The Pennsylvania State University
The Graduate School
College of Engineering

THE MITIGATION OF PULSATION IN VENTILATED
SUPERCAVITIES

A Dissertation in
Aerospace Engineering
by
Grant Skidmore

© 2016 Grant Skidmore

Submitted in Partial Fulfillment
of the Requirements
for the Degree of

Doctor of Philosophy

May 2016

The dissertation of Grant Skidmore was reviewed and approved∗ by the following:

Jules W. Lindau
Research Associate, ARL
Assistant Professor of Aerospace Engineering
Dissertation Advisor, Co-Chair of Committee

Timothy A. Brungart
Senior Research Associate, ARL
Associate Professor of Acoustics
Co-Chair of Committee

Robert F. Kunz
Senior Scientist, ARL
Professor of Aerospace Engineering

Jonathan S. Pitt
Research Associate, ARL
Assistant Professor of Engineering Science and Mechanics

Toan Nguyen
Assistant Professor of Mathematics

George A. Lesieutre
Professor of Aerospace Engineering
Head of the Department of Aerospace Engineering

∗

Signatures are on file in the Graduate School.
ii

Abstract
It is desirable to use ventilated supercavities to reduce the drag created by underwater bodies and obtain velocities much higher than those that are possible with fully
wetted bodies. Ventilated supercavities, however, are prone to an autoresonant
phenomenon known as pulsation where the supercavity radius and length oscillate
with time. These oscillations in radius and length are oftentimes severe enough
to cause issues with body stability and control. In this dissertation, a method to
mitigate pulsation in ventilated supercavities is presented. The method, which
modulates or adds a sinusoidal component to the ventilation rate, is shown to
suppress pulsation numerically, experimentally, and computationally. Additionally
in this dissertation, the near-field acoustic characteristics of twin vortex, re-entrant
jet, and pulsating ventilated supercavities are studied experimentally. This study
is then repeated computationally, with a focus on the generation and mitigation of
pulsation in ventilated supercavities.
The study of the near-field radiated noise from supercavities shows that pulsating
supercavities generate noise that is two orders of magnitude (i.e., 40 dB) greater
in level than that from comparable twin vortex and re-entrant jet supercavities.
For pulsating supercavities, it is found that the interior cavity pressure and nearfield radiated noise are both monotonic in frequency, with said frequency being
related to the freestream velocity and the length of the dominant waves on the
supercavity air/water interface. For pulsating supercavities, it is also found that,
at the pulsation frequency, the cavity interior pressure spectrum level is related
to the near-field and far-field noise spectrum level through spherical spreading of
the sound waves from the supercavity interface. As a result, the cavity interior
pressure can be used as a measure of the radiated noise.
The developed method for mitigating pulsation in ventilated supercavities is
shown to transition the initially pulsating supercavities to the twin vortex closure
regime. A wide range of ventilation rate modulation frequencies cause the pulsating
supercavity to transition into twin vortex closure, typically within 0.25 seconds of
modulation initiation. Accompanying the transition from pulsation to twin vortex
closure is a reduction in the radiated noise, to the continuum at the pulsation
frequency, oftentimes 35 dB or more. Other modulation frequencies do not suppress
iii

pulsation but are effective at changing the supercavity pulsation frequency. The
numeric exploration of the methodology focuses on solving a modified Hill’s equation
which captures the basics of the modulation method, and is based on Song’s
supercavity model. The model adequately predicts those modulation frequencies
that mitigate ventilated supercavity pulsation and those that do not.
The computational study utilizes 3D finite volume computational fluid dynamics
(CFD) modeling, without a turbulence model, for the equations of fluid mixture
motion. The gas is treated as isothermal and compressible, and the water is
treated as isothermal and incompressible. The interface is captured using the High
Resolution Interface Capturing (HRIC) scheme. Utilizing these models allows for
the re-entrant jet, pulsating, and twin vortex closure regimes to be delineated and
computationally resolved, including the expected hysteresis. To validate the use of
these models, computational and experimental pulsating supercavities are generated
at similar conditions. A detailed comparison of these supercavities show that the
computational supercavity is able to capture the behavior of the experimental
supercavity favorably. The computational exploration of the pulsation mitigation
methodology was performed at conditions that not only matched those of the water
tunnel experiments, but at a Froude number much larger than those explored
experimentally. The computational study demonstrated that by appropriately
modulating the ventilation rate, it is possible to suppress pulsation and transition
the cavity to either the twin vortex or re-entrant jet closure regime at velocities
much higher than those examined in the water tunnel experiments.
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It is possible for a body to greatly reduce the drag caused by skin friction, up to an
order of magnitude, using supercavitation to minimize the surface area of wetted
surfaces [1–3]. In order to develop a supercavity for most applications, gas must be
introduced or ventilated in the low pressure region behind the cavitator. Ideally,
only the control surfaces and the cavitator of the body would remain in contact
with water after a supercavity was developed via ventilation. While this idea
works well in theory, in practice, the process of generating a supercavity is often
plagued by an autoresonant phenomenon known as pulsation. When a supercavity
pulsates, the walls of the supercavity begin to periodically expand and contract,
which can lead to the supercavity walls clipping the body. This can be problematic
for body stability. Thus, a method to mitigate supercavity pulsation is desired. In
this dissertation, a method to mitigate the pulsation phenomenon in ventilated
supercavities outlined. Please note that throughout this dissertation, the words
cavity and supercavity are used interchangeably.

1.1 Cavitation Background
Cavitation is typically defined as the point where, in an originally homogeneous
mixture (i.e., water), vaporous bubbles begin to form [4]. These bubbles form for
a variety of reasons, but the most common sources are: a rapid acceleration of a
liquid (such as near the tip of a propeller), a static fluid near an oscillating pressure
source-typically acoustic (such as what is used in ultrasonic cleaning), or a low
2

pressure in a flowing liquid medium (such as cavitation over a hydrofoil) [4]. The
source of cavitation most relevant to this dissertation is the last source of cavitation.
The formation of cavitation is largely dependent on the notion of vapor pressure,
Pv , which is defined as the pressure the vapor of a liquid exerts at equilibrium, at a
specific temperature [5]. The vapor pressure of a liquid can be used as a metric
for how likely a material is to have its particles evaporate into the gaseous phase
from the liquid phase. The higher the vapor pressure, the more volatile the liquid,
and the more likely particles of the liquid are to transition to the gaseous phase.
While this definition is appropriate for most non-cavitating flows, a more general
definition is needed for cavitating flows. In cavitating flows, Pv = Pv (T) denotes
the value for the pressure field below which incipient cavitation will begin locally in
a flow (where T is temperature) [4, 6]. This is depicted in Figure 1.1 which shows
how a liquid has two paths by which it can become a gas: (i) boiling where the
temperature is increased for a constant pressure and the liquid changes phase, and
(ii) cavitation where the pressure is decreased for a constant temperature and the
liquid changes phase.
After local spots of cavitation have begun to form, there are two primary
methods by which macroscopic bubbles form in the fluid. The first of these methods
is homogeneous nucleation, where the kinetic energy of the particles in the liquid
form temporary microscopic voids in the liquid. These voids can then either become
a nuclei for a macroscopic bubble or collapse and no bubble is formed. The second
method of nucleation, heterogeneous nucleation, consists of similar voids, but the
voids are formed on a solid/liquid interface. This interface helps form the nuclei
for macroscopic cavitation bubbles [6]. Heterogeneous nucleation is the relevant
form of nucleation for this dissertation.
The vaporous cavitation number, σv , is a dimensionless parameter that is often
used to describe the conditions under which cavitation occurs naturally.
σv =

P∞ − Pv
1
ρV∞2
2

(1.1)

Here P∞ is the freestream pressure, Pv is the vapor pressure, ρ is water mass density,
and V∞ is the freestream velocity. Additionally, the parameter, σi , is introduced as
the cavitation inception number. This is the value of vaporous cavitation number
at which cavitation bubbles are first observed anywhere in the flow field. If the
3

Figure 1.1: Phase diagram for a “standard” material [4].
value of vaporous cavitation number is decreased below the cavitation inception
number, developed cavitation begins. In the developed cavitation regime, the flow
has a region which is constantly cavitating. If the value of vaporous cavitation
number is decreased even further the flow enters into the supercavitation regime.
An illustration of this transition is shown in Figure 1.2.
There are two means by which vaporous cavitation number can be decreased:
increase the dynamic pressure (i.e., 12 ρV∞2 ) or decrease the pressure difference (i.e.,
P∞ − Pv ). Regardless of the means, the vaporous cavitation number can be driven
lower, and eventually developed cavitation (sometimes called ’sheet cavitation’) is
initiated. With developed cavitation, the local spots of cavitation are now prevalent
and close enough together that there is a continuous vapor bubble attached to
the body, as shown in Figure 1.2. However, the bubble is not large enough to
envelop the entire body. Further decrease in vaporous cavitation number past this
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point generates a supercavity where the entire body is enveloped in a vapor bubble,
similar to the bottom condition depicted in Figure 1.2.

Figure 1.2: Development of cavitation diagram [7].

1.2 Supercavitation Background
Supercavitation was first discovered by Wagner in 1932 while studying missiles
entering a body of water [8]. Wagner observed that even after the entire body
was below the water level, the body was encased in air. Behind the body, the free
surface did not immediately reform, instead, a void remained in the water. This
void left an opening on the water surface that allowed air to fill the cavity that
was encasing the body. As the body progressed downward, the cavity continued to
grow, being fed by air above the surface, until the body reached a sufficient depth.
At this depth, the water’s opening pinched off and the cavity was no longer fed
air from the free surface. The air in the cavity that encased the body, continued
traveling with the body as a supercavity (with some variable gas leakage rate) [9].
A supercavity can be defined as when a bubble of vapor/gas envelops an entirely
submerged body. As the cavity completely encases the body, the cavity has its
own internal pressure. Thus, a new parameter called cavitation number, σ, can be
defined via Equation 1.2 to nondimensionalize the internal cavity pressure. Unless
the cavity is completely filled with water vapor, the pressure inside the cavity will
differ from that of the vapor pressure (i.e., σ 6= σv in general). The supercavitation
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regime is typically found for values of cavitation numbers less than 0.1 [10].
σ=

P∞ − Pc
1
ρV∞2
2

(1.2)

Here Pc has been introduced as the pressure inside the cavity.
The primary benefit of enveloping a body in a supercavity is that of greatly
reduced drag due to skin friction, up to an order of magnitude [1–3]. This reduced
drag occurs because most of the body is now traveling through a fluid which is
less viscous and dense than the water through which it was previously traveling.
However, the part of the body that initiates the cavity, the cavitator, and the control
surfaces are still fully wetted by design. Related to this decrease in drag, there is
an inherent increase in maximum attainable velocity, decrease in noise generated
at high velocity (due to a decrease in the number of cavitation bubbles collapsing),
and decreased disturbance of the ambient water. The reduced disturbance of the
water is due to the fact that the body creates less of a wake impact (which is an
artifact of the decreased drag) and the decrease in noise is an important ecological
concern for wildlife in the vicinity of the body [8].
There are two methods by which a supercavity can be generated. The first is
the natural method, where the body is accelerated to the point that the pressure
around the body is below vapor pressure and a supercavity is formed from the
water vapor. The velocities required to do this are quite high (e.g., approximately
70 m/s at very shallow depths [8]), rendering this method of supercavity generation
rather impractical. The second method is ventilated (sometimes called artificial)
supercavity generation, where gas is injected downstream of the cavitator into the
wake, resulting in sheet cavitation (and eventually a supercavity) being generated.
This second method was discovered by Reichardt in 1946 [8], and its main benefit is
that supercavities can be formed at much lower velocities (as low as 1.5 m/s [11]),
making them much easier to generate and study. This is the method of supercavity
generation used in this dissertation. The lower velocities associated with the
artificial supercavities lead to increased gravitational effects, signified by a decrease
in Froude number. The Froude number is defined as:
V∞
Fr = √
.
gDn
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(1.3)

Here g has been introduced as the gravitational acceleration and Dn has been
introduced as the cavitator diameter (or equivalent disk diameter if the cavitator is
not a disk). If one were to compare a natural and ventilated supercavity with the
same length and freestream pressure, the ventilated supercavity (which would have
to be generated at a lower speed and, thus, Froude number) will have much more
upwards cavity curvature due to buoyancy than the natural supercavity (which
would have to be generated at a higher speed and, thus, higher Froude number),
which would remain more axisymmetric.
The dimensionless ventilation rate, CQ̇ , is used to normalize the ventilation rate,
Q̇, required to sustain a ventilated supercavity. The dimensionless ventilation rate
is given by Equation 1.4.
Q̇
CQ̇ =
(1.4)
V∞ Dn2
If the cavitator is not axisymmetric, the equivalent disk diameter, Dn , is replaced
by a different critical body length (such as chord length for a hydrofoil).
Artificial supercavities also differ from natural supercavities in their method of
gas entrainment. The natural supercavity is readily able to exchange water vapor
in the supercavity to the surroundings as the pressure surrounding the cavity is
close to vapor pressure. The artificial supercavity, however, must eject gas from the
cavity as quickly as it is injected in order to remain quasi-steady, assuming there is
not a change in operating conditions. The methods of gas ejection are detailed in
Section 1.2.1.
A governing feature of supercavities, first noted by Logvinovich [12], is one of
the independence of expansion of cavity sections. What Logvinovich hypothesized
was that the behavior of a lateral cross section of a supercavity only depends on two
times, the current time and the time when that section was passing the cavitator.
Otherwise, changes in the system do not have much of an effect on the cavity shape
as shown in Figure 1.3. The original system, shown in Figure 1.3a, has a “standard”
cavity profile. Between the times shown in Figures 1.3a and 1.3b, a perturbation is
triggered upstream of the cavity. The effects of the perturbation are shown passing
the cavitator in Figure 1.3b. The result of the perturbation is that a more narrow
cavity is formed around the cavitator. Note that in Figure 1.3b the latter part
of the cavity is unaffected by the upstream perturbation because that part of the
cavity had formed before the perturbation crossed the cavitator. Figures 1.3c and
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1.3d show this perturbation as it progresses along the cavity length where, similar
to Figure 1.3b, the latter parts of the cavity are unaffected by the perturbation
and a wider cavity is present.

Figure 1.3: Experimental example of the principle of independent cavity expansion
[10]. Note that the flow in these photographs is from left to right.
The principle of independence of cavity expansion was later verified mathematically by Serebryakov [13] for axisymmetric cavities (i.e., cavities formed behind
an axisymmetric cavitator). The principle of independent cavity expansion is
important for supercavities because it allows one to model supercavities via delay
differential equations (DDEs). DDEs relate a current differential equation system
to a previous moment (or moments) in time, dependent on an initial upstream
field. In the case of supercavitation, current cavity condition differential equations
reference the previous conditions that the particles underwent as they passed the
cavitator.

1.2.1 Types of Supercavitation Closure
The gas leakage mechanism of a supercavity is a topic of great interest because there
is no universal gas leakage theory. Instead, each type of closure has independently
analyzed and studied. It has been found that there are 4 main types of cavity
8

closure: free air jet, twin vortex, re-entrant jet, and pulsation. Additionally, it has
been found that hybrid closure regimes exhibiting aspects of two closure regimes
simultaneously is possible [11,14]. Each closure type has its own traits, peculiarities,
and behave differently from the other types of closure. Of the closure types,
pulsation has been studied the least due to problems associated with its generation
and sustainment for extended periods of time.
For the case of a cavity with a gravity vector transverse to its velocity vector, a
few attempts have been made to differentiate between the re-entrant jet and twin
vortex closures. Campbell-Hilborne (1958) and Buyvol (1980) are the two most
widely cited criteria that separate these closures [15, 16]. The Campbell-Hilborne
criterion was found by initially ventilating a cavity to the twin vortex closure then
slowly decreasing the ventilation rate until the transition to re-entrant jet was
incipient. The resulting empirical trend was found:
σF r < 1 Twin Vortex
σF r > 1 Re-Entrant Jet.
By contrast, the path-independent Buyvol transition is given as:
σ 3/2 F r2 < 1.5 Twin Vortex
σ 3/2 F r2 > 10 Re-Entrant Jet.
Note that both of these authors attempted to deal with the hysteretic nature
of supercavities in different ways. Campbell-Hilborne dealt with this by only
considering one path within the hysteretic region, while Buyvol dealt with this
by having a gap of values that could be either closure. Further complicating this
hysteretic region is the theory of Michel [17] that predicts the pulsation regime
occurring within the hysteretic region. This hysteretic region will be discussed
further in Section 1.2.1.3.
There is a need to delineate the boundary between closure regimes. This is
because each closure regime has an associated ventilation rate requirement. In a
practical application involving supercavitation, a finite amount of gas would have to
be transported with the body to maintain a supercavity. Thus, in order to plan for
an appropriate amount of stored gas, one must first be able to predict the regime
in which the body will operate in its lifetime. The estimation of cavity regime
9

boundaries allows for the direct lifetime ventilation requirements to be estimated
with knowledge of the cavity pressure, body operating depth, and velocity.
1.2.1.1

Free Jet

The first closure type, the free air jet, is the limiting case of supercavities and can
be thought of as supercavity breakdown. This occurs when the ventilation rate
is too high for the system to generate a large, stable cavity capable of ejecting
mass as quickly as it is input. A free jet can occur both when there is no initial
cavity, or when there is an initial stable cavity present in one of the other closure
regimes. Once the ventilation rate is increased to a sufficient level, any cavity will
breakdown [11]. In the case of no initial cavity, as the ventilation is initiated, a
cavity will begin to form. However, the ventilation rate is such that this cavity will
breakdown immediately. During this breakdown, the cavity shrinks to no length,
and the system reduces down to a highly mixed, turbulent open air source in water.
The air then forms large, discrete bubbles that expand as they travel downstream
as shown in Figure 1.4.

Figure 1.4: Photograph of free air jet behind cavitator.
The free jet regime creates a strong sound source as a series of rapidly expanding
bubbles are created, however, the sound created is spread over a wide range of
frequencies, as the release of bubbles is not periodic with respect to time.
The free air jet is technically not a supercavity, as the cavity is not long enough
to completely encompass a body. However, it is included as a type of ventilated
supercavity as it is the limiting case from all other regimes.
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1.2.1.2

Re-Entrant Jet

The second closure regime is the re-entrant jet; this closure regime is found for
cavities that are short (i.e., having large cavitation number) and/or do not bend
much from buoyancy throughout their length corresponding to relatively high
Froude numbers [10]. The closure is called the re-entrant jet due to the presence of
a jet comprised of a frothy liquid/gas mixture that is launched forward towards
the supercavitating body.
The process of formation and leakage of a re-entrant jet has been detailed by
Spurk [18]. Spurk describes how a re-entrant jet is formed at the cavity terminus
with the meeting of the upper and lower walls of the cavity. As the surfaces meet,
their respective particles collide inelastically, as shown schematically in Figure
1.5. This collision produces the two phase foam that makes up the re-entrant jet
which travels throughout the cavity as a toroidal vortex. The vortex moves forward
following the pressure gradient of the cavity, as the partial vapor pressure has
increased the internal cavity pressure towards the closure, the vortex tends to travel
towards the cavitator. However, as the vortex travels forward, shear stresses from
the cavity surface slow the outer edges of the vortex and only the center of the jet
is propelled forward [10, 18].

Figure 1.5: Schematic of a re-entrant jet supercavity.
The jet then falls and travels along the lower cavity surface before joining a
new vortex. This is shown in Figure 1.6 where the cloudy jet is beginning to touch
the lower cavity surface. The gas and water particles that comprise the jet, travel
downstream to the terminus of the cavity once again. However, as these particles
have been once ejected from the terminus upstream in the jet, they have accrued
a substantial loss from their initial momentum. When the decreased forces from
11

Figure 1.6: Photograph of a re-entrant jet traveling forward in a supercavity [11].

Figure 1.7: Photograph of a steady re-entrant jet supercavity [19].
the momentum of the vortex equal the other forces on the jet (such as friction,
viscosity, etc.) the vortex is ejected [18].
Traditionally, the re-entrant jet closure has been thought of as one entity but
new research is suggesting that there are two types of re-entrant jet, a steady and
unsteady case [11, 20]. The steady case has a fairly constant cavity length and has
predominantly toroidal vortices shed from the tail of the cavity. The steady case is
associated with relatively low velocities and low ventilation rates. A photograph of
a steady re-entrant jet supercavity can be seen in Figure 1.7. The unsteady case is
much more prone to change of length as the gas leakage comes out in the form of
12

either continuous gas leakage or non-periodic gas pocket expulsion. An example of
the non-periodic gas expulsion is shown in Figure 1.8 where initially the re-entrant
jet exists without a continuous bubble stream (shown in the left figure). The next
image, taken a few tenths of a second later, shows this non-periodic gas expulsion.
This behavior results in a small total change in cavity length and, due to the short
time frame to an observer, the cavity length is found to be non-stationary.

