of the electrode
output contain interesting information. First, the mean level
of the electrode signal, E, indicates the percentage of the elec-
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Fig. 5 Mean and standard devialion of the electrode signal, E, from
cavilation on the Schiebe body plotied against cavitation number, o.
Vertical scale is arbitrary. U = 8.75 mis (o), U = 9 mis (»), and
U = 9.5 mis ([).

trode which is covered by the cavity, and this is presented as
a function of the cavitation number in Fig. 5. As the cavitation
number decreases, the percentage of the circumference covered
by the cavity grows, and hence the electrode signal voltage
increases. The signal levels off as the cavity become fully de-
veloped. The large uncertainty associated with the measure-
ments at higher cavitation numbers is due to the temporal
intermittency of the cavitation. Once the cavity is fully de-
veloped, the uncertainty decreases. The high frequency portion
of the signal is associated with churning of the two-phase
mixture inside the cavity and fluctuations of the cavity bound-
ary. The relative contribution of these effects to the signal is
small when compared to the portion of the signal resulting
from the presence or absence of the cavity. Consequently, the
ordinate in Fig. 5 may be transposed into a quantitative meas-
urement of the covered surface when the mean signal is con-
sidered.

Secondly, the fluctuating components of the electrode sig-
nals were analyzed. Initial spectra obtained without filtering
indicated that there were no frequencies of significant mag-
nitude above 500 Hz. Therefore, the fluctuating signal was
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Fig. 6 Electrode signal spectra for cavitation on the Schiebe body.
Cavitation number ¢ = 0.40 and 0.34 at free-stream velocity U = 9
m/s. Vertical scale is arbitrary and the uncertainty of the spectral coef-
ficients is = 0.20.

low pass filtered with a cutoff frequency of 1 kHz and was
. digitally sampled at 2 kHz. This filtering eliminated the signals
produced by travelling bubbles which may pass over portions
of the uncovered electrodes. Figure 6 represents two typical
spectra. They have similar shapes with large amplitudes at low
frequency and a uniform rolloff to approximately 500 Hz.

At the higher cavitation numbers, the frequencies below 1
Hz are dominant, since the temporal intermittency associated
with the partially developed cavities produces this low fre-
quency component. A series of dominant spectral peaks at
intermediate frequencies were detected for the partially de-
veloped cavities. As seen in Fig. 6, the spectra for ¢ = 0.40
and U = 9 m/s has distinct frequency peaks at f = 10, 40,
103, and 133 Hz. These peaks are not due to line noise, are
repeatable, and disappear after the cavities became fully de-
veloped. Since they occur only when the cavities are partially
developed, they may be due to pulsation of the finger cavities
in the circumferential direction (see Fig. 7). Note that the
electrode location is upstream of the cavity collapse region,
which also fluctuates. The Strouhal number, St, based on the
cavity mean thickness, 6., and upstream velocity, U, for the
observed dominant frequencies would be St = 0.002, 0.006,
0.015, and 0.019, respectively. The cavity thicknesses were
derived from the photographs. The error associated with the
Strouhal number measurement is approximately + 20 percent
for the cavities with ¢ > 0.37 (thin cavities) and =+ 25 percent
for the cavities with ¢ < 0.37 (thick cavities).

As the cavities become fully developed, the magnitudes of
frequency component below 1 Hz decrease with increases at
higher frequencies, as seen in Fig. 6 for the case of ¢ = 0.34.
The electrodes on the Schiebe body were located under a por-
tion of the finger cavities which contained only vapor (that is,
before complete transition to a turbulent cavity interface).
Given the absence of a frothy mixture over the electrodes, two
other mechanisms can be cited for the perturbation of the
electrode signal. First, the fully developed cavity consists of a
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Fig. 7 One possible mode of cavity oscillation

collection of finger cavities whose boundaries may wet the
electrode surface. As these boundaries fluctuate, a signal is
generated. Secondly, the cavity surface may intermittently col-
lapse, wetting the surface and producing a signal. Fluctuations
on the cavity surface due to the presence of Tollmein-Schlicht-
ing waves have been estimated to occur with frequencies in the
range of 5-10 kHz (Brennen, 1970); signals in this frequency
range were not observed. The spectra due to the fully developed
cavities revealed no dominant frequencies.

4 Experimental Resulis-1. T. T. C. Body Measurements

The . T. T. C. body is known to possess a region of laminar
separation which is associated with the formation of stable
attached cavities (Arakeri and Acosta, 1973). These cavities
originate within the laminar separation bubble. A single cavity
first formed at the upper portion of the headform in the region
of laminar separation and grew to envelope the entire circum-
ference of the headform as the cavitation number was lowered.
This “top to bottom’’ cavity formation was caused by the
slight pressure difference across the headform resulting from
gravity, an effect which was not as noticeable on the Schiebe
body due to the finger cavity intermittency. The experiments
were conducted over a narrow range Reynolds numbers (Re
= 4.4 x 10° — 4.8 x 10°) which resulted in a fairly constant
cavity formation index of g;, = 0.41. The cavitation disap-
pearance index was g, = 0.42. The leading edge of the cavity
first appears at approximately s/D = 0.75, and the location
of the leading edge moved forward as the cavitation number
decreased.