Figure 1.8: Unsteady re-entrant jet cavity before shedding process has begun (left),
and during the shedding process (right).
In the case of ventilated supercavities, one would assume that an increased
ventilation rate would immediately result in a longer cavity (assuming one did
not over-ventilate and cause the cavity breakdown into a free air jet), yet only
the re-entrant jet exhibits this behavior. The re-entrant jet has a linear relation
between dimensionless ventilation rate and cavitation number. Recalling what
these dimensionless quantities represent, it can be said that the ventilation rate is
linearly related to the corresponding change in cavity pressure. Additionally, recall
that cavitation number is inversely related to cavity length (i.e., as the cavitation
number decreases the length of the cavity increases). In order for a cavity to have
a constant length, the rate of mass injection has to equal the rate of mass ejection.
Thus, when everything is considered, the rate of entrainment of the gas out of the
cavity of a re-entrant jet is some function of cavity length.
The method of gas entrainment out of a re-entrant jet cavity was explained by
Spurk [18] and computationally verified by Kinzel [21]. The primary method of
gas entrainment out of the cavity in a re-entrant jet is through toroidal vortices.
These vortices are filled with gas that was entrained from the main cavity into
shear layers that form on the gas side of the cavity interface.
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1.2.1.3

Twin Vortex

The third type of supercavity closure is also the first closure type that has an added
constraint. That is, while the first two closure types can and do exist regardless of
orientation, the twin vortex closure requires a transverse gravitation field for its
formation. If such an orientation exists, there is a transition that occurs from a
re-entrant jet closure to this twin vortex closure that is related to Froude number
and cavitation number as explained in Section 1.2.1.2. More specifically, as the
ventilation rate is increased into a re-entrant jet cavity, the cavitation number
decreases linearly until it reaches its critical value, σcrit . As it approaches this point,
the cavity is exposed to increased buoyancy forces, as the cavity is increasing in
length (or equivalently a decrease in cavitation number). These buoyant forces
cause the cavity to curve upwards towards the tail. The cavity, however, does not
bend with similar curvature in the upper and lower cavity walls, instead, buoyant
forces flatten the bottom of the cavity. This is in contrast to the streamlines near
the lower cavity wall, which are curving in a path similar to that of the upper
cavity wall [22]. This discrepancy between streamline shape and cavity shape
produces a ridge in the lower cavity wall which, in turn, weakens the re-entrant jet.
The ridge exacerbates the pre-existing circulation that is induced by the pressure
discrepancies between the upper and lower walls due to hydrostatic pressure driven
by the pressure gradient. The result of this circulation which is exacerbated by the
ridge, creating two areas of circulation, a clockwise circulation in the “right” half
of the cavity and a counterclockwise circulation in the “left” half of the cavity (if
one is at the cavitator looking to the cavity closure). Once the ventilation rate
is sufficient to reach the critical cavitation number, the regions of circulation are
strong enough to induce a region of very low pressure in the rear of the cavity.
Simultaneously, the re-entrant jet becomes completely dormant, and the cavity
begins to eject air through two hollow vortex tubes located at the regions of very
low pressure, as they are now the paths of least resistance for the gas [23]. This is
demonstrated in Figure 1.9, where the top diagram corresponds to a re-entrant jet
cavity, with a roughly circular cross sectional area throughout the cavity length.
As the ventilation rate is increased, towards the closure of the cavity, the cavity’s
cross sectional area begins to take on a cardioid shape. If the ventilation rate is
increased even further, at the closure of the cavity, the cross sectional area becomes
two adjacent counter-rotating vortex tubes that discharge the gas of the cavity. A
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photograph of a twin vortex supercavity can be seen in Figure 1.10.

Figure 1.9: Diagram of the creation of a twin vortex supercavity.

Figure 1.10: Photograph of a twin vortex supercavity.
The twin vortex closure regime does not have a linear relationship between
cavitation number and dimensionless ventilation rate. In this regime, there is
an asymptotic relationship between the two, as it takes very large increases in
15

ventilation rate for a small decrease in cavitation number to occur. The cavitation
number remains nearly constant for almost all ventilation rates as the twin vortex
can efficiently eject large amounts of ventilated gas. This is shown schematically in
Figure 1.11. The described method of increasing the ventilation rate into the cavity
would correlate to moving from right to the left on the curve in Figure 1.11, starting
in the re-entrant jet regime in the linear cavitation number and dimensionless
ventilation rate region of the plot. After the critical cavitation number is achieved,
the cavity enters the hysteretic region. The hysteretic region is peculiar in that the
cavity appears to exhibit weak memory of the previous closure when it enters the
region. If a cavity enters this region from the re-entrant jet regime, it will remain as
a re-entrant jet but instead of a linear dimensionless ventilation rate and cavitation
number relation, the cavitation number will follow a path similar to the curve given
in Figure 1.11. Similarly, if a cavity enters this region from the twin vortex regime,
it can remain a twin vortex despite its cavitation number being above the critical
value of twin vortex cavity transition [10]. As cavitation number is dropped below
the hysteretic region, the twin vortex regime is entered.

Figure 1.11: Plot of dimensionless ventilation rate versus cavitation number [11].
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Figure 1.11 is an idealized description how a cavity changes through closure
regimes at a specific Froude number. Changes in Froude number shift the curve
along the cavitation number axis, such that as Froude number is increased, the
cavity is able to achieve lower cavitation numbers. However, as will be discussed
in Section 1.2.1.4 and Chapter 5, the idealized plot of Figure 1.11 neglects the
complexity of the hysteretic region, especially when pulsating supercavities are also
considered.
1.2.1.4

Pulsation

The final cavity closure type is the primary focus of this dissertation, the autoresonant pulsation closure regime. This regime is physically different from the other
closure types in that the fundamental method of gas loss is due to periodic ejections
or “belchings” of gas at the terminus of the cavity as shown in Figure 1.12. The
result of these periodic ejections is a cavity that has a length that varies greatly in
time. The moment schematically depicted in Figure 1.12 is one just before a section
of the cavity pinches off from the main cavity. After this happens, the cavity will
be reduced in length to approximately half of the value pictured. The cavity will
then begin to grow again until the pinch off cycle repeats.
Pulsating supercavities were first reported by Silberman and Song [24, 25] who
found that, as the dimensionless cavity ventilation rate increased, the cavitation
number decreased linearly, however, once a critical cavitation number had been
reached, the cavity would begin to pulsate and the cavitation number no longer
decreased linearly with dimensionless ventilation rate. Silberman and Song identified
this new closure regime by a wavy cavity surface where the cavity exhibits periodic
changes in both length and internal pressure. These waves travel along the cavity
interface until minima, on opposing sides of the cavity, approach one another
sufficiently close for “pinch off” to occur. That is, pinch off occurs at the location
downstream from the cavitator where the surface wave influenced local cavity
diameter becomes less than the cavitator diameter [26, 27]. The pinch off location
effectively denotes the terminus of the cavity. The gas ejected from the cavity is
advected with the mean flow. Hence, large portions of the gas of the supercavity
are periodically ejected by this pinch off process and carried downstream by the
flow. In a pulsating cavity there is a periodic variation of the strength of the
re-entrant jet; this variation depends on internal cavity pressure. As the pressure
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inside the cavity increases toward the value of the minimum cavitation number in
a cycle to make the cavity its maximum length during pulsation, the jet is mostly
suppressed. As the jet is suppressed, a section of the cavity is pinched off and the
cavity decreases in length. At this point, the re-entrant jet surges in strength and
the jet’s mixture of water vapor and air increases the interior cavity pressure and
the cavity begins to grow again in length [28–30].

Figure 1.12: Diagram of pulsation phenomenon [19].
After the initial discovery, pulsating cavities were studied by many scientists,
principally among them was E.V. Paryshev [26, 27, 31] who established a set of 15
delay differential equations that model the pulsation phenomenon (the result of
this analysis is outlined in Chapter 2). Paryshev is so synonymous with pulsating
supercavities that the pulsation phenomenon is sometimes called the “Paryshev
Instability”. Pulsating supercavities are typically seen in tow tanks and free field
conditions, where a free surface is present. This has lead some researchers to
erroneously stipulate that the free surface is required for supercavity pulsation
to occur [14, 28]. Recently, pulsating supercavities were generated in a closedloop closed-jet water tunnel; in a series of experiments it was determined that
the pulsation envelope (i.e., the ability to easily and reliably generate pulsating
supercavities) for a horizontal closed-circuit, closed jet water tunnel was shrunk by
the presence of rigid walls in the vicinity of a supercavity. However, the envelope of
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pulsation was not entirely eliminated by rigid walls; as pulsation is possible without
a free surface [11].
The pulsation phenomenon depicted schematically in Figure 1.12 corresponds
to one generated with constant ventilation rate. The focus of this dissertation
is on the types of oscillations with constant ventilation rate, freestream velocity,
and freestream pressure; not the oscillations created by systematically varying the
ventilation rate as others have examined [10, 26].

1.3 Acoustics Background
The basic acoustic sources often used in flow noise analysis consist of monopoles,
dipoles, and quadrupoles; each source type differs in how the sound is generated,
the directivity of the sound created, and how the acoustic source affects the fluid
near the source. The directivity of a sound source refers to how the sound radiates
at a set distance for a sphere around the sound source. The field surrounding an
acoustic source is decomposed into the near-field and the far-field. The near-field is
defined as any location where kr  1 and the far-field is defined as any location
where kr  1 [32]. Here we have introduced r as the observer radius and k as the
wavenumber of the sound generated.
The monopole is the most basic of the sound sources, as the sound it creates
does not have any directivity. Instead, the sound created by a monopole is uniform
in all directions. A monopole sound source is one that undergoes a “breathing”
mode. An example of a monopole sound source is a sphere with an oscillating
radius at a particular frequency, which would generate sound at that frequency [33].
However, any sound source that is much smaller than the wavelength of sound that
they are radiating well will act as a monopole. That is, a monopole has krmean  1,
where k = 2π/λ recalling λ is a wavelength and rmean is the characteristic source
size [33]. As such, the near-field and far-field of the monopole are identical. For
a monotonic monopole, the radiated sound pressure in the near and far-fields is
given by [32–34]:
ξρck i(ωt−kr)
p̂(r, θ, t) = i
e
.
(1.5)
4πr
Here i denotes an imaginary unit, ξ is the volume velocity, c is the speed of sound,
and ω is the circular frequency. This can be further reduced if a low-frequency
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approximation is used. In this approximation one considers the characteristic time,
rmean /c, and compares it to the period of a volume velocity phase, if the radial
velocity varies slowly compared to this characteristic time; the retarded propagation
time is ignored and the acoustic pressure reduces to:
p(r, t) =

ρ
∂t ξ(t − r/c).
4πr

(1.6)

Note that the time dependent volume velocity of the sphere can be written as
2
ξ = 4πrmean
ûr where ûr is the complex amplitude of the radial surface velocity [34].
Note that Equation 1.6 is valid for those cases with flow where the Mach number is
much less than unity. Also note that in Equation 1.6, acoustic pressure is inversely
related to observer radius.
The sound power radiated by a monopole source is given by [33]:
ΠM ON =

ξ 2 ρck 2
8π

(1.7)

Recalling that the wavenumber can be rewritten as k = ω/c, ultimately this means
that the sound power of a monopole scales with frequency squared. The sound
power given by Equation 1.7 can be written in terms of scaling arguments and
nondimensionalized. Following the works of Chanaud [32], this results in Equation
1.8.
ρ
ΠM ON ∼ Q̇2 St2 V∞4 L2
c
(1.8)
CΠM ON ∼ CQ̇2 St2 M
Here St is the Strouhal number, CΠM ON is the dimensionless sound power for the
monopole, L is the size of the source, and M is the Mach number. Hence, the
strength of a monopole scales with velocity to the fourth power and the dimensionless
sound power scales linearly with the Mach number at which it was generated.
When two monopoles of the same strength, but opposite phase are brought
within a distance, d, of one another, where kd  1, an acoustic dipole created.
An example of an acoustic dipole source is a sphere oscillating laterally about a
point [34]. Due to the nature of a dipole, fluid is moved back and forth around the
acoustic source, unlike the monopole which moves fluid inwards and outwards [33].
Additionally, the dipole source, unlike the monopole, does possess directionality,
where it radiates well along one axis but poorly along an orthogonal set of axes. This
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is due to the cancellation of sound that occurs with the proximity of two sources in
phase opposition with one another. In the sphere analogy this corresponds to the
sound radiating strongly in the direction of the oscillation but weakly orthogonal
to the oscillation direction [33]. For a monotonic dipole, the near-field radiated
acoustic pressure is given by [32]:
p̂(r, θ, t) = i

ξρckd
cos θei(ωt−kr) .
2
4πr

(1.9)

The far-field acoustic pressure is given by [32, 33]:
p̂(r, θ, t) = −i

ξρck 2 d
cos θei(ωt−kr) .
4πr

(1.10)

Note that as one goes from the near-field to the far-field the radiated sound pressure
goes from being inversely related to observer radius squared to observer radius to
the first power.
The sound power radiated by a dipole source is given by [33]:
ΠDIP =

ξ 2 ρck 4 d2
4k 2 d2
= ΠM ON
6π
3

(1.11)

Recalling that for a dipole, kd  1, from Equation 1.11 we can conclude that
ΠDIP  ΠM ON . Additionally, recalling the relationship between wavenumber and
frequency, ultimately the radiated sound power of a dipole scales with frequency to
the fourth power. The sound power given by Equation 1.11 can be written in terms
of scaling arguments and nondimensionalized. Following the works of Chanaud [32],
this results in Equation 1.12.
ρ 2 2 6 2
F St V∞ L
c3
∼ CF2 St2 M 3

ΠDIP ∼
CΠDIP

(1.12)

Here F is the force that generates the dipole. Hence, the strength of a dipole scales
with velocity to the sixth power and the dimensionless sound power scales cubically
with the Mach number at which it was generated.
When two dipoles of the same strength, but opposite phase are brought within
a distance, D, of one another, where kD  1, an acoustic quadrupole source is
created. Unlike the monopole and dipole, a quadrupole does not induce a net flux
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of fluid, nor does it induce a net force on the fluid; instead fluctuating stresses on
the fluid generate the sound [33]. Newtonian fluids, however, deform continuously
when acted upon by a shear stress, hence, quadrupoles are poor sound radiators [33].
Furthermore, the proximity of the two dipole sources in phase opposition that
comprise a quadrupole creates a large amount of cancellation so relatively little
sound is radiated. Additionally, unlike the dipole, a quadrupole has two possible
orientations. The first orientation, the lateral quadrupole, is created when the two
dipoles cross, such that a square grid of monopoles are formed. For a monotonic
quadrupole, the near-field radiated acoustic pressure is given by [32]:
p̂(r, θ, t) = i

3ξρckdD
cos θ1 cos θ2 ei(ωt−kr) .
3
πr

(1.13)

Where θ1 and θ2 correspond to the observer angle between the first and second
dipole, respectively. The far-field formulation is given by [32, 33]:
p̂(r, θ, t) = −i

ξρck 3 dD
cos θ1 cos θ2 ei(ωt−kr) .
πr

(1.14)

The second orientation, the longitudinal quadrupole, is created when the two dipoles
are colinear (i.e., both dipoles lay along the same line).
p̂(r, θ, t) = i

3ξρckdD
cos2 θei(ωt−kr) .
πr3

(1.15)

The far-field formulation is given by [32, 33]:
p̂(r, θ, t) = −i

ξρck 3 dD
cos2 θei(ωt−kr) .
πr

(1.16)

The sound power radiated by a quadrupole source, either longitudinal or lateral, is
given by [32]:
ΠQU AD =

ξ 2 ρck 6 d2 D2
3k 2 D2
k 4 d2 D 2
= ΠDIP
= ΠM ON
.
24π
32
8

(1.17)

Recalling that for a quadrupole, kD  1, from Equation 1.17 we can conclude
that ΠQU AD  ΠDIP  ΠM ON . Additionally, recalling the relationship between
wavenumber and frequency, ultimately the radiated sound power of a quadrupole
scales with frequency to the sixth power. The sound power given by Equation 1.17
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can be written in terms of scaling arguments and nondimensionalized. Following
the works of Chanaud [32], this results in Equation 1.18.
ρ 2 4 8 2
τ St V∞ L
c5 xz
∼ Cτ2xz St4 M 5

ΠQU AD ∼
CΠQU AD

(1.18)

Here τxz is introduced as the shear stress generating the sound source. Hence,
the strength of a quadrupole scales with velocity to the eighth power and the
dimensionless sound power scales quintically with the Mach number at which it was
generated. However, for the previous results presented by Skidmore [11], typical
water tunnel tests are performed at a 4 m/s or slower, and for water this corresponds
to a maximum Mach number of approximately 0.0027. Thus, the affect of the
the motion on the sound sources given by Equations 1.8, 1.12, and 1.18 is that
the higher order sound sources (i.e., dipoles and quadrupoles) are not expected to
generate much sound compared to monopoles.
This dissertation focuses on low Mach number freestream velocities with low
frequency sound sources. As such, the sound source that would generate the highest
radiated noise levels is a monopole. It has been hypothesized by Skidmore [11]
that pulsating supercavities are monopoles and constitute a strong acoustic source.
A detailed investigation is required to characterize the sound created by not only
pulsating supercavities, but twin vortex and re-entrant jet supercavities as well.
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Theoretical Model FormulaList of Symbols for Chapter 2
˙ Time Derivative

$

¯ Dimensionless Time Variable
o

dα :=

d
dα

Derivative Notation

∂α :=

∂
∂α

Partial Derivative Notation

0

:= ∂r

ρ Air Mass Density
ρ∗

Steady State Value

Stable Solution Air Mass Density

ρ̃ Perturbation Air Mass Density
ρw
Radial Partial Derivative Noσ
tation
σv

∇ Del Operator

τ
β

Stability Parameter
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Heat Capacity Ratio

ω = 2πf

Water Mass Density
Cavitation Number
Vaporous Cavitation Number
Time Delay
Circular Frequency

a Isentropic Gas Relation Constant

∆ Laplacian Operator
θ

Characteristic Time

Angular Coordinate

a0

λ Eigenvalue of Paryshev Model bα
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Generalized Force
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Total Energy
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Im Imaginary Component
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Fluid Temperature
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p̂(x) General Function
P∞
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Cavity Pressure
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Pulsation Wave Velocity
Axial Perturbation Velocity

x Axial/Cartesian Coordinate

q(x) General Function
Q Cavity Volume

y

Cartesian Coordinate

Q̇ Ventilation Rate

z
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Theoretical Model Formulation
After the discovery of the pulsation phenomenon in ventilated supercavities in
an experimental setting; there were numerous attempts to model the pulsation
phenomenon. The first model of the pulsation phenomenon was derived by Song in
1961 [28]. Song, after a few simplifications, determined the pulsation phenomenon
could be modeled as though it were an undamped, unforced oscillator. Song also
concluded that due to the relative incompressibility of water, a free surface was
required in order for pulsation to occur. This conclusion lead Hsu to establish his
own model, in which, the pulsation phenomenon could occur without the presence
of a free surface [35]. Other attempts to model the phenomenon were made, and
the most successful and widely recognized model was originally created by Paryshev
in 1978 [31]. Due to Paryshev’s contribution to the supercavity literature, and
others commonly citing his model, the pulsation closure regime in supercavities
is sometimes referred to as the “Paryshev Instability”. The models of both Song
and Paryshev are outlined below. Additionally, an attempt to cast the supercavity
stability problem in terms of classical stability analysis of the axial gas velocity
profile is made. This stability approach follows the method of normal modes
prediction of unstable wavenumbers treating the supercavity as a two-dimensional,
axisymmetric wake.

2.1 Song Model
2.1.1 Historical Background of Song’s Model
Pulsating supercavities were first discussed by Silberman and Song in their 1959
papers [24]. At the time, they were conducting experiments using the St. Anthony
Falls vertical water tunnel at the University of Minnesota which used river water
located above the facility, accelerated it in the contraction of the tunnel, and
allowed it to fall into a 2D jet of variable cross sectional width. For most of their
testing, they chose to use two free surfaces to reduce the boundary effects of rigid
walls. They found that as the ventilation rate was increased, the cavitation number
would decrease linearly. However, once a critical cavitation number value had
been reached, the cavity would begin to vibrate and cavitation number would not
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decrease linearly with dimensionless ventilation rate. Instead, the vibrating (i.e.,
pulsating) cavity would have a constant cavitation number until the ventilation
rate was increased to the point where a step-wise decrease in cavitation number
occurred [24, 25]. Silberman and Song identified this new closure regime by its
wavy cavity surface that had periodic changes in both length and internal cavity
pressure (measured with interior cavity pressure sensors) [24, 25].
The test facility Silberman and Song used was ideal for initial pulsation studies,
as the setup was both vertical and had up to two free surfaces in the test section.
Vertical tunnels have a distinct advantage over horizontal tunnels in pulsation
studies, for in vertical tunnels cavity closure is largely unaffected by buoyancy. In
vertical tunnels the only closure regimes possible (with non-extreme ventilation
rates) are re-entrant jet and pulsation. In horizontal tunnels (again, with nonextreme ventilation rates), the possible closure regimes are re-entrant jet, pulsation,
and twin vortex. Additionally, their two free surface setup led to the widest possible
pulsation envelope, that is, the largest range of conditions over which a pulsating
cavity is possible [11, 24, 25].
In their paper, Silberman and Song noted how a pulsating cavity is formed. If
the ventilation rate in a re-entrant jet cavity is slowly increased, the cavity length
will grow very long and eventually begin to have a singular local maxima traveling
down the length of the cavity, signaling the start of a first order pulsation. If the
ventilation rate is slowly increased, the cavity will begin to vibrate more violently
but the pulsation order will remain constant until some significant ventilation rate
is achieved and the cavity would have a step-wise drop in the cavitation number
and begin a second order pulsation with two traveling local maxima. This behavior
of transition to a n + 1 order pulsation (i.e., 1st → 2nd → 3rd etc.) is something
that only occurs with a slow increase in ventilation rate [24, 25].
They also found that if instead of starting a pulsating cavity in the standard
sense, one could instead quickly increase the ventilation rate in the re-entrant jet
regime. The resulting cavity would pulsate with a shorter length and higher order
than a cavity generated in the standard method with the same ventilation rate.
Additionally, they found that a cavity generated with a quick increase in ventilation
rate would pulsate more readily than a pulsating cavity generated via the standard
method. These cavities were also observed to have a pulsation order that can skip
orders (i.e., 1st → 3rd , etc.), go back orders (i.e., 1st → 2nd → 1st , etc.), or switch
27

between multiple orders (i.e., 1st ↔ 2nd , etc.) [24, 25].
Karlikov [36] later proposed a theory of how cavity stability is “shocked” by
rapid increases in ventilation rate, where the cavity cannot adjust quickly enough
to find it’s boundary in the ideal region of minimum pressure (as described by
Logvinovich [12]). Instead, the cavity size is unstable, and following the pressure
gradient, is prone to pinching inwards. While pinching in, the cavity is prone to
over-correct, such that the pressure gradient is now forcing the cavity boundary
outwards, and the cavity will re-expand. If this process occurs at the natural
frequency of the two phase interface, it can lead to pulsation.
Silberman and Song also found that there is a minimum ventilation rate for
pulsation (specific to the cavitator). However, there does not appear to be a limit
on cavity size. They were able to get cavities as short as 10.16 cm to pulsate. For
these shorter cavities, they found that the frequency of pulsation would increase as
length decreased [24, 25].
Silberman and Song also found that the waves on a cavity surface would move
uniformly, if the order of the cavity was sufficiently high (n ≥ 3), following the
relation given in Equation 2.1.
√
Vwave = V∞ 1 + σ

(2.1)

Here we have introduced Vwave as the velocity of a wave on the interface, V∞ as the
freestream velocity, and σ as the cavitation number. They also sought to establish
a stability boundary for a cavity based on the most standard parameters that
characterize cavities, and determined the criterion presented in Equation 2.2 (note
the use of β and its inverse is something that is included in this dissertation, they
did not give this parameter a name).
1
σ
=
β
σv

1
≥ 0.19 → unstable cavity
β

(2.2)

Here we have introduced σv as the vaporous cavitation number. They then generalized this equation to include higher order pulsations and generated Equation
2.3.
n
0.29
= 2
(2.3)
β
n
To derive Equations 2.2 and 2.3, they employed the fact that the minimum length
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of a pulsating cavity was approximately equal to the length of a non-pulsating
cavity if they had equal cavitation numbers [24, 25].
Finally, Silberman and Song noted the sudden cessation of pulsation in a cavity
for no observable reason (even with constant conditions). Instead of pulsating, the
cavity would become elongated. Sometimes the cavity would return to pulsating
after this, and other times it would instead stay in this elongated state [24, 25].

2.1.2 Song’s Derivation [28, 29]
After completing the experimental work with Silberman, in 1961 Song went about
publishing a more in-depth analysis of the pulsation phenomenon [28]. He concluded
that there are three reasons that a cavity does not have a linear relationship between
dimensionless ventilation rate and cavitation number: the cavity would transition
to the twin vortex closure, the cavity would transition to the pulsation closure, or
tunnel blockage would set a minimum to cavitation number [28,29]. Song concluded
that in order to alleviate this blockage and promote pulsation, a free surface was
required for the cavity to be free to expand radially. Otherwise, the incompressible
water was surrounded by the tunnel walls and the cavity would not be able to
properly increase its radius as a part of pulsation. Song was also able to conclude
that the pulsation of a cavity was a property of the cavity itself by showing its
independence from the gas supply of the system, sizing of the gas pipe, the length of
the gas pipe, and the location/distance of the air entrance to the cavity [28, 29]. He
also identified the principle quantities controlling pulsation as freestream pressure,
cavity pressure, vapor pressure, freestream velocity, and liquid density. This is
equivalent to saying that pulsation is a function of cavitation number and vaporous
cavitation number (i.e., β). If one considers the variables involved, Song implied
that cavity pulsation is due to an interaction between pressure and momentum.
Song also concluded that cavity pulsation is an autoresonant phenomenon of the
two phase system. However, due to difficulty in modeling a resonance problem,
Song instead set about modeling the frequency of the volumetric pulse from the
traveling surface waves, as these waves would be exhibited at the natural frequency
of a pulsating cavity [28, 29]. The advantage of this extended beyond simplicity, as
the frequency of a volumetric pulse is almost independent of volumetric shape [37].
Thus, Song set about modeling the volumetric pulse of a sphere instead of a cylinder.
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He began his model with Lagrange’s equation of motion in generalized coordinates
shown in Equation 2.4.
dt (∂s˙i E) − ∂si E = Qi
(2.4)
Here E is the total energy of the system, si are the generalized coordinates, Qi are
the external forces, and ˙ denotes a derivative with respect to time. Song then went
on to assume that the gas of the cavity was isentropic and the kinetic energy of
the gas could be neglected as the density inside the cavity was much less than that
of the surrounding water (i.e., ρ  ρw ). This reduced the system to that of an
undamped oscillator shown in Equation 2.5.


ρw
R0
ln
2π rmean




s̈ +

γPc
S0


s=0

(2.5)

Here R0 is the radius of the boundary, rmean is the mean cavity radius, Pc is the
cavity pressure, s is the unsteady cavity area, γ is the isentropic gas constant , and
S0 is the area of the cavity at equilibrium. This system yields a natural frequency,
fo , given in Equation 2.6.
1
fo =
2π

s

2πγPc
R0
ρw KSo ln rmean

(2.6)

Here K is a constant given by Song. In Equation 2.6, the natural frequency is
inversely proportional to tunnel radius, thus, this model predicts that the frequency
of pulsation would go to zero in an infinite medium. Song also used this relationship
to argue that the closer a cavity is to a free surface, the more likely the cavity is to
pulsate [28, 29].
Song also generated an equation for pulsation order for a cavity, based on cavity
length, pulsation frequency, and velocity given by Equation 2.7.
fo `
=n
V∞

(2.7)

Here ` is the cavity length and V∞ is the freestream velocity. From this, Song
concludes that the frequency of pulsation, for first order cavities, is only a function
of cavity length for a given velocity [28, 29].
When discussing the relevant quantities for a pulsating cavity, Silberman and
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Song used σ/σv for their stability analysis. The inverse of this quantity was later
used as a single parameter, β, by E.V. Paryshev in his linear analysis of the pulsation
phenomenon [26,27,31]. They identified β = 5.26 as the stability parameter (versus
the equivalent 2.645 that Paryshev found). This β parameter denotes a relationship
of the behavior of a ventilated supercavity to a natural supercavity. When β = 1
the cavity is a natural supercavity and as β increases, there is increased gas in
the cavity and, thus, the significance of the elasticity of the gas becomes more
important [10]. This relationship comes from the fact that for a given medium,
σv = σv (T) where T is temperature of the medium. The gas in the cavity is assumed
to be polytropic and the pressure variation of polytropic gases are dependent on
temperature. Thus, the addition of gas temperature, T, is necessary for the stability
parameter to account for how the gas inside the cavity responds with pressure
fluctuations.

2.2 Paryshev Model
Paryshev utilized Logvinovich’s principle of independent cavity expansion to develop
a set of 15 delay differential equations that can potentially be used to model
pulsation [26, 27, 31]. While this may sound complex, the Paryshev model can be
numerically solved much more quickly than a full computational model [23]. The
model was developed to find the volume of a supercavity based on the area of the
cavity interface, assuming an isentropic pressure-density relation for the gas within
the supercavity. Next conservation of mass was employed, based on a constant
gas injection and using a model for rate of mass entrainment out of a cavity. This
model serves as the current standard for modeling the pulsation phenomenon. By
assuming that the flow is steady, the cavity is axisymmetric, the fluid has a constant
P∞ , the cavitator is moving with constant velocity, and there is constant mass in
the cavity, the Paryshev analysis reduces to a third-order equation for the pressure
of the cavity, given by Equation 2.8.
...
2
2
P c (t̄) + Ṗc (t̄) + Ṗc (t̄ − τ¯0 ) − Pc (t̄) + Pc (t̄ − τ¯0 ) = 0
τ¯0
τ¯0

(2.8)

Here t̄ = $t is a dimensionless time, τ¯0 = τ$0 is a dimensionless time delay, $ =
q
nρQ0
is a unit of time that is used in nondimensionalizing t and τ ; Pc0 , Q0 , `0
k`0 Pc0
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0
are the steady state values of their respective variables, and τ0 = V`∞
is the steady
state time delay. Note that, all derivatives denoted with a prime are derivatives
with respect to dimensionless time. If the cavity is approximated as an ellipsoid, τ¯0
can be written as Equation 2.9.

r
τ¯0 =

12
Pc0
=
n P∞ − Pc0

s

12
n




Eu
−1
σ

(2.9)

p∞
Here Eu = 1/2ρV
Using Equation 2.9, the differential
2 , is the Euler number.
∞
pressure equation (i.e., Equation 2.8) yields the transcendental equation given by
Equation 2.10.
2
2
λ3 + λ + λe−λτ¯0 − + e−λτ¯0 = 0
(2.10)
τ¯0 τ¯0

Here the term λ corresponds to the eigenvalues of the system. The cavity’s
characteristic equation has an infinite number of roots and the system has to be
evaluated for individual τ¯0 values but Paryshev determined the stability parameter
√
to be τ¯0 = π 2. Thus, using Equation 2.9, the stability parameter is the same as
Eu
= 2.64 [27] or β = 2.645 [26]. Other authors performing a similar analysis have
σ
measured values for β = 2.703 [23].
Unfortunately, the Paryshev model does not provide any insight into the underlying physics of why the pulsation phenomenon occurs and how it can be
prevented. This stems from the fact that the model can only predict that pulsation
is possible (recall the multitude of closure regimes that can occur in the hysteresis
region). Additionally, the model is not able to predict pulsation frequencies other
than for the limiting case of zero delay time (i.e., infinite velocity). In this case,
Paryshev
q gives the natural frequency prediction for an infinite velocity case as
ω
fo = 2π
kPc0 `0 /(nQ̇0 ρw ). Here omega is the dimensionless frequency of pulsation
waves, k is the wavenumber, and Q̇0 is the steady state ventilation rate. However,
most cavities generated in the 0.305 m water tunnel have nominally the same
internal pressure and cavity volume, even with different closures. This model seems
to predict pulsation for cases that are re-entrant or twin vortex. Additionally, for
these nominally constant values, the Paryshev prediction gives a nominally constant
pulsation frequency, yet experimentally, a wide range of frequencies are observed.
In an attempt to rectify these issues, as well as to give a potential cause for the
pulsation phenomenon from an initially stable supercavity, a different stability
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analysis than that of Paryshev is performed in Section 2.3.

2.3 Wake Instability Model
A different approach to the stability of supercavities could perhaps provide insight to
the problem of stable ventilated supercavities destabilizing and pulsating at constant
operating conditions. That is, these supercavities are observed to destabilize
themselves without a measurable change in velocity, pressure, etc. In such a
situation, it is very likely that an instability exists somewhere within the system
and the instability triggers the resonant response. Please note that such an analysis
would not provide insight into the pulsation phenomenon that occurs when there is
a rapid change in ventilation rate, as the rapid change in ventilation rate would
provide the initial disturbance and the system destabilizes following Karlikov’s
theory of shocked cavities [36], which was outlined in Section 2.1.1.
In terms of classical instabilities, pulsating supercavities can be thought of as
exhibiting a combination of Rayleigh-Taylor and Kelvin-Helmholtz instabilities.
This is due to the presence of both a shear layer and an unstable fluid configuration
on the upper cavity interface. However, as Silberman and Song were able to generate
pulsating cavities without the transverse gravitational vector, the Rayleigh-Taylor
instability may not play a major role in the generation of all pulsating supercavities.
Alternatively, this problem can be thought of as a compressible jet confined within
a compressible wake, both of which are inherently unstable configurations. The
presence of this unstable configuration motivates a stability approach that examines
what wavenumbers are excited by the flow field of a supercavity. Note that these
frequencies need not fully destabilize the supercavity, as twin vortex cavities also
tend to have spectral content due to instability waves, yet these waves do not
fully destabilize the supercavity. To analyze a nominal supercavity, a basic model
treating a supercavity as a simplified 2D wake with stratified density is explored.

2.3.1 Wake Model
It is conjectured that the instability is a manifestation of an unstable axial gas
velocity profile inside the supercavity that generates the wavelike instabilities on
the supercavity interface. The conjecture is based on the grounds of: 1. pulsation
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frequency being largely independent of freestream velocity, 2. the tendency for
pulsation to occur when there are strong gas jets at the centerline of the cavity [38],
3. CFD analysis of the axial gas profile in pulsating supercavities. The first point
is an important consideration because if the pulsation phenomenon were due to
some vortex shedding over the cavitator, the pulsation frequency would depend
on freestream velocity (related via some form of a Strouhal number). Instead, a
variety of pulsation frequencies are possible for almost identical conditions (i.e.,
freestream velocity, ventilation rate, and freestream pressure) [11]. The second
and third points both employ insight on the axial gas velocity profile that was
gained from CFD. CFD must be employed in these instances due to difficulties
in experimentally measuring the gas velocities inside of a supercavity. The axial
gas velocity profile away from the cavitator was described by Kinzel [39]. Kinzel
showed that using a dense mesh inside of the supercavity that near each air/water
interface there is a shear layer with a continuous velocity variation (this is called
the Spurk model [18]). After this shear layer, towards the centerline of the cavity,
the higher pressure at the terminus of the cavity drives the velocity of the gas
inside the supercavity towards the cavitator. A figure showing this axial velocity
profile of the gas within a supercavity from Kinzel is reproduced in Figure 2.1.
To the best of the author’s knowledge the only experimental study of the velocity
profile within a supercavity was performed by Savchenko and Savchenko who used
aluminum powder in the gas to study the motion of air within a supercavity. They
found similar reversed flow near the centerline of the supercavity far from the
cavitator [40]. However, they only provided general findings as neither details of
the gas flow close to the cavitator nor gas velocities are provided. Furthermore,
analysis of pulsating supercavity simulations from Lindau et al. [41–43] reveals
inviscidly unstable axial gas profiles close to the cavitator inside the supercavity, as
seen in Figure 2.2. However, these cavities lack sufficient mesh density to properly
capture the shear layer inside supercavities. It is further conjectured that the
pulsating supercavities with strong gas jets of Kinzel et al. [38] would have a similar
axial gas profile within the cavity, close to the cavitator. The final revelation from
CFD is that compressibility of the gas phase is required for modeling the pulsation
phenomenon, as will be discussed in Section 5.3.1 [41, 42].
The most simplistic model to examine the supercavity as is an axisymmetric
2D unsteady, compressible wake flow. The 2D treatment is sufficient employing
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Squire’s theorem which states that a 2D instability will occur at a lower Reynolds
number than a comparable 3D instability [44]. Juniper has previously analyzed 2D
incompressible and inviscid wake flows. However, he considers sinuous perturbations
for negative shear numbers (as these are equivalent to varicose perturbations in
positive shear numbers) [45]. This problem, however, is for varicose perturbations
with negative shear numbers and, thus, requires a different analysis.
Ultimately, the most insight could be gained from a 3D viscous wake instability
model with compressible gas and realistic velocity profiles. However, such a solution
from this is not tractable. Instead, a 2D inviscid wake instability model with
compressible gas and piecewise constant velocity profiles is analyzed. This will
be attempted in a manner similar to the Orr-Sommerfeld equation, perturbing a
base solution for a supercavity with a wavelike disturbance [44]. This perturbation
is then used to generate a necessary condition for instability for a supercavity
(i.e., a Rayleigh-like condition for a supercavity). The necessary condition for
instability is essentially an eigenvalue problem, which for a given velocity profile
and wavenumber, gives how the instability grows in time [44]. Furthermore, once
a Rayleigh-like condition is stated, a simplistic piecewise constant velocity profile
can be used in place of a more complicated (and realistic) curved velocity profile
for simplicity, yet some qualities of the instability remain [44].
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Figure 2.1: Results of CFD investigation of velocities in shear layer of supercavity
interface far from the cavitator. The no turbulence model (TM) line is followed
from the interface until there is a jump. This jump is non-physical and arises from
matching the ventilation rate of the RANS simulation, thus, the red plot has been
added which is the contour that could be modeled in a stability analysis far away
from the cavitator [39].
The stability analysis that was performed is summarized below. The assumptions
in this derivation are compressible gas, axisymmetric flow, and no swirl in the flow.
The continuity and Euler momentum equations in conservative form are written in
Equation 2.11.
∂t ρ + ∇ · (ρu) = 0
(2.11)
∂t u + u · ∇u + ∇p = 0
Here ∇ is the del operator, ∇p is defined as ∇P
, and u is the velocity vector. The
ρ
pressure term is rewritten using an isentropic gas assumption (i.e., P (ρ) = aργ ).
Equation 2.11 must be written in cylindrical coordinates for this analysis. Before
writing the equation in this form, first recall that cylindrical coordinates, (x, r, θ),
36

Probe located 5mm Downstream

Normalized Radius

1
0.5
0
−0.5
−1
−0.5

0
0.5
Normalized Axial Velocity

1

Figure 2.2: Computational normalized axial velocity of a pulsating supercavity at
a location 0.157 cavitator diameters downstream from the cavitator downstream
face [42].
are related to Cartesian coordinates by:
x = x,

y = r cos θ,

z = r sin θ.

(2.12)

Additionally, recall how to rewrite the set of orthonormal vectors of cylindrical
coordinates in terms of the Cartesian orthonormal vectors:
eˆx = (1, 0, 0),

eˆr = (0, cos θ, sin θ),

eˆθ = (0, − sin θ, cos θ).

(2.13)

Thus, it follows that:
∂x = eˆx · ∇,

∂r = eˆr · ∇,
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∂θ = reˆθ · ∇.

(2.14)

Hence, the del operator in cylindrical coordinates is given by:
1
∇ = eˆx ∂x + eˆr ∂r + eˆθ ∂θ .
r

(2.15)

Finally, note that in cylindrical coordinates, the velocity vector is decomposed in
the form:
u = ux eˆx + ur eˆr + uθ eˆθ .
(2.16)
Thus, expanding Equation 2.11 into cylindrical form yields:
1
1
∂t ρ + ∂x (ρux ) + ∂r (ρur ) + ρur + ∂θ (ρuθ ) = 0
r
r
∂t ux + (u · ∇)ux + ∂x p = 0
1
∂t ur + (u · ∇)ur − u2θ + ∂r p = 0
r
1
1
∂t uθ + (u · ∇)uθ + ur uθ + ∂θ p = 0.
r
r

(2.17)

Note that u · ∇ = ux ∂x + ur ∂r + 1r uθ ∂θ . Additionally, note that we have normalized
the cavity radius in the cylindrical cavity (i.e., 0 ≤ r ≤ 1). Recall that we have
assumed this flow is axisymmetric about the x-axis. This means that ux , ur , and uθ
are independent of θ. However, note that the original velocity, u, does depend on θ
through the orthonormal vectors eˆr and eˆθ . With the axisymmetric assumption,
the system is reduced to:
1
∂t ρ + ∂x (ρux ) + ∂r (ρur ) + ρur = 0
r
∂t ux + (ux ∂x + ur ∂r )ux + ∂x p = 0
1
∂t ur + (ux ∂x + ur ∂r )ur − u2θ + ∂r p = 0
r
1
∂t uθ + (ux ∂x + ur ∂r )uθ + ur uθ = 0.
r

(2.18)

Note that the last equation is a transport equation for uθ . Hence, if uθ = 0 initially,
it remains zero for all time. We have assumed that the flow is without swirl, and
as such, uθ = 0. Thus, we drop the θ-momentum equation.
The base, stable solution to the axisymmetric equations that of a constant
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pressure gradient shear flow:
ρ = ρ∗ (x),

ur = 0,

ux = U (r).

(2.19)

Here we have introduced ρ∗ as the axially varying density in the cavity (corresponding to the constant axial pressure gradient) and U (r) as the stable axial
velocity profile. We then perturb the base solution with ρ = ρ∗ (x) + ρ̃, ur = 0 + vr ,
ux = U (r) + vx . Expanding the terms of Equation 2.18 to include the perturbation
results in:
1
∂t (ρ∗ (x) + ρ̃) + ∂x ((ρ∗ (x) + ρ̃)(U (r) + vx )) + ∂r ((ρ∗ + ρ̃)vr ) + (ρ∗ (x) + ρ̃)vr = 0
r
∂t (U (r) + vx ) + ((U (r) + vx )∂x + vr ∂r )(U (r) + vx ) + ∂x p = 0
∂t vr + ((U (r) + vx )∂x + vr ∂r )vr + ∂r p = 0.
(2.20)
Linearize Equation 2.20 by dropping all higher order perturbation terms:
1
(∂t + U ∂x )ρ̃ + U ∂x ρ∗ + ρ∗ (∂x vx + ∂r vr + vr ) = 0
r
0
(∂t + U ∂x )vx + U vr + ∂x p = 0

(2.21)

(∂t + U ∂x )vr + ∂r p = 0.
aγ γ−1
Here 0 is introduced as a derivative with respect to r. Next recall that p = γ−1
ρ
and let a0 = aγργ−2
∗ . Furthermore, recall that the density in these equations can be
rescaled by the base solution density at the x location of interest. Thus, without loss
of generality it can be assumed that ρ∗ = 1. Rewriting p in terms of ρ and dropping
the˜for perturbation density, results in Equation 2.21 reducing to Equation 2.22.

1
(∂t + U ∂x )ρ + U ∂x ρ∗ + (∂x vx + ∂r vr + vr ) = 0
r
0
(∂t + U ∂x )vx + U vr + a0 ∂x (ρ∗ + ρ) = 0

(2.22)

(∂t + U ∂x )vr + a0 ∂r ρ = 0
Next we seek the dot product of the momentum equations. In taking the dot
product, examine each term independently before summing them together.
The partial derivative of x with respect to the x-momentum equation, results
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in Equation 2.23.
∂x [(∂t + U ∂x )vx + U 0 vr + a0 ∂x (ρ∗ + ρ)] = 0
=⇒ (∂t + U ∂x )∂x vx + U 0 ∂x vr + a0 ∂x2 ρ = 0

(2.23)

For the êr component, we take 1r ∂r (r·) of the r−momentum equation. The result
of this is Equation 2.24.
1
∂r r [(∂t + U ∂x )vr + a0 ∂r ρ] = 0
ri
hv

ρ
r
=⇒ (∂t + U ∂x )
+ ∂r vr + U 0 ∂x vr + a0 ∂r
∂r ρ = 0
r
r

(2.24)

Thus, summing Equations 2.23 and 2.24, we see that taking the dot product of
Equation 2.22 is given by Equation 2.25.
1
a0 ∆ρ = −(∂t + U ∂x )(∂x vx + ∂r (rvr )) − U 0 ∂x vr + (∂t + U ∂x )2 ρ − U 0 ∂x vr (2.25)
r
Here we have introduced ∆ = 1r ∂r (r∂r ) + ∂x2 . Equation 2.25 can, thus, be written
as:
− (∂t + U ∂x )2 ρ + a0 ∆ρ + 2U 0 ∂x vr = 0
(2.26)
The auxiliary equation needed for this problem to be cast into the spectral domain
is the r-momentum equation (i.e., (∂t + U ∂x )vr + a0 ∂r ρ = 0).
Next consider a wavelike disturbance of the form ρ = f(r) exp (ik(x − ct)) and
vr = V(r) exp (ik(x − ct)). We can then rewrite Equation 2.26 and the r-momentum
equation as:
−k 2 (U − c)2 f(r) exp (ik(x − ct)) + a0 ∆ρ + 2U 0 ik V(r) exp (ik(x − ct)) = 0
(U − c)ik V(r) exp (ik(x − ct)) + a0 f0 exp (ik(x − ct)) = 0
(2.27)
From the r-momentum equation of Equation 2.27, it follows that:

V(r) =

a0 f0
(U − c)ik
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(2.28)

Hence, we have reduced the system to:
a0 ∆ρ + 2U 0

a0 f0
exp (ik(x − ct)) − k 2 (U − c)2 f(r) exp (ik(x − ct)) = 0
U −c

(2.29)

Recalling the form of the Laplacian, expand a0 ∆ρ with the wavelike disturbance
of density. Additionally, divide the entire equation by exp (ik(x − ct)) to arrive at
Equation 2.30.
[k 2 c2 − 2U k 2 c + k 2 U 2 ]f − a0 k 2 f + a0 f00 +

a0 0 2a0 U 0 f0
f+
=0
r
U −c

(2.30)

Divide by a0 and re-arrange Equation 2.30 to arrive at Equation 2.31.
00

0

f +f




 2

1
2U 0
k + c2 2U k 2 c k 2 U 2
2
+
+f
−
+
−k =0
r U −c
a0
a0
a0

(2.31)

We can write Equation 2.31 in Sturm-Liouville form. Recall that the SturmLiouville form is written for an equation with the particular form given below:
1
b0 (x)y 00 + b1 (x)y 0 + y 0 + b2 (x)y = 0.
x

(2.32)

We can rewrite Equation 2.32 as Equation 2.33
(p̂(x)xy 0 )0 + q(x)xy = 0.