The mean cavity length in the streamwise direction presented
as a function of cavitation number in Fig. 4. The ratio of cavity
length to body diameter (L/D) for the I. T. T. C. headform
is consistently lower that for the Schiebe body at higher cav-
itation numbers. This is due to the process of cavity formation.
In the case of the Schiebe body, the cavities are not promoted
by the presence of a laminar separation region and take the
form of long cavities close to the headform surface. Cavities
on the I. T. T. C. headform first form in the separated recir-
culating region and are initially confined there at higher cav-
itation numbers. As the cavitation number decreases, the
cavities grow and begin to dominate the flow near headform
surface. At this point, the detailed shape of the headform has
less influence on the cavity size, hence the ratio (L/D) begins
to converge for both axisymmetric bodies.

As in the case of the Schiebe body, the cavity near the
separation point consisted of a series of finger cavities or sur-
face striations which, at lower cavitation numbers, combined
to cover the circumference of the body. Figure 8 presents
photographs of cavitation on this body for the case of free-
stream velocity U = 8.7 m/s and for cavitation numbers of
o = 0.37, 0.35, 0.33, 0.31. The finger cavities were less well
defined than those of the Schiebe body. This may be due to
the relatively short distance from the leading edge of the cavity
to the point of surface turbulent transition as well as to the
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Fig. 8 Examples of attached cavities on the I. T. T. C. body for cavi-
tation numbers ¢ = 0.37, 0.35, 0.33, and 0.31 at a free-stream velocity
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Fig. 9 Electrode signal specira for cavitation on the I. T. T. C. body
with circular electrodes. Cavitation number ¢ = 0.37 at freestream ve-
locity U = 8.75 mis. The signals were taken from electrode 8 and 12.
Vertical scale is arbitrary, and the uncertainty of the spectral coefficients
is = 0.25.

presence of the laminar separation. The first I. T. T. C. body
tested was instrumented with sixteen circumferential elec-
trodes, and in order to eliminate any signal which may be due
to circumferential oscillations, all the electrode data was taken
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Fig. 10 Electrode signal spectra for cavitation on the I. T. T. C. body
with circular electrodes. Cavitation number ¢ = 0.31 at free-stream ve-
locity U = 8.75 m/s. The signals were taken from electrode 8 and 12.
Vertical scale is arbitrary, and the uncertainty of the spectral coefficients
is + 0.25.

for fully developed cavitation which covered the entire cir-
cumference.

During the electrical impedance measurements with the
1. T. T. C. bodies, attention was focused on the downstream
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portion of the fully developed cavity. For each operating point,
an electrode was chosen which was either near the region of
cavity closure, or completely covered by the cavity. The signals
from these electrodes were then Fourier analyzed. The sample
spectra in Figs. 9 and 10 are for operating points represented
by two of the photographs shown in Fig. 8. Two spectra cor-
responding to the case of ¢ = 0.37 and U = 8.75 m/s are
shown in Fig. 9. The signals were taken from electrode 8 (as
counted from the first electrode upstream), which was com-
pletely covered by the cavity, and electrode 12, which was near
the cavity reattachment point. The signal from the completely
covered electrode exhibits some distinct frequencies, which
may be due to cavity surface fluctuations, but these features
do not dominate the spectra. Near the cavity closure region,
however, the spectra is characterized by several distinct fre-
quencies, with the four largest spectral amplitudes correspond-
ing to frequencies of 12, 40, 60, 102 Hz. These correspond the
Strouhal numbers of St = 0.002, 0.007, 0.010, and 0.017,
respectively. The error associated with the Strouhal number
measurement is approximately + 20 percent for the cavities
with ¢ > 0.37 (thin cavities) and + 25 percent for the cavities
with ¢ < 0.37 (thick cavities). (Note that the 60 Hz peak was
determined not to be the result of line noise). In general, the
frequencies of fluctuations measured near the closure region
were repeatable over the range of freestream velocities and
cavitation numbers tested.

For the case of ¢ = 0.31 presented in Fig. 10, both electrodes
8 and 12 were covered by the cavity. These spectra are dom-
inated by low frequencies and do not exhibit any dominant
features. As in the case of the Schiebe body, these low fre-
quency fluctuations are in the range of 0 to 50 Hz. These
measurements were from the electrode covered by the fully
turbulent region of the cavity, and the principle cause of these
signals is the churning of the frothy mixture inside the cavity.
The magnitude of the low frequency oscillations increased with
decreasing cavitation number and the associated increase in
‘cavity thickness at the location of the electrode. With increasing
cavity thickness, the two-phase mixture inside the cavity may
begin to churn with a coherent, low-frequency motion. This
may not be possible in thin cavities. \

The range of frequencies associated with the longitudinal
fluctuations of the Schiebe body cavities are quite similar to
those measured in the cavity closure region of the I. T. T. C.
body. This suggests that similar pulsation mechanisms are pres-
ent for the two headforms. Furthermore, a I. T. T. C. body
with patch electrodes was used to measure the oscillation of
the cavity closure region at a specific point on the body surface,
and these data were compared to those measurements taken
with the circumferential electrodes. The patch electrode spectra
were similar to those from the circular electrode data presented
above. Similar dominant frequencies were detected near the
cavity closure region, although the relative magnitude of the
spectral peaks were reduced. This result suggests that the pul-
sation mechanism operates in a similar way over the entire
surface of the cavity.