(2.33)

Where we have introduced:
Z

1

p̂(x) = exp
0

b1 (x)
b0 (x)



b2 (x)p̂(x)
q(x) =
b0 (x)

(2.34)

For this problem we have:
b0 (x) = 1
2U 0
c
U −

2
k + c2 2U k 2 c k 2 U 2
2
b2 (x) =
−
+
−k
a0
a0
a0
b1 (x) =
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(2.35)

R1 0
Thus, if we introduce U = 0 U2U−c dr, we can rewrite Equation 2.31 as Equation
2.36.
 2

k + c2 2U k 2 c k 2 U 2
U 0 0
2
(e rf ) +
−
+
− k eU rf = 0.
(2.36)
a0
a0
a0
Now we multiply Equation 2.36 by f∗ , the complex conjugate of f, and integrate
along the cavity radius (i.e., from 0 to 1) and arrive at Equation 2.37.
Z

1

1

Z

0 0 ∗

U



(e rf ) f dr +
0

0


k 2 + c2 2U k 2 c k 2 U 2
2
−
+
− k eU rff∗ dr = 0.
a0
a0
a0

(2.37)

Noting that ff∗ = |f|2 and that (f∗ )0 = (f0 )∗ , we seek to simplify Equation 2.37.
Examine the first term of Equation 2.37, utilizing integration by parts we can
rewrite the term as in Equation 2.38.
Z

1

1

U

0 0 ∗

U

0 ∗

−

(e rf ) f dr = e rf f
0

Z

0

1

eU r|f0 |2 dr

(2.38)

0

1

The term eU rf0 f∗

is zero as r goes to zero at the lower bound. At the upper bound,
0

first recall that the pressure at r=1 the pressure inside the cavity must match the
pressure outside the cavity. From this, it follows that the disturbance pressure and,
thus, disturbance density go to zero here. Thus, f∗ is zero at r=1. Utilizing the
results of the integration by parts allow us to rewrite Equation 2.37 as:
Z
0

1


k 2 + c2 2U k 2 c k 2 U 2
2
e r|f | dr =
−
+
− k eU r|f|2 dr.
a0
a0
a0
U

0 2



(2.39)

The variable c = cr +ici in Equation 2.39 is the eigenvalue for the set of wavenumbers,
k, of the stability problem. However, Drazin and Reid give that for an eigenvalue
problem, only a portion of the spectrum (i.e., wavenumbers) will yield a growing
eigenvalues. Thus, the entirety does not need to be checked, instead a narrow range
o
of frequencies would be excited [44]. Note that c = 2πf
. At this point the only way
k
to proceed is to use an axial gas profile and solve for the eigenvalues of Equation
2.39 that it generates.
For the velocity profile given in Figure 2.2, there is not sufficient mesh density
within the cavity to properly capture the shear layer. As such, we only look at
the qualitative shape of the axial gas profile and look to simplify it. One such
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simplification is to consider a piecewise constant velocity profile. The velocity profile
that was analyzed is given in Figure 2.3. Note that many of the characteristics seen in
the original axial velocity profile (i.e., Figure 2.2) have been carried into the piecewise
constant profile, but the piecewise constant profile has U 0 = U 00 = ... = U (n) = 0
and, thus, the stability problem of Equation 2.39 is greatly simplified.
Water
R

r2

r1
r
Air

x

Water

Figure 2.3: Piecewise constant simplification of the velocity profile given in Figure
2.2.
In order analyze Equation 2.39 with a piecewise constant axial gas profile, first
recall the real and imaginary components of a general exponential term, ea+ib :

Re(ea+ib ) = ea cos (b)
Im(ea+ib ) = ea sin (b).

(2.40)

Utilizing Equation 2.40 and expanding c = cr + ici , we can rewrite Equation 2.39
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into its real and imaginary components, given by Equation 2.41.
Z

1 R
1

e 0 Re(U) cos (Im(U))r|f0 |2 dr
0
Z 1
 R1
 2 2
k (cr − c2i ) − 2U k 2 cR + k 2 U − a0 k 2 e 0 Re(U) cos (Im(U))r|f|2 dr
=
Z 01
 2
 R1
+
2k ci cr − 2U k 2 ci e 0 Re(U) sin (Im(U))r|f|2 dr
Z 1 0R
1
Im : e 0 Re(U) sin (Im(U))r|f0 |2 dr
0
Z 1
 2 2
 R1
=
k (cr − c2i ) − 2U k 2 cR + k 2 U − a0 k 2 e 0 Re(U) sin (Im(U))r|f|2 dr
Z 01
 2
 R1
+
2k ci cr − 2U k 2 ci e 0 Re(U) cos (Im(U))r|f|2 dr.

Re :

0

(2.41)
However, because we are dealing with a piecewise constant axial gas profile, U = 0.
Thus, Equation 2.41 reduces to Equation 2.42.
Z

1

r|f0 |2 dr
0
Z 1

 2 2
=
k (cr − c2i ) − 2U k 2 cR + k 2 U − a0 k 2 r|f|2 dr
Z0 1
 2

Im :0 =
2k ci cr − 2U k 2 ci r|f|2 dr

Re :

(2.42)

0

From the imaginary component of Equation 2.42, it follows that the phase speed,
cr , is U . In other words, the instability is advected at the base, stable velocity
within the supercavity. This result is also observed in experimental pulsating
supercavities, where the instability propagates along the interface at the freestream
velocity. Utilizing the results from the imaginary part of the equation in the real
part of the equation, we can reduce Equation 2.42 to the form of Equation 2.43.
Z

1
0 2

Z

r|f | dr =
0

1

(−k 2 c2i − a0 k 2 )r|f|2 dr

(2.43)

0

This gives the condition for the growth rate of the instability, ci , with wavenumber,
k, that is advected at velocity, U , for the piecewise constant axial gas profile.
Ultimately, Equation 2.39 gives the neutral stability boundary for the problem
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of supercavity stability. Eigenvalue growth rates, ci > 0, are unstable and grow
exponentially in time. Thus, in order to utilize Equation 2.39 to predict cavity
stability, one would need an estimate of the interior axial gas velocity profile. This
would be examined in the range of unstable wavenumbers (corresponding to the
30-60 Hz instability range for pulsating supercavities), to see which value of ci
was the largest positive value [44]. This value would correspond to the dominant
instability at that frequency. The implementation of Equation 2.39 to predict
instabilities from computational/experimental axial gas velocity profiles, however,
is beyond the scope of the current effort.
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3|from
Measurements of the Noise
Ventilated Supercavities
List of Symbols for Chapter 3
ˆ Complex Variable

c Speed of Sound

dα :=

d
dα

Derivative Notation

CQ̇

Dimensionless Ventilation Rate

∂α :=

∂
∂α

Partial Derivative Notation

Dn

Equivalent Disk Diameter

∇ Del Operator
γ

Heat Capacity Ratio

κ Surface Curvature
ξ

General Function

fo
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3.1 Motivation
This portion of the effort is motivated by a desire to experimentally capture
the characteristics of supercavity noise and generate pulsating supercavities in
order to study their dynamics in tunnels of different sizes. The first task in this
portion of the experimental work was to generate pulsating supercavities in the
0.305 m water tunnel with a cavitator that had not previously been used. Once
pulsating supercavities had been generated, internal cavity pressure and radiated
noise measurements were to be made. These measurements could then be compared
with cavities in other closure regimes. Additionally, comparisons of the internal
cavity pressure and near-field radiated noise are made, to determine the relationship
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between the two. Once the work in the 0.305 m water tunnel had concluded, the
experiments are repeated in the 1.219 m water tunnel, in order to examine the same
problem in a larger water tunnel. After completing experiments in the 1.219 m
water tunnel, the 0.305 m water tunnel is revisited in an effort to quantify the effects
the tunnel walls have on pulsating supercavities. Please note that for photographs
in the 0.305 m water tunnel, the water is flowing from right to left; whereas in the
1.219 m water tunnel, the water is flowing from left to right. Additionally, note
that all dB measurements in this dissertation are made using the standard water
reference pressure of 1 µPa.

3.2 Experimental Setup
3.2.1 Cavitator
The cavitator used in the water tunnel experiments is shown in Figure 3.1. The
cavitator featured a flush-mounted Measurement Specialties XPM5-A1 static/dynamic pressure sensor on the centerline of the cavitator face to measure the cavity
interior pressures. The rearward facing truncated cone cavitator was mounted
downstream from a sting which was, in turn, mounted on a hydrofoil strut. The
entire configuration measured 15.26 cm tall from the base to the cavitator centerline.
The maximum diameter of the cavitator was 3.18 cm. The rearward face of the
cavitator had a series of six evenly spaced 0.25 mm openings for the injection of
gas into the cavity. This specific cavitator design mimicked that used by Skidmore [11] and was intended to establish the separation point at the location of
maximum diameter. The cavitator diameter was kept at 3.18 cm to reduce tunnel
blockage. The cavitator featured six ventilation ports to allow for quick changes
to the ventilation rate, which the literature suggested is a requirement for cavity
pulsation [4, 10, 11, 36, 46].
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Figure 3.1: Schematic of the disembodied cavitator with dimensions in mm. The
inset image is a photograph of the disembodied cavitator installed in the ARL Penn
State 0.305 m water tunnel [47].

3.2.2 Water Tunnel Facilities
The experimental studies of ventilated supercavity pulsation were performed in
both the 1.219 and 0.305 m diameter water tunnels housed in the Garfield Thomas
Water Tunnel building of the Applied Research Laboratory at The Pennsylvania
State University.
3.2.2.1

1.219 meter Water Tunnel

The larger tunnel used in this study is a closed-circuit, closed-jet water tunnel.
The tunnel has a volume of 401,254 liters and is driven by a 1491 kW variable
speed motor, capable of generating velocities in the test section up to 18.29 m/s.
The tunnel has an operational pressure range from 20.7 to 413.7 kPa. The tunnel
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has two honeycombs in the nozzle. These honeycombs serve to straighten the flow
and reduce the test section turbulence levels to below 0.1%. The test section’s
dimensions are 4.267 meters long with a circular cross section 1.219 meters in
diameter. The test section is visible from the sides via a series of windows. A
schematic of the tunnel is given in Figure 3.2.

Figure 3.2: Schematic of the 1.219 m water tunnel.
The tunnel also has a bypass system to allow for the removal of dissolved air.
The bypass system is capable of reducing the air content to as low as 1 part per
million per mole of water. A published description of the tunnel is available in
ARL/PSU Report NORD 16597-56 [48].
3.2.2.2

0.305 meter Water Tunnel

The smaller tunnel used in this study is also a closed-circuit, closed-jet water tunnel.
This tunnel has a volume of 15,400 liters and is driven by a 111.8 kW motor capable
of generating velocities in the test section up to 24.38 m/s. The tunnel has an
operational pressure range of 20.7 to 413.7 kPa. The tunnel uses a 152 mm section
of honeycomb with a 25 mm core section in the contraction to straighten the flow
and reduce the test section turbulence levels to below 0.3%. The cylindrical test
section’s dimensions are 0.76 m long by 0.305 m in diameter. The test section is
visible through windows on 3 of the 4 sides of the test section, which allowed for
generated cavities to be viewed from the sides or above. A schematic of the tunnel
is shown in Figure 3.3.
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Figure 3.3: Schematic of the 0.305 m water tunnel.
The 0.305 m tunnel is also capable of utilizing the same bypass system as the
1.219 m tunnel, thus, it is similarly able to reduce the air content to as low as 1
part per million per mole of water. A published description of the tunnel of the
tunnel is available in ARL/PSU Report NORD 16597-56 [48].

3.2.3 Instrumentation and Experimental Hardware
All of the sensors mentioned in this section were connected to a National Instruments
NI9205 input module whose input was processed via a LabVIEW VI, and saved
digitally. The only data that was taken outside of said VI was the high speed camera
data. The high speed cameras employed were the Casio F1 and the Phantom v311.
The frame rate for these high speed cameras was set to 600 frames per second (fps),
unless otherwise noted.
The velocity in the water tunnel had to be scaled from high speed video of the
water tunnel. Hence, velocity measurements are taken outside the LabVIEW VI.
The reason the velocity measurements were scaled from high speed video rather than
measured directly with a pitot tube in the water tunnel comes from a combination
of the amount of gas circulating around the water tunnel and the possible presence
of a free surface in the water tunnel. Both of these factors contributed to the
pitot tube filling with air, which due to its compressibility, would corrupt the
velocity measurements. For the results presented herein, the velocity measurements
were taken by tracing the motion of a “particle” (typically a gas bubble) that was
advected at freestream velocity in the water of the tunnel. Thus, tunnel velocity
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measurements were accomplished via a form of particle shadow velocimetry (PSV)
of the air bubbles in the tunnel.
Experiments presented herein utilize a window mounted hydrophone device
that was comprised of a Celesco LC-10 hydrophone (with usable bandwidth of 0.1
Hz to 120 kHz) submerged in distilled water that was rigidly mounted onto the
tunnel test section window with a plastic shell. A photograph of the hydrophone
mounted on the window of the 1.219 m tunnel is shown in Figure 3.4. The window
hydrophone was designed to provide continuity of impedance from the test section
water to the hydrophone where the acoustic pressures were sensed. Due to the
proximity of the hydrophone to the supercavity and the relatively low frequencies
of interest (i.e., 10’s to 100’s of Hz) [11], the pressures are sensed in the source
near-field (i.e., kr  1, where k is the wavenumber and r is the observer radius).
Amplitude and phase checks were performed for the window hydrophone and cavity
pressure sensor by bursting a small balloon at the cavity location and measuring
the peak transient response of the initial pressure wave with both sensors, and by
placing an ITC-1032 hydrophone (which was used as an acoustic source [usable
bandwidth of 1 Hz to 45 kHz]) at the cavity location and measuring the response
to various inputs with both sensors. The window hydrophone calibration using the
initial transient from a burst balloon was 1.6 dB lower than that measured by the
window hydrophone using the ITC-1032 source driven by a 36.6 Hz sine wave as
the input. The calibration value from the ITC-1032 source at the 36.6 Hz pulsation
frequency was used to quantify the window hydrophone measured noise [19].
The gas that was used to ventilate the supercavities was compressed air. The
compressed air was stored in a series of six 5663.4 L bottles, shown on their storage
apparatus in Figure 3.5. Flexible PVC piping, 2.54 cm inner diameter, was used to
bring the gas from the storage cart to the water tunnel. The length of PVC piping
was minimized to ensure that minimal major head losses occurred and allow for a
rapid change in ventilation rate. The rapid change in ventilation rate allowed for
the quick-burst ventilation method of Skidmore [11] to be employed, as this method
was the most reliable for pulsating supercavity generation. The ventilation rate was
set by a Kates flow control valve and then measured by a Sierra SteelMass 640S
flow meter which offered a 1 Hz frequency response for the ventilation rate. The
airflow controls and sensors are shown in Figure 3.6 and their respective capacities
and sensitivities are shown in Table 3.1.
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Figure 3.4: Photograph of window mounted hydrophone in shell on 1.219 m water
tunnel [11].

Figure 3.5: Photograph of compressed air cart [11].
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Kates Flow Control Valve

Gas Temperature Sensor

Sierra Flow Meter

Gas Pressure Sensor
Figure 3.6: Photograph of sensor array.
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3.3 Uncertainty Analysis
Uncertainties in experimental measurements can be split into two main categories:
bias uncertainties, WR , and precision uncertainties, PR [49]. The bias uncertainties
arise from intrinsic measurement error. As such, they can be calculated a priori
via the manufacturer’s specifications for the sensor(s). Thus, the bias uncertainty
is somewhat fixed in an experiment, as it can only change with a different sensor,
or if the quantity being calculated changes in an experiment. The precision
uncertainties arise from the smallest measurable unit for the sensor(s), however,
unlike bias uncertainties they can be reduced by repeated measurements at the same
condition [49]. The overall device uncertainty, UR , is given by the root-sum-square
(RSS) of the uncertainty terms, i.e., Equation 3.1.
q
UR = WR2 + PR2

(3.1)

The bias uncertainty is given as the RSS of the partial bias uncertainty for each
sensor. To find the partial bias uncertainty for a given sensor, i, in an equation, f ,
one must first take the partial derivative of the quantity measured by the sensor, ∂xi
of the equation. This is then multiplied by the intrinsic uncertainty of the sensor,
as given by the manufacturer’s specifications, Wi . This is given mathematically by
Equation 3.2.
v
u N
uX
W = t (∂ f (x , x , ..., x )W )2
(3.2)
R

xi

1

2

N

i

i

Here N is the number of variables with bias uncertainty being measured and xi are
the variables with uncertainty. For the particular case of f being the cavitation
number, σ, we first recall the equation for cavitation number (i.e., Equation 1.2),
which is reproduced below:
P∞ − P c
σ= 1 2 .
ρV∞
2
Here P∞ is the freestream pressure, Pc is the interior cavity pressure, ρ is the water
density, and V∞ is the freestream velocity. The bias uncertainty in this measurement
(assuming that the freestream pressure and density were given constants) is therefore
given by:
p
WR = (∂V∞ σWV∞ )2 + (∂Pc σWPc )2
(3.3)
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The bias in the cavity pressure measurement based on the manufacturer’s specifications, which are reproduced in Table 3.1, was 4200.98 Pa. Calculating the
bias in the velocity measurement, however, was not as straightforward. Velocity
measurements were scaled from high speed videos, rather than measured directly
with a pitot tube. Thus, the bias in the velocity measurement was instead found
via Equation 3.4.
p
WV∞ = (∂l V∞ Wl )2 + (∂t V∞ Wt )2
(3.4)
Equation 3.4 employed the fact that V∞ = l/t, where l is the measured length
covered by a “particle” in the given time frame, t. Typically the particle was a gas
bubble advected at freestream velocity in the water of the tunnel. Thus, tunnel
velocity measurements were accomplished via a form of PSV of the dissolved air
bubbles in the tunnel. The uncertainty in the length measurement was calculated
to be 2.67x10−6 m, based on a 1 longitudinal pixel and 1 latitudinal pixel error in
particle selection. The maximum uncertainty in time measurements was 1/1200
seconds, as the minimum frame rate of videos was 600 fps. Overall, this gives a
velocity bias uncertainty of 0.28 m/s. Using this bias uncertainty value for the
velocity measurement and the calculated bias uncertainty value for the pressure
measurement, an overall bias uncertainty for cavitation number, WR , of 1.53 was
calculated.
For measurements with more than 31 calibration points, the precision uncertainty
is given by Equation 3.5.
Pxi = t̄Sxi
(3.5)
Where t̄ is given by the t-distribution and Sxi is the precision index of a measurement.
If less than 31 calibration points are available, the precision uncertainty is instead
given by Equation 3.6.
t̄Sx
Pxi = √ i
(3.6)
N
These Pxi values are then used to calculate the overall precision uncertainty, PR ,
via Equation 3.7.
v
u N
uX
PR = t (∂xi f (x1 , x2 , ..., xN )Pxi )2
(3.7)
i

The interior cavity pressure sensor, again, provides a straightforward analysis, as
there are more than 31 calibration points, and the sensor sensitivity was 1x10−7 Pa.
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Thus, the precision error of the pressure sensor, PPc , was calculated to be 0.023764
Pa. The velocity precision error calculations, however, were not as straightforward;
as, again, velocity values were scaled off of a high speed video. Considering the
issues with scaling and that the precision of image location selection was one
longitudinal pixel and one latitudinal pixel, a sensor sensitivity of 0.0016 m/s was
calculated based on the sensitivity of the length and time measurements used.
Additionally, 8 velocity measurements were taken which yields an overall precision
uncertainty, PV∞ , of 0.0013 m/s. This leads to an overall precision uncertainty, PR ,
of 0.000319.
Combining the calculated bias and precision uncertainties into Equation 3.1,
yields an overall uncertainty in cavitation number measurements of 1.53. Considering that typical cavitation numbers for supercavities are less than 0.1 [10],
this suggests the equipment selected will have issues accurately measuring cavitation numbers. As such, cavitation numbers should be calculated using empirical
equations given by May [9].
The largest source of uncertainty in this calculation was the bias uncertainty of
the pressure sensor. However, a change in the particular pressure sensor used for
these interior cavity pressure measurements is not likely to improve this uncertainty.
This stems from the fact that gas pressures in the ventilation line could potentially
be large (i.e., approximately 1000 kPa) and, as such, a pressure sensor with a
maximum pressure rating of at least 1000 kPa had to be selected.
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Testing Equipment
Maximum Voltage
Minimum Voltage
Gas Temperature Sensor
Full Scale Measurement
Device Uncertainty
Maximum Voltage
Minimum Voltage
Water Temperature Sensor
Full Scale Measurement
Device Uncertainty
Maximum Voltage
Minimum Voltage
Gas Pressure Sensor
Full Scale Measurement
Device Uncertainty
Maximum Voltage
Minimum Voltage
Gas Flow Rate
Full Scale Measurement
Device Uncertainty
Maximum Voltage
Hydrophone
Minimum Voltage
Device Uncertainty
Maximum Voltage
Minimum Voltage
Full Scale Measurement
Cavity Pressure Sensor
Linearity
Hysteresis
Repeatability

10 Volts
-10 Volts
200o C
±0.005o C
10 Volts
-10 Volts
200o C
±0.005o C
5 Volts
-5 Volts
2068.43 kPa
4.5 kPa
10 Volts
-10 Volts
7.08 sm3 /min
2.0% F.S.
1 Volt
-1 Volt
0.001 Volts
4 Volts
0 Volts
1000 kPa
0.25 % F.S.
0.25 % F.S.
0.20 % F.S.

Table 3.1: Summary of Testing Equipment
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3.4 Experimental Procedure
3.4.1 Generation of Pulsating Supercavities
A series of methodologies for the generation of pulsating supercavities in a rigid wall
water tunnel were introduced by Skidmore [11]. Of the methodologies published,
the method that most reliably generates pulsating supercavities is the quick-burst
method of ventilation [11]. As such, for this dissertation, the quick-burst ventilation
methodology was employed for the initial generation of pulsating supercavities. To
employ the quick-burst methodology, a re-entrant jet cavity is generated utilizing
the lowest ventilation rate that will lead to a stable re-entrant jet cavity. Once
a stable re-entrant jet is initialized, it is observed for a series of toroidal vortex
shedding cycles. The goal of observing the toroidal vortex shedding cycles is to
be able to initiate the quick-burst of ventilation rate when the cavity is smallest,
having just shed a toroidal vortex. The reason for performing the quick-burst when
the cavity was the smallest is that a small cavity has a lower mean internal cavity
pressure relative to the freestream and, hence, a relatively larger cavitation number.
As such, for a given increase in ventilation rate, the increase in mean internal
cavity pressure is largest for a cavity that has just shed a toroidal vortex. The
quick-burst is then performed, whereby the ventilation rate is quickly increased to
some maximum value then quickly dropped to the final value. The entire process of
quick-bursting the ventilation rate should take less than half a second [11]. If the
final ventilation rate is selected properly, the resulting cavity should be a pulsating
one. If the final ventilation rate is too high, the resulting cavity will be either a
free jet cavity or a twin vortex cavity. If the final ventilation rate is too low, the
resulting cavity will either be a re-entrant jet or a hybrid twin vortex/re-entrant jet
cavity (an example of such a cavity can be seen in [11]). Once a stable pulsating
supercavity is generated, fine adjustments to the ventilation rate can be performed,
as a range of ventilation rates will result in pulsating cavities, due to hysteresis in
the supercavity.
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3.4.2 Generation of Twin Vortex and Re-entrant Jet Supercavities
The methodology for the generation of both twin vortex and re-entrant jet supercavities in a rigid wall water tunnel is simpler than that of the generation of pulsating
supercavities. Any of the ventilation methodologies introduced by Skidmore [11] can
be employed for the generation of these cavities. However, for the results presented
herein, ventilation rate matched supercavities were sought. Thus, the slow increase
in ventilation rate methodology was employed for the generation of both twin vortex
and re-entrant jet cavities. To employ this ventilation methodology, the ventilation
rate is slowly increased from nil where no supercavity is generated, to the desired
value. This method allows for the ventilation rate to be set precisely, which allows
for the ventilation rate of successive runs to be matched.

3.5 Experimental Results
3.5.1 Generation of Supercavities
Once the methodology of quickly and reliably generating pulsating supercavities had
been selected, the pulsation phenomenon could be studied in depth. The existing
literature on pulsating supercavities with an axisymmetric cavitator showed that
pulsating supercavities generate a near sinusoidal near-field radiated pressure time
history, as measured by a hydrophone [11]. However, the previous studies on the
near-field radiated noise of pulsating supercavities lacked interior cavity pressure
measurements [11]. The cavitator used in this experiment, on the other hand,
featured an integrated pressure sensor on the cavitator face. This allowed for
measurements of the interior cavity pressure which could be compared to near-field
noise measurements.
3.5.1.1

Results from the 0.305 m Water Tunnel [19]

A pulsating supercavity generated in the 0.305 m water tunnel, with the methodology
outlined in Section 3.4.1 and the cavitator described in Section 3.2.1, is shown
in Figure 3.7. This particular cavity is second order, and was generated with
a freestream velocity and pressure of 2.35 m/s and 95.7 kPa, respectively. The
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internal cavity pressure and near-field radiated noise measured by the hydrophone
yielded time histories that are shown in Figure 3.8 [19]. The periodicity in the
Figure 3.8 time traces is depicted in the 36.6 Hz (± 0.06 Hz) tones shown in the
interior cavity pressure and near-field noise spectra of Figure 3.9. The spectra’s ±
0.06 Hz uncertainty stems from the spectra’s 0.12 Hz frequency bin width. Analysis
of the corresponding high speed video of the pulsating supercavity yields a pulsation
frequency of approximately 35.3 Hz, which agrees well with the 36.6 Hz frequency
measured with both the cavity pressure sensor and near-field hydrophone. Note
that the 24.8 Hz tone is due to leakage current from another channel in the data
acquisition setup. The 500-900 Hz haystack is speculated to be due to the gas
injection system, since it was present in the interior pressure spectra for all the
supercavities generated (as seen in Figures 3.11 and 3.12).
As was stated in Section 1.2.1.4, the cavity interface during pulsation exhibits
surface traveling waves of wavelength, `λ , that are advected on the cavity surface at
speed Vwave . It is, therefore, a dimensional necessity that the pulsation frequency,
fpulsation , be given by:
Vwave
fpulsation =
.
(3.8)
`λ
The cavity in Figure 3.7 was observed to have Vwave = 2.35 m/s (which is roughly
equal to the freestream velocity following Equation 2.1) and `λ = 6.5 cm which
was scaled from the high speed video. The resulting prediction for fpulsation is 36.2
Hz ±1.0 Hz (assuming an error of ±5 pixels in the scaling) which is in excellent
agreement with the hydrophone measured frequency. It is speculated that the
surface traveling waves originate from an interface instability which was discussed
in Chapter 2. Song [28, 29] contends that pulsation occurs when the interface
instability induced wave frequency equals the ventilated supercavity gas/water
system resonance frequency. Song’s equation for the natural frequency of the
gas-liquid system (i.e., Equation 2.6), is reproduced below:
1
fo =
2π

s

2πγPc
.
ρKS ln Rao

Song’s value of K ln Rao = 0.491 was employed, and γ = 1.4 was assumed; as such
the remaining terms of Equation 2.6 became cavity specific. For the particular
cavity shown in Figure 3.7, the mean cavity radius was found to be 2.3 cm and the
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cavity surface area was found to be 0.0326 m2 , as measured from the high speed
video. The average cavity interior pressure was found to be 97.5 kPa, as measured
by the pressure sensor and, thus, Equation 2.6 predicts the natural frequency of
the system to be 36.9 Hz, which agrees with the assertion that pulsating cavities
are resonant and, thus, the phenomenon is autoresonant.

Figure 3.7: Photograph of a pulsating supercavity generated at 2.35 m/s with a
freestream pressure of 95.7 kPa [19].
Examination of the time history of the internal cavity pressure in addition to the
high speed video obtained of the pulsating supercavities, revealed that, contrary to
closed volume gas systems where the pressure and volume are inversely related, for a
pulsating supercavity, the interior pressure and volume are directly related. Figure
3.10 depicts the relationship between the cavity interior pressure and slope of the
gas/water interface near the cavitator edge as observed from the high speed video.
A pressure null (point A on Figure 3.10) corresponds to a small positive slope of the
interface. That is to say there was a small outward expansion of the interface for a
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Figure 3.8: Overlay of near-field pressure (as measured by hydrophone) and internal
cavity pressure time histories. Note that the pressure fluctuations in the cavity are
± 3.5 kPa (0.5 psi) [19].
pressure null. A pressure maxima (point C on Figure 3.10) corresponds to a larger
positive slope whereas a pressure minima (point B on Figure 3.10) corresponds to
a slope less than that of the pressure null downstream from the cavitator edge.
Figures 3.11 and 3.12 show the interior cavity pressure and near-field noise
spectra measured for the re-entrant jet and twin vortex closure regimes, respectively.
Figures 3.13a-b show photographs of the re-entrant jet and twin vortex cavities,
respectively, corresponding to the Figure 3.11b and 3.12 spectra, and Table 3.2
summarizes the test conditions at which all the supercavities in this chapter were
achieved.
The noise and interior pressure spectra of the re-entrant jet cavity, shown in
Figure 3.11a, are broadband in nature, being devoid of tones other than those
attributed to the gas injection system. The spectra shown in Figure 3.11b, however,
processed from data records taken a few seconds after those used for Figure 3.11a,
exhibit a haystack of energy peaking at a frequency of 43.3 Hz. The Figure 3.11b
re-entrant jet appears to be in the early stages of transitioning to a pulsating cavity
63

Figure 3.9: Pressure spectra measured by the interior cavity pressure sensor and
the near-field hydrophone for a pulsating supercavity. Note that the noise floor is
for the near-field hydrophone [19].
a few seconds after the Figure 3.11b time records were obtained. Small amplitude
surface waves spaced 5 cm apart and traveling at a speed of 2.35 m/s were observed
during the transition. According to Equation 3.8, these waves correspond to a
frequency of 47 Hz, which agrees with the 43.3 Hz peak in the haystack observed.
Furthermore, note that the 20 dB difference between the radiated noise spectrum at
43.3 Hz and the cavity interior pressure spectrum is consistent with the difference
measured for all the pulsating supercavities at the pulsation frequency.
Like the re-entrant jet cavity, the noise and interior pressure spectra of the twin
vortex cavity are broadband where the only tones are those from 500 to 900 Hz,
which are attributed to the gas injection system; as similar 500 to 900 Hz tones
were observed in the other supercavities generated. The 89.5 Hz tone is caused by
the instability waves on the upper surface of the cavity (as seen in Figure 3.13b).
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Figure 3.10: Illustration of the cavity interior pressure during pulsation and its
relationship to the slope of the gas/water interface near the cavitator edge [19].
Given the free stream velocity, the wavelength of these waves corresponds to a 90
Hz disturbance, yet this disturbance frequency is not the natural frequency of the
system, as evidenced by the cavity not destabilizing and pulsating. Also, note that
the magnitude of the pressure fluctuations due to the waves are much less than
those observed due to pulsation, and that the 89.5 Hz tone was not radiated well
to the near-field hydrophone.
Figure 3.14 compares the noise measured from the Figure 3.7 pulsating supercavity to that from the comparable transitioning re-entrant jet and twin vortex
cavities, shown in Figures 3.13a and 3.13b, respectively. The non-pulsating supercavities create little noise compared to the pulsating supercavity. The peak
in the noise spectrum from the transitioning re-entrant jet supercavity (at 43.3
Hz) is 27 dB below that from the pulsating supercavity (at 36.6 Hz). The noise
spectrum measured for the twin vortex supercavity is broadband with any peaks
being attributed to the gas injection system, thus, its levels are roughly 40 dB
below that of the pulsation tone level at least, since the broadband noise levels from
the twin vortex and re-entrant jet supercavities are below the tunnel background
noise levels.
Note that the cavitation numbers calculated were 0.273, 0.227, and 0.305 for the
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pulsating, twin vortex, and re-entrant jet cavities, respectively, using the average
cavity length as `, and approximating the cavitator diameter of 3.18 cm as the
equivalent disk diameter, Dn , in Equation 3.9 (i.e., Equation 3-9 of May [9]).
`
= σ −1.15
Dn

(3.9)

Alternatively, one may chose to employ Equation 3.10 (i.e., Equation 3-5 of May [9]),
which is given below.
φ
= 1 + 0.534σ −0.568
(3.10)
Dn
Here φ is the maximum cavity diameter. The cavitation number values calculated
via Equation 3.9 are in poor agreement with cavitation numbers of -0.666, 0.107,
and -0.168, also calculated for the pulsating, twin vortex, and re-entrant jet cavities,
respectively, but using the average pressure measured in the supercavity as Pc and
the freestream static pressure in the test section as P∞ (as per Kawakami and
Arndt [50]). Note that the negative cavitation numbers are anomalous, and the
cavitation number of 0.107, while appearing reasonable, is below the minimum
achievable cavitation number of 0.22 with the present model/tunnel blockage [50–52].
While the negative cavitation numbers may be anomalous, the internal cavity
pressure history suggests that the mean internal pressure is increased by the
presence of a supercavity when compared to the cavitator before ventilation. The
full internal cavity pressure time history for the pulsating supercavity (i.e., the
cavity shown in Figure 3.7) can be seen in Figure 3.15. In Figure 3.15 the hashed
black line delineates the creation of the pulsating supercavity. Times before this
hashed line correspond to both the no cavity and cavity initiation periods of time.
Note that the mean cavity pressure during pulsation is seen to increase from its
mean value before ventilation (i.e., 96.0 kPa) due to the presence of the pulsating
supercavity. The mean increase in cavity pressure was measured to be 1.585 kPa
and the dynamic pressure for this cavity is 2.8 kPa. However, the change in internal
cavity pressure is within the uncertainty of the pressure sensor measurements, as
discussed in Section 3.3.
Atmospheric pressure with a hydrostatic depth pressure correction has also been
used as the freestream static pressure [8, 53, 54]. This reference pressure yielded
cavitation numbers of -0.677, 0.170, and 0.400 for the pulsating, twin vortex, and
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re-entrant jet cavities, respectively. The fact that both reference pressures had
anomalous negative and “too small” cavitation numbers illustrates that there are
difficulties in accurately measuring the mean interior cavity pressures, and therefore,
the cavitation numbers, in tunnels with pressure field interactions between the
cavity and tunnel walls. This is due to blockage effects and direct pressure field
interaction between the cavity and tunnel walls. Additionally, there is uncertainty
inherent in the cavitation number calculation, which was discussed in Section 3.3.
The uncertainty analysis gives that the interior cavity pressure measurements had
an uncertainty of ± 4.2 kPa, mostly due to the bias uncertainty of the pressure
sensor. Coupled with the velocity measurement uncertainty, the overall uncertainty
in cavitation number measurements were ± 1.53 for the pulsating supercavity.
Hence the error bars on the calculated values of -0.666 and -0.677 are large enough
that the “true” values could potentially be positive.
Supercavities generated in the 0.305 m water tunnel revealed that pulsation is
indeed a strong acoustic source at the pulsation frequency. Comparable twin vortex
and re-entrant jet cavities generated noise that was barely above the background
noise levels of the water tunnel. However, the results of this set of experiments
were not able to quantify the effects of the tunnel on the radiated noise generated
by a pulsating supercavity. Given a cavity pulsating at a given frequency, it is
possible that the tunnel would influence the spectrum level of the interior pressure
and source level of the radiated pressure. If the tunnel walls are sufficiently close,
they could prevent the cavity from fully expanding [12], which would affect the
volume velocity. However, the tunnel wall proximity will not prevent pulsation
(as shown in Skidmore [11] and Section 3.5.3). For the cavities presented in this
dissertation, however, the maximum diameter is believed to be much less than
the diameter required for fully choked flow [51]. Thus, the influence of the tunnel
walls on the spectrum level of the cavity interior pressure and source level of
the radiated pressure, relative to a free-field condition, is believed to be small.
To verify this, testing with the same cavitator in the 1.219 m diameter water
tunnel was employed to quantify the effect of tunnel walls on pulsating supercavity
acoustics. Additionally, it was hoped that the qualitatively negative cavitation
numbers (which is seen by comparing the mean cavity pressure before ventilation
and during supercavity generation) would be rectified in the larger tunnel.
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(a)

(b)

Figure 3.11: Pressure spectra measured by the interior cavity pressure sensor and
near-field hydrophone for Figure 3.11a re-entrant jet and Figure 3.11b transitioning
re-entrant jet closure. Note that the noise floor is for the near-field hydrophone [19].
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Figure 3.12: Pressure spectra measured by the interior cavity pressure sensor and
near-field hydrophone for a twin vortex supercavity. Note that the noise floor is for
the near-field hydrophone [19].
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(a)

(b)

Figure 3.13: Photographs of supercavities in the ARL Penn State 0.305 m water
tunnel with 3.13a re-entrant jet and 3.13b twin vortex closures [19].
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Figure 3.14: Comparison of the near-field pressure spectra measured by the window
hydrophone for the pulsating, transitioning re-entrant jet, and twin vortex closure
regimes, as well as the noise floor for the near-field hydrophone [19].
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Figure 3.15: Full internal cavity pressure time history of the cavity shown in Figure
3.7. The initiation of a pulsating supercavity is given by the vertical black line.
Note that the mean cavity pressure increases with the generation of a pulsating
supercavity.
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3.5.1.2

Results from the 1.219 m Water Tunnel

The nominal conditions of the pulsating supercavities shown in Figure 3.7 were
repeated in the 1.219 m water tunnel, i.e., 2.35 m/s freestream velocity and 97.4
kPa freestream pressure (without hydrostatic correction). The cavity generated
at these conditions is shown in Figure 3.16. One significant change between this
cavity and the Figure 3.7 cavity is the upstream pressure that was used to drive the
ventilation gas through the cavitator (termed “backpressure”). The backpressure
for the cavity generated in the 0.305 m water tunnel was 328.35 kPa. However,
for the 1.219 m water tunnel cavity, the backpressure had to be set to a much
larger value, 806.2 kPa. The internal cavity pressure for the pulsating supercavity
shown in Figure 3.16 was not observed to have the nearly pure sinusoidal internal
cavity pressure time history seen in the 0.305 m water tunnel cavity (i.e., Figure
3.8). Instead, in the internal cavity pressure and near-field radiated noise time
histories shown in Figure 3.17, the dominant sinusoidal oscillation corresponding
to the pulsation frequency is superimposed with higher frequency sinusoidal waves.
This can be seen clearly in the internal cavity pressure time history by examining
the maxima values. That is, the internal cavity pressure time history alternates
between large amplitude maxima and small amplitude maxima, suggesting that a
tonal response of the second harmonic would be present in the internal pressure
spectrum.
The presence of tonal peaks at both the natural frequency and twice the natural
frequency was observed for both the spectra of the near-field radiated noise and
internal cavity pressure, which is shown in Figure 3.18 in green and red, respectively.
The tone with the highest pressure spectrum level in the near-field radiated noise
spectrum measured by the hydrophone occurs at a frequency of 30.3 Hz. However,
unlike the pulsating supercavity generated in the 0.305 m water tunnel, the pulsation
frequency does not have the highest pressure spectrum level in the interior cavity
pressure spectrum. Moreover, in the expected range of pulsation frequencies (i.e.,
30-60 Hz) the pulsation frequency of the cavity does not have the highest level,
as a 36.9 Hz tone has a larger amplitude in the internal cavity pressure spectrum.
However, this tone is not radiated well to the near-field hydrophone. Both the
near-field hydrophone and the cavity interior pressure spectra show a large haystack
of acoustic energy from 70 to 100 Hz. The tendency for the 70-100 Hz frequency
range to contain a large amount of acoustic energy was seen for all pulsating
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supercavities generated in the 1.219 m water tunnel.
Despite the lack of the pulsation frequency having the highest pressure spectrum
level in the internal cavity pressure spectrum, the cavity shown in Figure 3.16 had
qualitatively positive cavitation numbers. This can be seen in the full internal
cavity pressure time history for the entire duration of pulsation shown in Figure 3.19
which shows that the mean pressure during pulsation is below the mean pressure
before ventilation began. In Figure 3.19, the initiation of pulsation is given by the
black hashed line. The full pressure time history reveals that while the mean cavity
pressure is such that the cavitation number is qualitatively positive, there are a
few moments where the cavitation number would be negative (i.e., times when the
internal cavity pressure is larger than the mean cavity pressure before ventilation
plus dynamic pressure). However, as was discussed in Section 3.3, the uncertainty
in measuring cavitation number is too large for the measured cavitation numbers
to be considered accurate and, thus, the cavitation numbers are scaled from cavity
images. The relevant May [9] equations (i.e., Equations 3.9 and 3.10) are employed
to calculate cavitation numbers.