The cavities observed on the I. T. T. C. body (as well as
the Schiebe body) had relatively constant lengths and have
been referred to as ‘‘stabilized partial cavities’’ (Knapp et al.,
1970). Previous observations of these cavities have revealed
the presence of local, periodic fluctuations near the cavity
closure region (Knapp, 1955). These oscillations have been
attributed to a reentrant jet which cause the cavity to undergo
a process of filling and break-off. At the free-stream velocities
of this study, the cavities did not undergoe large scale filling
and breaking, since the re-entrant jet may not be able to pen-
etrate far upstream in the cavity. Instead, premature growth
and break-off may occur. Knapp observed that large scale
shedding occurred at frequencies on the order of 50 to 130 Hz
on a 2 in. diameter, hemisphere shaped axisymmetric bodies,
for various velocities and cavitation numbers. As the velocity
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was lowered, periodic vapor entrainment became noticable,
and the filling and breaking process was reduced. In the present
study, the measured frequencies of cavity oscillation were on
the same order as those measured previously, although the
freestream velocities were much lower. Small scale filling and
breaking along with periodic entrainment of vapor would cause
the cavity to oscillate in size, leading to periodic fluctuations
in both the lateral boundaries and the closure region of the
cavity, such as those observed here.

These results may also be compared to the shedding of cav-
itation vortices in the wake of a bluff body. Young and Holl
(1966) observed that cavitation vortices were shed from a sym-
metric wedge with Strouhal numbers on the order of 0.26,
based on the shedding frequency, freestream velocity, and the
length of the downstream side of the wedge. For a thin wedge,
one half of this length may be related to the thickness of an
attached cavity resulting in a modified Strouhal number of
0.13. These measurements were conducted at an average Reyn-
olds number of 1.7 x 10° based on the characteristic wedge
length. A result similar to that of Young and Holl was obtained
by Avellan et al., (1988) who measured the vortex shedding
of attached cavities on two dimensional hydrofoils. The meas-
ured Strouhal number was 0.147 (based on the displacement
thickness of the shear layer above the cavity), at a Reynolds
number 2 x 10° (based on the cord length). These Strouhal
numbers are approximately ten times greater that the values
presented in this study, suggesting that the oscillations in the
cavity closure region of stable cavities may not be the result
of fully developed Kdrmdan vortex shedding.

5 Conclusions

The fluid impedance measurement described in this paper
allow determination of both the average size and the dynamic
fluctuations of attached cavities. Cavity size may be inferred
from the average electrode signal, and with the proper electrode
geometry, the total cavity area may be measured. The dynamics
of the attached cavity may also be detected through processing
of the unsteady component of the electrode signal.

Limited cavitation on the Schiebe body consisted of a series
of both steady and intermittent partial cavities. As the cavi-
tation number decreases, the cavities merge to cover the cir-
cumference of the headform. These finger cavities fluctuate
with distinct frequencies corresponding to Strouhal numbers
in the range St = 0.002 to 0.02, and these fluctuations may
be caused by cavity oscillations in the circumferential direction.
Fully developed cavities produced signals which fluctuate in
the frequency range of 0 to 50 Hz, and these oscillations may
be the result of intermittent contact of finger cavity boundaries
or by churning of a frothy mixture of vapor and liquid inside
the cavity.

Cavitation on the I. T. T. C. body started as a single patch
on the upper surface of the headform. This grew to cover the
entire circumference of the headform as the cavitation number
was reduced. The closure region was found to oscillate with
distinct frequencies corresponding to Strouhal numbers rang-
ing from St = 0.002 to 0.02. These values are approximately
one tenth of the Strouhal numbers associated with Karmén
vortex shedding. The cavity in many instances was not evac-
uated but contained a mixture of vapor and fluid which churned
inside the cavity, producing low frequency electrode signals in
the frequency range of 0 to 50 Hz. As the cavity became fully
developed, the magnitude of the low frequency oscillations
increased.

All the cavities of this study had relatively constant lengths
and have been referred to as ‘‘stabilized partial cavities.”” The
present study has emphasized that these cavities undergo lo-
calized fluctuations in the lateral boundaries and the closure
region. These fluctuations may be due to the periodic entrain-
ment of cavity vapor and the presence of a small re-entrant
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jet which enters the downstream portion of the cavity, causing
a process of filling and shedding. In contrast, many cavities
exhibit large scale break-off (Knapp, 1955) and (Lush and
Skipp, 1986). Cavitation erosion may be related to the shedding
of vortices formed over the cavity surface which carry away
vapor filaments from the closure region (Avellan et al., 1988).
These vapor filaments later collapse in the high pressure region
downstream of the cavity causing cavitation erosion. Large
scale cavity fluctuations and vapor shedding usually occur at
higher Reynolds numbers and were not observed in this study.
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