Figure 3.16: Photograph of a pulsating supercavity generated in the 1.219 m water
tunnel at 2.35 m/s with a freestream pressure of 97.4 kPa.
Not all pulsating supercavities generated in the 1.219 m water tunnel exhibited a
haystack of energy around 70-100 Hz in the interior cavity pressure spectrum. One
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Figure 3.17: Overlay of near-field pressure (as measured by hydrophone) and
internal cavity pressure time histories in 1.219 m water tunnel. Note that the
pressure fluctuations in the cavity are ± 2.0 kPa (0.3 psi).
cavity in particular, exhibited tones at the first seven harmonics of the pulsation
frequency. The cavity, shown in Figure 3.20, was generated at 2.05 m/s with
a freestream pressure (again without hydrostatic correction) of 97.4 kPa and a
backpressure of 1174.8 kPa. The spectra of the near-field radiated noise and interior
cavity pressure are given in Figure 3.21, and shows the pulsation frequency at 35.2
Hz, with higher harmonics visible at 70.4, 105.6, 141.0, 176.3, 221.5, and 246.8
Hz. Note once again that the pulsation tone second harmonic is higher in pressure
spectrum level than the fundamental tone. This is found for both the interior cavity
pressure and the near-field radiated pressure. In fact, the near-field hydrophone
has little response at the pulsation frequency, as it is barely above the noise floor.
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Pulsation

Haystack

Figure 3.18: Pressure spectra measured by the interior cavity pressure sensor and
the near-field hydrophone for a pulsating supercavity in the 1.219 m water tunnel.
Note that the noise floor is for the near-field hydrophone.
The tendencies to generate higher harmonic tonal responses and haystacks of
acoustic energy in the 70-100 Hz range of the internal cavity pressure spectra were
not exclusive as some supercavities exhibited both. One such cavity (generated at
1.85 m/s and at 97.4 kPa and a backpressure of 764.3 kPa), is shown in Figure 3.22.
The spectra of the near-field radiated noise and interior cavity pressure are shown
in Figure 3.23, in green and red, respectively. This cavity was pulsating at 30.4 Hz,
yet the internal cavity pressure spectrum shows tones at 37.0 and 43.6 Hz (both
within the expected range of pulsation frequencies). In the approximate 70-100
Hz frequency range where there exists a haystack of acoustic energy, the cavity
interior pressure spectrum shows tones at 60.8, 67.4, 74.0, 80.4, 91.2, 97.8, 104.4,
and 110.6 Hz. The 60.8 and 74.0 Hz tones are believed to be the second harmonics
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Figure 3.19: Full internal cavity pressure time history of the cavity shown in
Figures 3.16 and 3.17. The initiation of a pulsating supercavity is given by the
vertical black line. Note that the mean cavity pressure, shown in blue, decreases
with pulsation compared to before ventilation which causes the positive predicted
cavitation numbers.
of the pulsation frequency and 37.0 Hz tone, respectively. The other tones, however,
remain anomalous. The spectrum of the hydrophone data was similarly anomalous,
as the high speed video was able to verify a pulsation frequency of 30.0 Hz. Despite
this fact, the hydrophone spectrum exhibited its highest pressure spectrum level
at 74.0 Hz, which is the second harmonic of the 37.0 Hz tone, not the pulsation
frequency. Additional photographs provide some insight on what is occurring with
this supercavity. Despite the presence of a strong tone at the pulsation frequency in
the internal cavity pressure spectrum, there are occasional, higher frequency waves
that can be observed on the cavity interface. These higher frequency waves were
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Figure 3.20: Photograph of pulsating supercavity generated in 1.219 m water tunnel
at 2.05 m/s with a freestream pressure of 97.4 kPa.
observed to divide the first order pulsating cavity with higher frequency, smaller
sub-wavelets, as seen in Figure 3.24. It is conjectured that due to the radiated noise
measurements being located in the near-field, the effect of these sub-wavelets on
the cavity interface is being measured. That is, the presence of these sub-wavelets
creates sound at frequencies other than the natural frequency and creates a noise
sources that are not monopoles. However, it is further conjectured that the effect
of these sub-wavelets would not be radiated well to the far-field, due to the low
mass of water that these waves entrain in motion compared to that entrained by
the breathing motion of pulsation.
Conditions from the 0.305 m water tunnel were also matched for the twin vortex
and re-entrant jet cavity closures. The cavities generated are shown in Figure
3.25. The interior cavity pressure and near-field radiated noise spectra for the
re-entrant jet cavity are shown in Figure 3.26. The spectra are very similar to those
of the non-transitioning 0.305 m water tunnel case, bereft of tones other than those
generated by electric noise. Figure 3.27 shows the spectra for the twin vortex cavity,
which, unlike the 0.305 m water tunnel cavity, has additional spectral content, seen
as peaks at 42.4 and 84.8 Hz. These peaks are believed to correspond to small
waves traveling on the upper cavity interface seen in Figure 3.25b, advected at the
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Figure 3.21: Pressure spectra measured by the interior cavity pressure sensor and
the near-field hydrophone for a pulsating supercavity in the 1.219 m water tunnel.
Note that the noise floor is for the near-field hydrophone.
freestream velocity.
The pulsating cavities generated in the 1.219 m water tunnel did not exhibit
the dominance in the internal cavity pressure spectrum observed in the 0.305 m
water tunnel pulsating supercavity. However, despite the lack of dominance of the
pulsation tone in the internal cavity pressure spectrum, the pulsating supercavities
generated still exhibited tones that were approximately 25 dB greater than any tone
in the internal cavity pressure spectrum of the twin vortex or re-entrant jet cavities.
Thus, even pulsating supercavities that have a larger amount of fluctuations in the
internal cavity pressure spectrum at frequencies other than the pulsation frequency
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Figure 3.22: Photograph of pulsating supercavity generated in 1.219 m water tunnel
at 1.85 m/s with a freestream pressure of 97.4 kPa. Note that the cavity is first
order with one full wave before pinch off.
generate a strong acoustic signature. The sound generated by these pulsating
cavities is sufficient for the radiated tones to be above the noise floor of the 1.219
m water tunnel, and as such, the noise could be studied and compared to that
generated in the 0.305 m water tunnel cavities. Furthermore, the tendency for
these cavities to create a strong tone at the second harmonic of the pulsation
frequency was an interesting result and further testing to see if these results could
be reproduced in the 0.305 m water tunnel was conducted to determine the cause.
The possible cause of pulsating cavities to have the second harmonic of the pulsation
tone at an approximate equal pressure spectrum level as the fundamental will be
discussed in Section 3.5.4.
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Figure 3.23: Pressure spectra measured by the interior cavity pressure sensor and
the near-field hydrophone for a pulsating supercavity in the 1.219 m water tunnel.
Note that the noise floor is for the near-field hydrophone.
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Wavelet Wavelet

Figure 3.24: Photograph of pulsating supercavity generated in 1.219 m water tunnel
at 1.85 m/s with a freestream pressure of 97.4 kPa. Note that the first order cavity
has two wavelets along the one wave before pinch off.

Table 3.2: Testing conditions for the figures shown in Section 3.5. Note that
the cavitation numbers were calculated using the given equation numbers of May
[9]. Additionally, note that the cases with a * have a ventilation rate below the
measurement capabilities of the flow meter.
Figure
Number

Tunnel
Size (m)

Fr

3.7
3.13a
3.13b
3.16
3.20
3.22
3.25a
3.25b
3.28
3.30
3.33

0.305
0.305
0.305
1.219
1.219
1.219
1.219
1.219
1.219
0.305
0.305

4.21
4.21
4.21
4.21
3.67
3.31
4.21
4.21
3.67
5.09
3.67

σM AY
Eqn.
3-5
0.610
0.854
0.683
0.131
0.213
0.144
0.226
0.195
0.201
0.372
0.707

σM AY
Eqn.
3-9
0.273
0.305
0.227
0.157
0.206
0.205
0.184
0.144
0.188
0.206
0.247
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CQ̇

Closure

1.7461
0.6205
1.0375
1.7292
0.9775
1.7330
0.0000*
0.7279
1.8603
1.0709
1.2077

Pulse
Re-entrant Jet
Twin Vortex
Pulse
Pulse
Pulse
Re-entrant Jet
Twin Vortex
Pulse
Pulse
Pulse

(a)

(b)

Figure 3.25: Photographs of supercavities in the ARL Penn State 1.219 m water
tunnel with 3.25a re-entrant jet and 3.25b twin vortex closures.
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Figure 3.26: Pressure spectra measured by the interior cavity pressure sensor and
the near-field hydrophone for a re-entrant jet supercavity in the 1.219 m water
tunnel. Note that the noise floor is for the near-field hydrophone.
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Figure 3.27: Pressure spectra measured by the interior cavity pressure sensor and
the near-field hydrophone for a twin vortex supercavity in the 1.219 m water tunnel.
Note that the noise floor is for the near-field hydrophone.
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3.5.2 Radiated Acoustic Pressure
The experimental setup affords the ability to measure both the interior cavity
pressure as well as the near-field radiated noise. In order to determine if and how the
two are related, the spectra for both were closely examined for all cavities generated.
The general trend observed was that for monotonic pulsating supercavities, the
pressure spectrum level of near-field radiated noise at the pulsation frequency can
be found by accounting for spherical spreading from the cavity interface. However,
this relationship was obfuscated for cavities with increased off-pulsation frequency
spectral content.
3.5.2.1

0.305 m Water Tunnel [19]

It is possible to estimate the spectrum level of the tone from supercavity pulsation
by making use of the equation for the strength of a low frequency monopole,
Equation 1.6, reproduced below.
p(r, t) =

ρ dξ(t − r/c)
4πr
dt

Here p is the acoustic pressure, ξ is the volume velocity, and c is the speed of
sound. In Equation 1.6, assume a 36.6 Hz time harmonic variation in the interface
radius of ± 0.41 cm about a mean value of 2.3 cm, which corresponds to the values
measured from the high speed videos for the cavity shown in Figure 3.7. This
yields a rms volume velocity of 0.0044 m3 /s and a sound pressure spectrum level
of 171.1 dB at a 22.4 cm distance which is in excellent agreement with the 171.5
dB level measured with the window hydrophone (at the same distance) as seen on
Figure 3.9. Note that the spectrum level of the hydrophone-measured pulsation
tone is roughly 40 dB above that of the continuum and that the tone in the cavity
pressure spectrum is roughly 20 dB above that of the noise spectrum. For all
the pulsating supercavity conditions tested in the 0.305 m water tunnel, changes
in the cavity interior pressure spectrum level at that pulsation frequency always
corresponded to a comparable change in the near-field noise spectrum level at the
same frequency. Thus, it appears that the cavity interior pressure can be used as a
measure of the radiated noise. This can be shown to be the case by substituting for
the volume velocity term in Equation 1.6 and assuming time harmonic variation of
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the interface velocity, ur (t) = uˆr e2πjfo t , where uˆr is the complex velocity amplitude
and j denotes the imaginary unit. This gives an expression for the sound pressure
radiated by a monopole source:
p(r, t) =

2πjfo ρa2
uˆr e2πfo j(t−r/c) .
r

(3.11)

Here a is the mean cavity radius. The terms 2πfo jρa2 uˆr can be lumped together as
a complex pressure constant Â that can be evaluated at the cavity interface. Since
the pressure is commonly treated as uniform throughout the cavity [1, 23, 26, 27],
the pressure at the cavity interface is equivalent to the pressure measured at any
location inside the cavity. Ultimately, this means that the radiated noise from a
pulsating supercavity can be predicted by simply visually observing and measuring
the oscillations in the supercavity [19].
Furthermore, given that the pressure across the interface is constant if both
media are inviscid [10, 44, 55], the sound pressure spectrum level at the window
hydrophone location is attenuated relative to that measured by the cavity pressure
sensor only by spherical spreading of the sound waves from the cavity interface.
For the cavity shown in Figure 3.9, the average cavity radius, a, is 2.3 cm and the
distance from the cavity center to the window hydrophone is 22.4 cm giving an
attenuation of 19.8 dB which is in excellent agreement with the nominal 20 dB of
attenuation measured for the 0.305 m water tunnel. Ultimately, this means that
the radiated noise from a pulsating supercavity can also be predicted via a simple
measurement of the unsteady pressure within the cavity [19].
The treatment of pressure as constant across the interface of a supercavity
does not require the media to be inviscid, the inviscid media provides a sufficient
condition for zero pressure drop. If one of the media were viscous, the pressure
drop could be calculated as the product of a measure of curvature of the interface
and surface tension of the interface [56]. Because the media are locked as air and
water, the surface tension can be treated as a constant for this thought-analysis.
Thus, the curvature of the interface determines the pressure drop for a supercavity.
However, because supercavities are nominally cylindrical, they can be treated as
cylinders for this thought-analysis. Treating the curvature as the divergence of
the normal vector, i.e., κ = ∇ · n [57], one can see there should be no pressure
drop across the interface of a supercavity even if one of the media is viscous. If the
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geometry of the problem were to drastically change such that the cavity could no
longer be treated as a cylinder, then this approximation would not hold.
3.5.2.2

1.219 m Water Tunnel

The analysis of section 3.5.2.1 was largely based on a monotonic monopole generating
sound. However, for the cavities generated in the 1.219 m water tunnel, the radiated
sound spectra were not monotonic. An example of the lack of monotonic monopole
behavior can be seen in the typical haystack of acoustic energy in the near-field
hydrophone spectra at 70-100 Hz. Yet some of the cavities generated in the 1.219
m water tunnel still exhibited some form of spherical spreading at the pulsation
frequency. Most of the cavities exhibited spherical spreading loss at the second
harmonic of the pulsation frequency, rather than at the natural frequency. The
pressure spectra shown in Figures 3.18, 3.21, and 3.23 had attenuation values of
7.8, 37.7, and 13.7 dB, respectively, at their respective pulsation frequency and
21.9, 16.2, and 23.4, respectively, at their respective second harmonic of the natural
frequency.
The cavity that was the closest to exhibiting spherical spreading at the pulsation
frequency, (i.e., the difference in peak values of the interior pressure spectrum and
near-field pressure spectrum was the closest to that given as a ratio of observer to
cavity radius) was the only cavity to exhibit a dominant tone in the internal cavity
pressure spectrum at the pulsation frequency, instead of the second harmonic of
the pulsation frequency. This particular cavity is shown in Figure 3.28. This cavity
was generated at a velocity 2.05 m/s and pressure of 97.2 kPa. The spectra for the
interior cavity pressure spectrum and near-field radiated noise are shown in Figure
3.29. Note that this cavity, has the strongest response in the interior pressure
spectrum at 31.4 Hz, which corresponds to the pulsation frequency. The difference
between the peak response of the interior cavity pressure sensor and the near-field
hydrophone is 15.4 dB, which is less than the expected spherical spreading loss of
24.0 dB.
Thus, we can conclude that the lack of spherical spreading observed in the results
of the 1.219 m water tunnel suggests that the pulsating supercavities generated
there were not acting as monopoles at the pulsation frequency. Instead, these
cavities are acting as higher order sources, and as such, a relationship between the
interior cavity pressure tone and near-field noise could not be determined. It is
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possible these sources could be expressed via a multipole expansion, this is discussed
as future work in Chapter 6.
Table 3.3: Acoustic data for the pulsating supercavities shown in Chapter 3.

Figure Number

3.7
3.16
3.20
3.22
3.28
3.30
3.33

Tunnel
Size
(m)
0.305
1.219
1.219
1.219
1.219
0.305
0.305

Measured
dB
Drop
at fo
17.7
7.8
37.7
13.7
15.4
20.9
26.3

Measured
dB
Drop at
2fo
21.3
21.9
16.2
23.4
23.3
10.0
26.0

Expected
dB Drop
via
Spherical
Spreading
19.8
25.7
27.5
26.8
27.8
20.1
21.6

Expected dB
Drop via
Equation 3.11
20.2
-8.5
6.0
-0.6
0.4
11.7
7.4

Figure 3.28: Photograph of a pulsating supercavity generated in the 1.219 m water
tunnel at 2.05 m/s with a freestream pressure of 97.2 kPa.
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Figure 3.29: Pressure spectra measured by the interior cavity pressure sensor and
the near-field hydrophone for a pulsating supercavity in the 1.219 m water tunnel.
Note that the noise floor is for the near-field hydrophone.

3.5.3 Fully Filled 0.305 m Water Tunnel Experimental
Results
After successfully generating pulsating supercavities in the 0.305 m water tunnel at
a partially filled condition, attempts were made to achieve pulsating supercavities
in the same tunnel, but at fully filled and pressurized conditions. Pulsating supercavities were generated 4 times at these conditions (utilizing the cavitator discussed
in Section 3.2.1), and one specific case is presented below. Note that previously
Skidmore [11] employed a smaller cavitator to achieve pulsating supercavities in a
fully filled, rigid wall water tunnel. Also note that while some researchers report
that pulsation is not possible in a fully filled water tunnel due to the incompressibility of water [14, 28, 29], it is indeed possible, but difficult to achieve. The reason
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it is possible to generate a pulsating supercavity (or any supercavity) in a rigid
wall water tunnel is that water tunnels are compliant. This compliance stems
from the tunnel’s use of pressure from some nearby water reservoir to maintain
fill level. When a supercavity is generated, an appropriate amount of water is
displaced into the reservoir, allowing for the cavity to grow to the length given
by the ventilation rate, velocity, pressure, etc. Thus, the radially spreading of a
cavity during pulsation is not prohibited as any excess cavity volume generated
by pulsation will be appropriately displaced by the water tunnel. The possible
difficulties that can arise when generating pulsating supercavities are discussed
below.
Figure 3.30 shows a photograph of a pulsating supercavity that was generated
in the 0.305 m water tunnel, fully filled and pressurized to 96.5 kPa. The tunnel
was operating with a freestream velocity of 2.84 m/s and the cavity is observed
to be second order. The cavity was measured to have a mean radius of 2.21 cm,
with a radius fluctuation of 1.71 cm, and a length of 11.43 cm. The Figure 3.30
cavity was generated at a velocity and flow rate comparable to that of a cavity that
will be shown in the pre-modulation image of Figure 4.12, yet the cavity generated
in the fully filled tunnel is longer than the cavity generated in a partially filled
tunnel. This phenomenon was observed for all supercavities generated in a fully
filled water tunnel, and has been documented in the literature [11, 12]. Logvinovich
contended that the presence of these rigid wall boundaries of a water tunnel served
to prevent the cavity from expanding in the region of cavity expansion to the point
of maximum diameter, then preventing the cavity from contracting in the region of
cavity contraction to the point of closure, resulting in a longer, more cylindrical
cavity than exists in the free field [12]. These longer cavities are prone to be in
the twin vortex closure regime, as their elongated state makes them behave as
though they possessed an artificially decreased cavitation number below the critical
cavitation number for twin vortex generation.
The spectra of the interior cavity pressure and near-field radiated noise during
pulsation are shown in Figure 3.31. The internal cavity pressure spectrum exhibits
a singularly dominant tone at the pulsation frequency of 35.16 Hz, with an internal
cavity pressure spectrum level of 181.8 dB. The radiated noise measured by the
near-field hydrophone at 35.16 Hz was found to be 160.9 dB, a decrease of 20.9
Hz. This value agrees well with the predicted spherical spreading decrease in
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spectrum level of 20.1 dB for a cavity with a mean radius of 2.21 cm. The near-field
radiated pressure spectrum level predicted by Equation 3.11, however, differs greatly
from the measured near-field pressure spectrum level and the spherical spreading
predicted pressure spectrum level. The Equation 3.11 near-field radiated pressure
spectrum level is 170.1 dB, an 11.7 dB decrease from the interior cavity pressure
spectrum level. The reason Equation 3.11 was not able to accurately predict the
radiated tones from this cavity is that Equation 3.11 has an implicit assumption
that the oscillating monopole can be approximated as a sphere. The pulsating
cavity generated in a fully filled condition, however, is no longer approximately
spherical, as can be seen in Figure 3.30. Instead the cavity shape is much closer to
that of a cylinder, and the spherical approximation breaks down. It is conjectured
that the noise estimate from Equation 3.11 could be improved for this cavity by
decomposing the motion of the surface into an effective radial oscillation velocity
for an equivalent spherical cavity. However, this is beyond the scope of the current
effort.

Figure 3.30: Photograph of a pulsating supercavity generated in a fully filled water
tunnel at 2.84 m/s with a freestream pressure of 96.5 kPa.
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Figure 3.31: Pressure spectra measured by the interior cavity pressure sensor and
the near-field hydrophone for a pulsating supercavity in the 0.305 m water tunnel
at fully filled and pressurized conditions.

3.5.4 Difficulties Associated with Over-Pressurized Ventilation
Experiments were performed in the 0.305 m water tunnel trying to capture the
behavior of pulsating supercavities generated in the 1.219 m water tunnel that
exhibited the second harmonic of the pulsation frequency at an approximate equal
pressure spectrum level as the fundamental frequency. These results were duplicated
in order to determine the cause of this behavior in pulsating supercavities. It was
determined that this phenomenon occurred in both the 0.305 m and 1.219 m water

93

tunnels, for cases where the pressure of the ventilation gas was greater than 620 kPa.
Pulsating cavities exhibiting this behavior are called “dual peak” cavities. For the
cavities exhibiting this dual peak behavior, the radiated acoustic pressure spectrum
level at the pulsation frequency was no longer found to be equal to the spectrum
level of the interior cavity pressure with account made for spherical spreading from
the cavity to the hydrophone. These cavities appear to lose some of the traits of
the assumed monopole sound source, and as such, it is believed that there is a
physical change to the cavity that is causing them to not exhibit pure breathing
motion that is characteristic of monopoles.
For the 1.219 m water tunnel, the need for an excessively large pressure arose
from the fact that the ventilation plumbing was blocked by insulation of the interior
cavity pressure sensor wire. The cavitator possessed a single duct inside the strut
through which both the ventilation gas and interior cavity pressure sensor wire had
to pass. The semi-blocked duct did not allow for ventilation with low “backpressure”
(recall that backpressure is defined as the pressure that was used to drive the
ventilation gas through the cavitator). This forced a greatly increased backpressure
to be set in order for adequate ventilation rates to generate supercavities to be
feasible. It is conjectured that this is the cause of the dual peak behavior observed
for all 1.219 m water tunnel experiments. It is further conjectured that this leads to
the radiated pressure spectrum level at the pulsation frequency being not following
spherical spreading of the interior cavity pressure spectrum level at the pulsation
frequency, as presented in Sections 3.5.1.2 and 3.5.2.2. Possible redesigns of the
cavitator that would rectify the potential for the blockage of the ventilation duct
are discussed in Chapter 6.
However, this dual peak behavior was not limited to the 1.219 m water tunnel.
Experiments in the 0.305 m water tunnel with backpressures above 620 kPa also
exhibited the dual peak behavior. The internal cavity pressure and near-field
radiated noise spectra of one of these cavities are shown in Figure 3.32. The Figure
3.32 spectra corresponds to a cavity generated at 2.0 m/s with a backpressure
of 621.75 kPa. Despite this large backpressure, the ventilation rate employed to
generate this pulsating cavity was only 63.98 lpm. The physical appearance of this
pulsating cavity changed greatly in time, as shown in Figures 3.33 - 3.35. First
observe the cavity as it is shown in Figure 3.33, and call this instant t = 0.0 seconds.
The cavity at this instant appears to be pulsating with minimal higher frequency
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disturbance waves present on the cavity interface. This is contrasted with Figure
3.34, taken at t = 0.268 seconds, which shows a large amount of higher frequency
content on the cavity interface. However, at this time it is still quite clear the
cavity is still pulsating at second order. Figure 3.35, taken only 0.012 seconds after
this (i.e., at t = 0.280 seconds), shows the cavity with a much different shape,
appearing to be third order with higher frequency content on the interface. In
reality, this cavity remains second order, but the second wave has been split by a
higher harmonic, as was also observed in the pulsating supercavity seen in Figure
3.24. The presence of these higher frequency waves show that the pure breathing
motion expected of both pulsating supercavities and ideal monopoles is not the
only motion observed in these dual peak cavities. When the advection of the higher
frequency waves bifurcates the fundamental pulsation frequency waves, as seen in
Figure 3.34, the higher frequency waves create two smaller cavity collapse instances.
The behavior exhibited at these instances is still indicative of a monopole, just with
a reduced value and higher frequency. However, for the instances shown in Figure
3.35, it is conjectured that the cavity is not behaving as a pure monopole in these
instances as the higher frequency waves are disturbing the fundamental pulsation
frequency waves formation and collapse of the second order cavity. With such a
large change in cavity behavior throughout time, the previous acoustic findings for
pulsating supercavities that behave as pure monopoles is not expected to and is
found not to hold for these cavities.
It is conjectured that the reason the overly pressurized cavities exhibit a second
harmonic with spectrum level roughly equal to the fundamental pulsation frequency
is that the gas jet ventilating the supercavity has a higher confined jet velocity
and this induces higher frequency instabilities. This can be seen by comparing
the cavity shown in Figure 3.7, to this overly pressurized shown in Figures 3.33
- 3.35. First consider the Section 3.5.1.1 pulsating cavity; during pulsation, the
cavity exhibited a mean cavity pressure of 97.5 kPa. The pressure history of the
ventilation gas used to generate this cavity began at 328.3 kPa, however, during
the steady ventilation rate that generated pulsation, this value dropped to 13.7
kPa. The over-pressurized ventilation case, by comparison, exhibited a mean cavity
pressure of 98.4 kPa during pulsation. The pressure history of the ventilation
gas used to generate this cavity also began high at 457.8 kPa. However, during
the steady ventilation rate that generated the pulsating supercavity, the pressure
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of the ventilation gas remained at 411.1 kPa. Thus, the increase in mean cavity
pressure between the overly pressurized cavity and Section 3.5.1.1 cavity is within
the uncertainty in mean cavity pressure measurements by the sensor. The largest
difference between these cavities was the pressure of the ventilation gas during
pulsation. Hence, considering the pressure ratio during ventilation, it is expected
that shocks are present in the ventilation ports [58] for the overly pressurized
cavity. It is not clear how this shock creates instabilities at higher harmonics of
the pulsation frequency, however, an interesting consequence of this is that the
near-field radiated noise created by a supercavity can be altered by simply adjusting
the pressure of the ventilation gas.
Ultimately, it can be seen that over-pressurized ventilation is undesirable in
terms of generating a pulsating supercavity. However, in terms of reducing the
radiated tones generated by a pulsating supercavity, it can be seen as desirable, as
the pulsation frequency and higher order harmonic tones were not radiated well.
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Figure 3.32: Spectra of a second order supercavity generated in 0.305 m water
tunnel with an overly large pressure in the ventilation gas.
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Figure 3.33: Photograph of a second order supercavity generated in the 0.305 m
water tunnel with a backpressure of 620 kPa in the ventilated gas. Note that the
second order cavity is dominant with minimal higher frequency content.

Figure 3.34: Photograph of a second order supercavity generated in the 0.305 m
water tunnel with a backpressure of 620 kPa in the ventilated gas. Note that the
higher frequency content is now visible in the cavity.
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Figure 3.35: Photograph of a second order supercavity generated in the 0.305 m
water tunnel with a backpressure of 620 kPa in the ventilated gas. Note that the
higher frequency content is present to the point that the cavity appears to be third
order.
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4.1 Motivation
This portion of the effort is motivated by the desire to mitigate the pulsation
phenomenon in ventilated supercavities. Utilizing the methodology discussed in
Chapter 3, pulsating supercavities could be readily generated in the 0.305 m water
tunnel. The results of Chapter 3 also revealed that the interior cavity pressure
of a monotonic pulsating supercavity was nearly sinusoidal in time. The insight
provided by this fact, combined with additional experimental hardware, is used to
develop a methodology to mitigate the pulsation phenomenon in ventilated supercavities. The effectiveness of this methodology is then explored both numerically
and experimentally in the 0.305 m water tunnel.

4.2 Modulation Background
This dissertation focuses on an open-loop control system, specifically on an openloop control system with a priori modulation frequency estimates. The system is
deemed open-loop because there is no feedback in the control system [59]. The
addition of feedback control would allow for an active control system, however, this
is beyond the scope of this dissertation, and is discussed as a potential future work
topic in Chapter 6.

4.2.1 Parametric Oscillators
A parametric oscillator is a type of harmonic oscillator that has one of its parameters
driven at some frequency. For the classic spring-mass oscillator system, an example
of its parametric oscillator variant would be a spring with a time varying stiffness.
While most of the literature on parametric oscillators focuses on the ability of the
parametric oscillator to create a resonant response (e.g., laser optical parametric
oscillators [60, 61]), a small portion of the parametric oscillator literature has
discussed their use for stabilizing systems. Specifically, this literature focuses on the
potential parametric oscillators have shown for the mitigation of a chaotic response
in systems, and the ability for the parametric oscillation to bring the system back
to regularity. This ability to stabilize a chaotic system has been documented
theoretically [62–65], numerically [63–65], and experimentally [66]. The use of
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parametric oscillators to stabilize systems, however, requires that the parametric
oscillator frequency coincides with the resonance frequency of the system [62–66].
The technique outlined above would not be directly useful for supercavities, as
driving the ventilation rate of supercavity at its resonance frequency can initiate
pulsation [10, 26]. However, the fact that a large change in system state can occur
from a small parametric oscillation promotes the use of parametric oscillators at
frequencies other than the resonance frequency as a potential option for stabilizing
a destabilized supercavity.
To the best of the author’s knowledge there is not any literature on the use of
parametric oscillators to mitigate an autoresonant response of either multiphase
fluid systems or supercavities.

4.2.2 Supercavity Control Theory
The first notion of a priori control of pulsation can be attributed to Semenenko in
1996. Semenenko computationally examined the possibility of subjecting a pulsating
cavity to an external force at some frequency. When the forcing frequency is close
to that of the natural frequency, the pulsation is said to be “reinforced” by the
forcing frequency, and when forced at a frequency away from the natural frequency
the periodic mode was said to be “chaotized” [67]. However, to the best of the
author’s knowledge, no experimental setup was ever designed to investigate this.
Furthermore, while the idea of external forcing to mitigate pulsation is novel, such
a method could not be extended to a practical setting (i.e., outside of a simulation
or laboratory) and, thus, a new technique must be sought.
The fact that pulsation can be “chaotized” via external forcing [67], makes one
question whether the same mitigation could be brought about by internal changes
to the pulsating supercavity. Recalling that parametric oscillators can create
large changes to the system state [62–66], it is intriguing how such a parametric
oscillation would affect a supercavity. Moreover, it would be interesting to see
how a parametric oscillation would affect the pulsation of a supercavity. From
the lack of literature on this topic, it is unclear what the response of this system
would be, so next a numerical model of the effect of a parametric oscillation of
some component of pulsating supercavity generation on the overall stability of the
pulsating supercavity sytem is sought.
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4.3 Simplified Mathematical Model [47]
Song gives that pulsation occurs in ventilated supercavities when the frequency of
the waves that appear on the cavity interface coincides with the natural frequency
of the supercavity [28, 29]. Recall that the natural frequency of a supercavity is
a function of its pressure and size, as given by Equation 2.6. Additionally, recall
that the size of the supercavity is a function of the pressure and the pressure is
a function of the ventilation rate. Hence, it follows that the natural frequency of
the supercavity is a function of the ventilation rate. This suggests that modulation
of the ventilation rate will result in modulation of the natural frequency of the
supercavity. The methodology that was developed, utilizes this fact to stabilize a
pulsating supercavity.
The methodology to stabilize supercavity pulsation, which has its roots in
parametric oscillators, adds a sinusoidal component to the initial steady ventilation
rate that created the pulsating supercavity. This, in turn, should create a supercavity
with a time varying natural frequency. The frequency of waves on the supercavity
interface, by contrast, have a nominally constant frequency, as seen in Chapter
3. Thus, for the case of the supercavity we have a system where the wave driven
external forcing function has a frequency that is different from the natural frequency
of the supercavity most of the time. Thus, employing the findings of Song, our
frequency mismatched, modulated supercavity should not pulsate. This technique
for modulating the ventilation rate can be simply modeled via a modified Hill’s
equation [68], namely:
d2t s + 2%ωo dt s + ωo2 [1 + h sin (ω(t + τ ))] s = Fo sin (ωo t)

(4.1)

where % is the damping constant, ω is the circular modulation frequency, ωo is the
circular constant ventilation rate resonance frequency, τ is a random delay time,
Fo is the magnitude of the forcing function, s is the cavity area, and h is the drive
strength of the modulation. This model is ostensibly a modification to the existing
Song model (which was outlined in Section 2.1), where the cavity area is treated as
a harmonic oscillator. However, this model allows for both damping and variations
of the “spring stiffness” of the harmonic oscillator of Song, due to the modulation
of the ventilation rate. Hence, this model expands the original undamped, unforced
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oscillator model of Song to that of a damped, forced oscillator with a time varying
stiffness. Hence, Equation 4.1 can only be considered a simplistic model for the
modulation of ventilation rate on pulsating supercavities. Additionally, note that
for the results presented herein, the damping parameter, %, was set to zero in
keeping with Song’s undamped model.
The strength of the wave forcing in Equation 4.1 is given by Equation 4.2.
Fo =

ρ
2π

P̃a
Ro
ln rmean

(4.2)

Here Ro is once again the tunnel radius, rmean is the mean cavity radius, and P̃a
is the magnitude of the fluctuating ambient pressure. For the cavity generated
in the 0.305 m water tunnel shown in Figure 3.8, the fluctuating internal cavity
pressure was 3.5 kPa and the average cavity radius was 2.3 cm. By assuming that
the external cavity pressure amplitude is equal to the fluctuating internal pressure
amplitude, we can calculate the magnitude of the unsteady forcing function, Fo , to
be 11.63.
Equation 4.1 was solved numerically using MATLAB’s fourth order explicit
Runge-Kutta solver, ode45 [69], for the case of a cavity pulsating between 10 and
70 Hz at 0.25 Hz intervals, with modulation frequencies between 10 and 70 Hz at
0.25 Hz intervals, and without damping. Modulation strength values range from
0.05 to 0.25, which correspond to oscillations about the constant ventilation rate
resonance frequency from 2.5% to 11.8%, respectively. Such oscillations in the
resonance frequency appear to be feasible without prohibitively large oscillations
in the ventilation rate. This stems from the small slope of typical dimensionless
ventilation rate, CQ̇ = Q̇/(V∞ Dn2 ), versus cavitation number curves in the re-entrant
jet flow regime where it is relatively difficult for air to escape from the cavity [18].
A similar small slope is seen in the pulsation region and, thus, it is concluded
that changes in the cavitation number are possible without large oscillations in
the ventilation rate for pulsating supercavities. The phase variable, τ , was given a
random value between 0 and 2π seconds for each numerical solution.
Typical numerical solutions are shown as black in Figure 4.1. These are
contrasted with an unmodulated (h = 0) response shown in magenta, which shows
constant growth rate over the time interval. The envelope of the unsteady cavity
area was then exponentially regressed (i.e., for the maxima of the unsteady cavity
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area, α in smaxima = eαt was calculated). The exponent of growth rate values were
then contour plotted for the domain of modulation and natural frequencies. The
cases of h = 0.05, 0.1, 0.15, 0.2, and 0.25, are shown below in Figures 4.2 - 4.6,
respectively. In these figures, white regions correspond to a stabilized solution (as
seen in Figure 4.1a), green through orange regions correspond to bounded growth
(as seen in Figure 4.1b and 4.1c, respectively), and red regions correspond to an
unbounded growth (as seen in Figure 4.1d). It is worth noting again that the
bounded growth solutions remain oscillating, but perhaps at a different frequency.
As such, the model is not able to provide a conclusive result on the effectiveness
of that combination of natural frequency and modulation frequency for solution
stability.
For initial estimates, a nominal value of h =0.05 was employed and a stability
envelope was generated, which is shown in Figure 4.2. From the figure it is clear
that this modulation strength is likely to be ineffective at providing a stabilized
solution via parametric oscillation. Recall that effective modulation conditions
result in a white region on the stability envelope plot. Figure 4.2 contains white
regions only in the narrow-band region near twice the natural frequency of pulsation.
However, also in this narrow-band region is a dark red region, where the solution is
prone to a strong destabilization as the modulation frequency is at a harmonic of
the natural frequency. Thus, a modulation strength of 0.05 can be considered too
low to provide for robust solution stabilization via parametric oscillation.
Figure 4.3 shows the effects of modulating with a strength of h = 0.10. As was
the case for h =0.05, the h = 0.10 stability envelope has a small stable (i.e., white)
region in the narrow-band region surrounding the modulation frequency equaling
twice the natural frequency line. This line is unstable as it is effectively driving the
oscillator at a harmonic of the resonance frequency. This modulation strength also
shows the possibility of modulation effectively creating a stable solution, provided
the natural frequency is above 65 Hz. However, with additional experimental
insight from the results of Chapter 3 and Skidmore [11], this range of natural
frequencies is higher than those expected in the case of pulsating supercavities.
Thus, this modulation strength would not provide a robust mitigation technique
for this application, and even higher modulation strengths should be sought.
Figure 4.4 shows the effects of modulating with a strength of h = 0.15. This
modulation strength, unlike those shown in Figures 4.2 and 4.3, is the first to feature
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a large stable region in the natural frequencies interest (i.e., 30-60 Hz [11]). In
this region, a wide range of modulation frequencies could be employed to produce
a stable solution. Hence, for this application, h = 0.15 can be considered the
minimum modulation strength for effective solution stabilization.
Figure 4.5 shows the effects of modulating with a strength of h = 0.20. As was
the case for h = 0.15, the h = 0.20 contour plot offers a wide range of modulation
frequencies that create a stable solution for the natural frequency range of interest
(which, again, is 30-60 Hz). However, unlike the h = 0.15 contour plot, the h = 0.20
contour plot offers solution stability in this natural frequency range with modulation
frequencies of 38 Hz and above. If possible to achieve, a yet higher modulation
strength of 0.25, would provide for an even wider range of modulation frequencies
to produce a stable solution, as shown in Figure 4.6. However, considering this
is simply a numerical study of the effect of modulation strength, it is entirely
possible that these higher modulation strengths would not be able to be physically
generated.
Ultimately, the results of this numerical study suggest that the higher the
modulation strength, the more robust the modulation methodology would be at
creating a stable solution for a wide range of modulation frequencies. This is shown
by the the increase in the area of stable regions on the contour plot that occurs as
the modulation strength was increased. The results of the numerical study also
suggest that a minimum modulation strength of 0.15 would be required for the
modulation methodology to provide for a robust technique of solution stabilization.
While the model examined is admittedly simplistic, the numerical results of robust
stability that it predicted were promising enough to motivate an experimental effort
in the 0.305 m water tunnel to test the effectiveness of the modulation methodology
on mitigating pulsation in ventilated supercavities.
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(a) fo = 20 Hz, fmod = 36 Hz.

(b) fo = 45 Hz, fmod = 70 Hz.

(c) fo = 10 Hz, fmod = 15 Hz.

(d) fo = 20 Hz, fmod = 40 Hz.

Figure 4.1: Typical unsteady cavity area, s, growth predictions (shown in black) for
different resonance frequencies, fo , ventilation rate modulation frequencies, fmod ,
and a modulation strength, h, of 0.10 resulting from the numerical solution of
Equation 4.1. These are compared to the unmodulated (h=0) growth prediction
(shown in magenta) also resulting from the numerical solution of Equation 4.1 [47].
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Figure 4.2: Stability envelope for Hill’s equation model, h=0.05.

Figure 4.3: Stability envelope for Hill’s equation model, h=0.10 [47].
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Figure 4.4: Stability envelope for Hill’s equation model, h=0.15 [47].

Figure 4.5: Stability envelope for Hill’s equation model, h=0.20 [47].
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Figure 4.6: Stability envelope for Hill’s equation model, h=0.25 [47].
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4.4 Experimental Setup
The modulation of the ventilation rate was performed with the Kelly Pneumatics
KPS-10-A0-4 high speed proportional valve pictured in Figure 4.7. The KPS is
essentially a high speed butterfly valve with a frequency response range of 0 to
500 Hz, as per the manufacturer’s specifications [70]. The modulation created
by the valve was controlled by the voltage input to the valve. Thus, modulation
frequencies were ultimately controlled by a Stanford Research Systems DS 345
function generator, which connected to an AE Techron 7224 AC amplifier to boost
the voltage signal generated. The output of the AC amplifier was fed directly
into the valve. The function generator was set to generate sine waves at varying
frequencies with an input voltage of 7.07 volts (the RMS voltage of 10 volts). The
valve operated such that an input voltage of 7.07 volts corresponded to the valve
being fully open and an input voltage of 0 volts corresponded to a closed valve.
Please note that the valve read both positive and negative voltages as an open
configuration, thus, the response of the valve was more akin to the absolute value
of a sine wave than the initial sine wave created by the function generator.
The baseline experimental hardware, facility, and instrumentation outlined in
Section 3.2.3 was modified for the modulation experiments. The modifications
consisted of the addition of a Sensirion SFM3000 flow meter and KPS valve into
the ventilation ductwork. The Sensirion flow meter was placed between the high
speed butterfly valve and cavitator. The Sensirion SFM3000 flow meter has a
frequency response of up to 2 kHz, as per the manufacturer’s specifications [71],
but was set to 125 Hz due to limitations on the USB polling rate, for the effort
reported herein. Figure 4.8 shows the percent reduction in mean ventilation rate as
a function of valve modulation frequency, as measured by the Sensirion flow meter.
The reduction ranged from approximately 16% at 10 Hz to 55% at 60 Hz.

4.5 Experimental Procedure for Suppressing
Pulsation in Ventilated Supercavities [47]
Before the effect of modulating the ventilation rate on a pulsating supercavity could
be explored, first a pulsating supercavity had to be established with the butterfly
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Figure 4.7: Photograph of the Kelly Pneumatics KPS-10-A0-4 high speed butterfly
valve used in these experiments [47].
valve fully open. In order to do this, the ventilation rate required to generate
a pulsating supercavity at the desired testing conditions had to be determined.
As such, a baseline pulsating supercavity was generated following the previously
published methodology [11, 19, 72], which is outlined in Section 3.4.1. Once the
ventilation rate required to generate a pulsation supercavity was determined, the
methodology outlined in Section 3.4.1 was modified slightly in order to allow for
a repeatable ventilation rate time history for successive experiments. This was
achieved by first modifying the quick-burst method discussed in Section 3.4.1, such
that the quick-burst of ventilation gas was performed without an existing re-entrant
jet supercavity. This modification was made in order to prevent any hysteretic
effects from influencing either the ventilation rate time history or the final closure
regime. The second modification to the Section 3.4.1 procedure was to eliminate the
ventilation rate overshoot and drop process from the quick-burst procedure. The
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Figure 4.8: Reduction in mean ventilation rate from modulating the butterfly valve
versus modulation frequency. The solid black line is a linear regression of the
experimental data points, and is given by Mean − Flow%reduction = 0.9719fmod [47].
Kates valve responsible for controlling the overshoot of the ventilation rate was left
set to the final condition that generated the baseline pulsating supercavity. Instead,
the same overshoot effect was created by having a ball valve control the ventilation
initiation. The experimental setup required that a backpressure above ambient
pressure be set in order to drive the ventilation gas into the water tunnel. Thus,
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when the ball valve was opened, a large backpressure drove the transient ventilation
rate quickly to a large value. However, once the large initial backpressure decreased
to its final, steady, operating value, the ventilation rate also decreased to its final,
steady, operating value. Hence, the ball valve control enabled both a repeatable
ventilation overshoot and a repeatable final ventilation rate. However, it should
be noted that this ball valve method is not ideal for generation of the baseline
pulsating supercavity.
Once the pulsating supercavity was initiated, it was allowed to pulsate for roughly
20 seconds with the butterfly valve fully open (i.e., ventilation rate constant) prior
to modulating the ventilation rate. After modulation was initiated, the supercavity
was observed for approximately 30 seconds in order to determine what changes, if
any, occurred to the supercavity due to modulation of the ventilation rate. In all
cases, the modulation was initiated at an arbitrary phase with respect to supercavity
pulsation since, according to the analysis of Equation 4.1 detailed in Section 4.3, the
modulation phase, τ , has no impact on the effectiveness of modulation to stabilize
the system.
As modulating the ventilation rate with the butterfly valve reduced the mean
ventilation rate, it was imperative to determine the effect of the modulation on the
pulsation, independent from the effect of the reduced mean ventilation rate. To
that end, after the desired modulation frequencies were tested in each test sequence,
the ventilation rate was reduced with the butterfly valve fully open, until the
supercavity ceased pulsating and transitioned into either a twin vortex or re-entrant
jet closure regime and this flow rate was recorded as Q̇min , the minimum acceptable
ventilation rate. In all the cases where the ventilation rate was modulated and the
effect on the supercavity is attributed to this modulation, the mean ventilation
rate with modulation was greater than the minimum acceptable ventilation rate.
Checks on the supercavity closure were performed where the ventilation rate was
reduced as quickly as possible to the point where pulsation ceased and where the
ventilation rate was gradually reduced to the point where pulsation ceased. In all
cases, the quick reduction in ventilation rate produced the same supercavity closure
as the gradual reduction in ventilation rate test performed at the end of each test
sequence.
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4.6 Modulation of Gas Injection Experimental Results
4.6.1 Preliminary Results [72, 73]
Once pulsating supercavities had been generated in the 0.305 m and 1.219 m water
tunnels, and a methodology for the mitigation of the pulsation phenomenon had
been developed, a series of experiments aimed at mitigating pulsation were designed.
The results from of the first few experiments testing the modulation methodology
are presented below.
Consider two pulsating cavities that were generated at identical testing conditions, with a freestream velocity of 2.05 m/s and a freestream pressure of 104.8 kPa.
Both were pulsating at 38.8 Hz (±0.06 Hz) prior to modulating the ventilation
rate. The ventilation rate of the first cavity was modulated at 32.0 Hz. Within
0.3 seconds of initiating modulation, the pulsation frequency increased to 41.0 Hz,
and the amplitude of both the cavity interior pressure and the radiated sound
pressure decreased 4.0 dB as shown in Figure 4.9. The cavity generated was initially
second order, however, the spectral changes occurring within the first 0.3 seconds of
modulation initiation were accompanied by the cavity transitioning to third order as
also seen in Figure 4.9. These results indicate that modulating the ventilation rate
was effective at shifting the supercavity resonance frequency, but the modulation
frequency utilized was not sufficient to stabilize the system and mitigate pulsation.
The ventilation rate of the second cavity, on the other hand, was modulated at
28.0 Hz and within 0.1 seconds of initiating modulation, the pulsation of the cavity
was suppressed. When modulation was initiated, the 38.8 Hz surface traveling
waves disappeared and wavelike disturbances corresponding to a 49.0 Hz frequency
appeared. The amplitude of these 49.0 Hz surface traveling waves, however, decayed
to a non-observable level over a period of 1.5 seconds, at which time the cavity
visually transitioned to the twin vortex closure regime. However, it is worth noting
that the internal cavity pressure time history suggests this transition occurred in
0.1 seconds. The internal cavity pressure and near-field noise spectra shown in
Figure 4.10 were recorded over an approximate 23 second window prior to initiating
ventilation modulation, and 33 second after. The spectra show that the effect of
modulation was to reduce the cavity pressure and radiated noise spectrum level, at
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the pulsation frequency 35 dB to the continuum (a near two order-of-magnitude
reduction in both interior pressure and radiated sound pressure). The cavity before
and after modulating the ventilation rate is also shown in Figure 4.10. A summary
of all the testing conditions examined in this preliminary set of experiments is
presented in Table 4.1.
One weakness of these preliminary experiments, was that the unsteady ventilation rate during modulation changed more rapidly than could be measured
via the Sierra SteelMass 640S flow meter. To ensure that this was rectified, the
Sensirion high speed mass flow meter was implemented in the experiments that
followed this initial set of experiments. Additionally, minimum mean flow rate that
generated a pulsating supercavity for these conditions (i.e., the Q̇min detailed in
Section 4.5) was not directly measured for these experiments. Instead, the pulsating
supercavity that was generated with lowest mean ventilation rate at these conditions
was used to set the Q̇min value. This potentially could result in discarding valid
experimental runs that remained above the true minimum ventilation rate. Hence,
future experiments featured runs dedicated to measuring the minimum ventilation
rate that would generate a pulsating supercavity. Despite the weaknesses of the
preliminary experiments, this set of experiments did suggest that modulation of
the ventilation rate is an effective means of pulsation mitigation, and are the first
example of the modulation methodology being implemented experimentally: thus,
they have been included in this dissertation.
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Table 4.1: Testing conditions for the preliminary experiments. Froude number is a
constant 3.6 for this set of experiments. Note that, while this set of experiments
lacked a high frequency mass flow meter, the lowest mean ventilation rate that
generated a pulsating supercavity at these conditions was used as Q̇min . The
experiments with a mean flow rate below this Q̇min are highlighted in cyan.
fo [Hz]
38.8
37.8
38.3
38.6
38.6
38.8
38.1
38.6
39.1
38.3
38.1
38.1
37.8
38.3

Initial Tone
Level [dB]
186.8
187.5
188.7
189.6
189.0
187.7
187.9
187.4
182.6
188.2
188.3
185.9
188.3
188.4

fmod
[Hz]
28.0
28.5
29.0
29.5
30.0
32.0
33.0
33.5
34.0
40.0
57.0
60.0
64.0
67.0

Closure Regime

fomod

Twin Vortex
Pulsation
Twin Vortex
Pulsation
Pulsation
Pulsation
Pulsation
Pulsation
Twin Vortex
Twin Vortex
Twin Vortex
Twin Vortex
Twin Vortex
Twin Vortex

N/A
41.0
N/A
41.3
41.3
41.0
41.5
41.5
N/A
N/A
N/A
N/A
N/A
N/A
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Modulated Tone
Level [dB]
N/A
183.0
N/A
184.0
187.7
183.1
183.1
184.1
N/A
N/A
N/A
N/A
N/A
N/A

38.8 Hz

32.0 Hz 41.0 Hz

(a)

(b)

Transition
Pulsation

Pulsation

Modulation

(c)

(d)

(e)

Figure 4.9: Supercavity that was initially pulsating at 38.8 Hz, that underwent
modulation of the ventilation rate at a frequency of 32.0 Hz applied at t=0.0 seconds
and the resulting shift in pulsation frequency to 41.0 Hz. Figures 4.9a and 4.9b
show the pressure spectra measured by the interior cavity pressure sensor (in red)
and near-field hydrophone (in blue) before and after modulation of the ventilation
rate, respectively. Figure 4.9c shows the interior pressure time history when the
supercavity underwent modulation. Figures 4.9d and 4.9e show photographs of the
cavity before and after modulation of the ventilation rate, respectively [72, 73].
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38.8 Hz
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Twin Vortex

Pulsation

Modulation
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(d)
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Figure 4.10: Supercavity that was initially pulsating at 38.8 Hz, that underwent
modulation of the ventilation rate at a frequency of 28.0 Hz applied at t=0.0
seconds and the resulting transition to the twin vortex closure regime. Figures
4.10a and 4.10b show the pressure spectra measured by the interior cavity pressure
sensor (in red) and near-field hydrophone (in blue) before and after modulation
of the ventilation rate, respectively. Figure 4.10c shows the interior pressure time
history when the supercavity underwent modulation. Figures 4.10d and 4.10e
show photographs of the cavity before and after modulation of the ventilation rate,
respectively [72, 73].
120

4.6.2 Experimental Results [47]
For the following section, the Sensirion mass flow meter was installed. This
allowed for all ventilation rates to be checked to be above the minimum acceptable
ventilation rate for pulsating supercavity generation, Q̇min , which was discussed in
Section 4.5. A few experimental cases are highlighted and discussed below, however,
initial pulsation frequency, initial interior cavity pressure spectrum level, modulation
frequency, modulation closure regime, modulated frequency, and modulation interior
cavity pressure spectrum level data for all experiments performed are given in
Appendix B.
A typical case where modulating the ventilation rate caused a pulsating supercavity to transition to the twin vortex closure regime is shown in Figure 4.11.
The supercavity shown was generated at a tunnel velocity of 1.8 m/s and was
initially pulsating at 36.7 Hz. Modulation of the ventilation rate was initiated at a
time denoted as t = 0.0 seconds with a frequency of 27.5 Hz. Approximately 0.5
seconds after initiating modulation, the cavity interior pressure spectrum level at
the pulsation frequency decreased from 184.4 dB to 155.7 dB (a 28.7 dB reduction)
and the spectrum level of the pulsation tone measured by the window hydrophone
decreased a commensurate amount; 23.4 dB. The supercavity was observed to
exhibit the twin vortex closure regime for the entire time period over which the
ventilation rate was modulated, only terminating when the ventilation rate was set
to nil. A summary of the the testing conditions for this case, and all other cases
reported in this section, is given in Table 4.2.
Another case where modulating the ventilation rate caused a pulsating supercavity to transition to the twin vortex closure regime is shown in Figure 4.12. In
this case, the supercavity was generated at a tunnel velocity of 2.7 m/s and was
initially pulsating at a frequency of 39.2 Hz. After pulsating for approximately 12
seconds, the ventilation rate was modulated at a frequency of 40.0 Hz. Within 0.25
seconds of modulation initiation, the cavity interior pressure spectrum level at the
pulsation frequency decreased from 185.8 dB to 140.5 dB (a 45.3 dB reduction)
and the spectrum level of the pulsation tone measured by the window hydrophone
decreased 45.1 dB.
The transition to the twin vortex closure regime should create a stationary
cavity. To see this, compare the after modulation image of the cavity shown in
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Figure 4.12e to the final image of the cavity before the Phatom v311 camera filled
its memory (3.941 seconds after modulation initiation), shown in Figure 4.13. The
cavity is still clearly twin vortex and the length of the cavity was not observed to
change within the accuracy of the scaling measurement from the instant shown in
Figure 4.12e.
To better understand the processes by which modulation of the ventilation
rate suppresses pulsation, a series of high speed images highlighting the details
of the process are shown in Figure 4.14 for the case described in the previous
paragraph (and shown in Figure 4.12). Figure 4.14a shows the initially pulsating
ventilated supercavity and Figure 4.14b shows the supercavity at the instant at
which modulation was initiated. Only 0.01 seconds after modulation was initiated,
the first pulsation wave was skipped, as shown in Figure 4.14c. After the first
pulsation wave was skipped, the subsequent pulsation waves decayed in amplitude,
as shown in Figure 4.14d taken 0.059 seconds after modulation was initiated. The
skipping and decay of the pulsation waves occurred due to the presence of higher
frequency perturbation waves, of approximately 100 Hz frequency, which broke up
the pulsation wave peaks and troughs, effectively reducing their amplitude as shown
in Figure 4.14e. This process by which the 100 Hz perturbation waves interacted
with the pulsation waves became more pronounced with time until, less than 0.25
seconds after modulation was initiated, the cavity transitioned to the twin vortex
closure regime, as shown in Figure 4.14f. Note the presence of the 100 Hz haystack
in the Figure 4.12 cavity interior pressure spectrum with modulation and during
twin vortex closure resulting from the 100 Hz perturbation waves.
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36.7 Hz

27.5 Hz 39.2 Hz

(a)

(b)

Transition
Pulsation

Twin Vortex

Modulation

(c)

(d)

(e)

Figure 4.11: Supercavity that was initially pulsating at 36.7 Hz, that underwent
modulation of the ventilation rate at a frequency of 27.5 Hz applied at t=0.0
seconds and the resulting transition to the twin vortex closure regime. Figures
4.11a and 4.11b show the pressure spectra measured by the interior cavity pressure
sensor (in red) and near-field hydrophone (in blue) before and after modulation
of the ventilation rate, respectively. Figure 4.11c shows the interior pressure time
history when the supercavity underwent modulation. Figures 4.11d and 4.11e
show photographs of the cavity before and after modulation of the ventilation rate,
respectively [47].
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Figure 4.12: Supercavity that was initially pulsating at 39.2 Hz, that underwent
modulation of the ventilation rate at a frequency of 40.0 Hz applied at t=0.0
seconds and the resulting transition to the twin vortex closure regime. Figures
4.12a and 4.12b show the pressure spectra measured by the interior cavity pressure
sensor (in red) and near-field hydrophone (in blue) before and after modulation
of the ventilation rate, respectively. Figure 4.12c shows the interior pressure time
history when the supercavity underwent modulation. Figures 4.12d and 4.12e
show photographs of the cavity before and after modulation of the ventilation rate,
respectively [47].
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Figure 4.13: Photograph of the supercavity shown in Figure 4.12, 3.941 seconds
after modulation initiation. Note that the cavity length has not changed from
Figure 4.12e and the cavity is still clearly twin vortex.
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t = -0.1555 sec

t = 0 sec

a)

b)

t = 0.0367 sec

t = 0.0590 sec
1

c)

d)

t = 0.1172 sec

e)

t = 0.2300 sec
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f)

Figure 4.14: Photographs taken at 4000 fps of a pulsating supercavity that transitioned to the twin vortex closure regime due to modulation of the ventilation
rate. Figure 4.14a shows the initial pulsating supercavity and Figure 4.14b shows
the moment that modulation of the ventilation rate was initiated. Figure 4.14c,
taken 0.01 seconds after modulation initiation, shows the first pulsation wave that
was skipped (highlighted by arrow # 1). Figure 4.14d shows approximately 100
Hz perturbation waves interacting with the pulsation wave crests and troughs,
effectively weakening the pulsation wave. This interaction between the pulsation
waves and perturbation waves continued as (highlighted by arrow # 2) shown
in Figure 4.14e, until 0.23 seconds after the initiation of modulation, the cavity
transitioned to the twin vortex closure regime, as shown in Figure 4.14f. Note
the presence of the perturbation waves on the interface shown in Figure 4.14f and
the presence of an approximate 100 Hz haystack in the internal cavity pressure
spectrum during modulation shown in Figure 4.12 [47].
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Despite the fact that modulation of the ventilation rate was effective at suppressing pulsation over a wide range of frequencies, not all modulation frequencies
resulted in twin vortex closure. Some modulation frequencies simply shifted the
pulsation frequency away from its initial value without suppressing it, as shown in
Figure 4.15. In this case, the ventilated supercavity was generated at conditions
nearly identical to the cavity shown in Figure 4.11 (a tunnel velocity of 1.8 m/s
with a pulsation frequency of 37.1 Hz). The Figure 4.15 ventilated supercavity
pulsated for approximately 16 seconds before the ventilation rate was modulated
at 15.0 Hz. Approximately 0.75 seconds after initiating modulation, the pulsation
frequency increased from 37.1 Hz to 41.4 Hz, although the spectrum level of both
the cavity interior pressure and radiated sound remained largely unchanged due
to modulation; increasing 1.6 dB and 0.8 dB, respectively. For those cases where
modulation of the ventilation rate did not suppress pulsation but simply shifted its
frequency, the frequencies typically shifted upward. This was expected since, at a
given velocity and without modulation, smaller cavities of a given order pulsate
at higher frequencies [11], however, this proved to not always be the case with
modulation.
Figure 4.16 shows the case of a ventilated supercavity generated at 2.7 m/s,
initially pulsating at a frequency of 38.3 Hz before a modulation frequency of 20.0
Hz was applied to the ventilation rate at 0.0 seconds. Within 0.25 seconds of
modulation initiation, the pulsation frequency decreased to 37.2 Hz and the cavity
interior pressure spectrum level and radiated noise spectrum level decreased 3.5 dB
and 5.4 dB, respectively. The only way it is possible for the modulated cavity to
pulsate at a lower frequency than the cavity in the absence of modulation, as they
are the same order and velocity is constant, is for the modulated cavity to grow
in length. It is noteworthy that with modulation, the cavity increased in length
even though the mean ventilation rate was reduced by 19.7%, as per Figure 4.8.
It is also worth noting that with the decrease in mean ventilation rate, the cavity
was observed to decrease in volume by only 6.0%. This suggests that modulation
of the ventilation rate may also provide a means to reduce the ventilation rate
requirements of ventilated supercavities.
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Pulsation

Modulation

(c)

(d)

(e)

Figure 4.15: Supercavity that was initially pulsating at 37.1 Hz, that underwent
modulation of the ventilation rate at a frequency of 15.0 Hz applied at t=0.0 seconds
and the resulting shift in pulsation frequency to 41.4 Hz. Figures 4.15a and 4.15b
show the pressure spectra measured by the interior cavity pressure sensor (in red)
and near-field hydrophone (in blue) before and after modulation of the ventilation
rate, respectively. Figure 4.15c shows the interior pressure time history when the
supercavity underwent modulation. Figures 4.15d and 4.15e show photographs of
the cavity before and after modulation of the ventilation rate, respectively [47].
128

Figure 4.17 shows a series of high speed images of the ventilated supercavity
during this pulsation frequency-shifting process. Figure 4.17a shows the ventilated
supercavity initially pulsating at 38.3 Hz and Figure 4.17b shows the cavity at
the instant at which 20.0 Hz modulation was initiated. Figure 4.17c shows that
approximately 0.08 seconds after modulation was initiated, higher frequency (approximately 85 Hz) perturbation waves began to appear on the interface that filled
in and broke up the pulsation wave troughs and peaks. Figure 4.17d shows that
0.2 seconds after modulation was initiated, the first pulsation wave was skipped,
similar to the cases where pulsation was suppressed. Approximately 0.025 seconds
after the pulsation wave was skipped, however, the pulsation waves returned but, at
this time, the higher frequency perturbation waves reinforced the peaks and further
reduce the troughs as shown in Figure 4.17e. The higher frequency perturbation
waves decayed and pulsation continued but at a frequency of 37.2 Hz, as shown in
Figure 4.17f taken 0.24 seconds after modulation was initiated. Careful examination
of the images show clearly that the modulated cavity is longer than the cavity
in the absence of modulation. However, no clear clear relationship between the
pulsation frequency, modulation frequency, and frequency of the perturbation waves
resulting from modulation could be determined.
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Figure 4.16: Supercavity that was initially pulsating at 38.3 Hz, that underwent
modulation of the ventilation rate at a frequency of 20.0 Hz applied at t=0.0 seconds
and the resulting shift in pulsation frequency to 37.2 Hz. Figures 4.16a and 4.16b
show the pressure spectra measured by the interior cavity pressure sensor (in red)
and near-field hydrophone (in blue) before and after modulation of the ventilation
rate, respectively. Figure 4.16c shows the interior pressure time history when the
supercavity underwent modulation. Figures 4.16d and 4.16e show photographs of
the cavity before and after modulation of the ventilation rate, respectively [47].
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t = -0.1555 sec

t = 0 sec
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t = 0.1172 sec
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t = 0.2300 sec

Figure 4.17: Photographs taken at 4000 fps of a pulsating supercavity shifting
its pulsation frequency due to modulation of the ventilation rate. Figure 4.17a
shows the supercavity initially pulsating at a frequency of 38.3 Hz and Figure
4.17b shows the cavity at the moment at which modulation of the ventilation
rate was initiated. Figure 4.17c, taken 0.0367 seconds after modulation initiation,
shows approximately 85 Hz perturbation waves that appeared on the troughs of
pulsation waves (highlighted by arrow # 1). Figure 4.17d, taken 0.0590 seconds after
modulation initiation, shows the first pulsation wave that was skipped (highlighted
by arrow # 2). Figure 4.17e, taken 0.1172 seconds after the initiation of modulation,
shows the reappearance of pulsation waves in phase with the 85 Hz perturbation
waves (highlighted by arrow # 3). These 85 Hz perturbation waves then began to
decay until the cavity transitioned to a supercavity, bereft of the 85 Hz perturbation
waves, but pulsating at a frequency of 37.2 Hz, as shown in Figure 4.17f taken
0.2300 seconds after modulation initiation. Note the presence of an approximate
85 Hz haystack in the internal cavity pressure spectrum during modulation shown
in Figure 4.16 [47].

131

4.6.3 Determining Modulation Strength [47]
The final piece of data required to validate the simplistic Hill’s equation model given
by Equation 4.1, was the value of the modulation strength, h. To calculate the modulation strength, the modulation term of Equation 4.1 (i.e., [1 + h sin (ω(t + τ ))] s)
was examined to determine the relationship between modulation strength and natural frequency. From this term, it was determined that the value of the modulation
strength, hcalc , could be calculated by Equation 4.3 from a series of experimental
frequency-shift cases.


hcalc

fo − |δfo |
= −1 + 1 + 1 −
fo

2
(4.3)

Here δfo is the change in pulsation frequency due to modulation. The pulsation
frequency shift cases presented in Section 4.6.2 detailed cavities whose pulsation
frequency shifted from 37.1 to 41.4 Hz (as shown in Figure 4.15) and from 38.2 to
37.2 Hz (as shown in Figure 4.16), which correspond to an 11.5% increase and a
2.9% decrease in cavity resonance frequency, respectively. This indicates that, as
per Equation 4.3, the modulation strength at these frequencies, should be greater
than 0.24 in order to achieve a stable solution and suppress pulsation as opposed
to simply reduce the cavity growth rate and shift its pulsation frequency. Analysis
of all such cases where the pulsation frequency was shifted due to modulation of
the ventilation rate, found that the median, mean, and standard deviation of hcalc
are 0.08, 0.11, and 0.09, respectively. Figure 4.18 shows the unsteady cavity area
exponential growth rate contours for h = 0.2, with 126 experimental data points
obtained in the water tunnel plotted as well, for comparison. This value of h was
selected as it encompassed the calculated modulation strength values within one
standard deviation of the mean, as well as accurately capturing the trends of the
experimental data. In Figure 4.18, the blue x’s represent cases where modulation
of the ventilation rate resulted in a change in pulsating supercavity frequency,
but where pulsation was not suppressed; whereas the black o’s represent cases
where modulation suppressed pulsation, transitioning the pulsating supercavity into
the twin vortex closure regime. The experimental data agrees favorably with the
numerical prediction, especially considering the simplicity of the analytical model.
It is worth noting that the analytical model, experimental data, and computational
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model (as discussed in Chapter 5) are all in agreement regarding the utility of this
method for controlling ventilated supercavity pulsation and noise. Finally, note
that despite the fact that these experiments were performed with a disembodied
cavitator, the extension of this methodology to a supercavity encasing a body is
trivial.

Figure 4.18: Unsteady cavity area, s, exponential growth rate contours for h=
0.20 predicted from the numerical solution of Equation 4.1 for 10≤ fo ≤ 70 and
10≤ fmod ≤ 70 with water tunnel data plotted for comparison. The blue x’s
represent cases where modulation of the ventilation rate resulted in a shift in the
pulsation frequency, but modulation did not suppress pulsation. The black o’s
represent cases where modulation suppressed pulsation; transitioning the cavity
into the twin vortex closure regime. The exponential growth rate of s predicted for
the unmodulated (h=0) system is denoted by the star on the color bar [47].
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Table 4.2: Testing conditions for the figures shown in Section 4.6. Note that the cavitation numbers were calculated using
the given equation numbers of May [9].
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Fig.
Number

Fr

4.9
4.10
4.11
4.15
4.12
4.16

3.67
3.67
3.23
3.23
4.87
4.87

σM AY
Eqn.
3-5
0.67
0.22
0.60
0.61
0.60
0.60

CQ̇

fo [Hz]

Tone
Level
[dB]

1.09
1.08
1.47
1.44
0.93
0.91

38.8
38.8
36.7
37.1
39.2
38.3

187.7
186.8
184.4
185.4
185.8
183.4

fmod
[Hz]
32.0
28.0
27.5
20.0
40.0
15.0

Closure

σM AYmod
Eqn.
3-5

CQ̇mod

fomod
[Hz]

Pulsation
Twin Vortex
Twin Vortex
Pulsation
Twin Vortex
Pulsation

0.55
0.58
0.80
0.60
0.50
0.48

0.80
0.82
1.04
1.19
0.67
0.73

41.0
N/A
N/A
41.4
N/A
37.2

Mod
Tone
Level
[dB]
183.1
N/A
N/A
187.0
N/A
179.9

4.6.4 Caveat on the Modulation Technique
The presence of a backpressure (i.e., pressure used to drive the ventilation) above 620
kPa can result in the loss of the tone at the modulation frequency dominating the
ventilation rate spectrum. This can result in the modulation of the ventilation rate
behaving unlike a theoretical parametric oscillator. When this occurs, the numerical
model given by Equation 4.1 is no longer valid. This occurs because additional
spectral content appears in the ventilation rate spectrum of the ventilation gas
injected into the cavities. As long as the injected ventilation gas has a backpressure
below 620 kPa, the numerical model given by Equation 4.1 was observed to hold.
The results presented in Chapter 4 have all been verified to have dominance of the
modulation frequency tone in their ventilation rate spectra. It is conjectured that
the reason additional spectral content appears in these supercavities is that shocks
are present somewhere in the ventilation system. The presence of these shocks
can be verified by examining the pressure ratio between the backpressure and the
ambient tunnel, if the ratio of backpressure to tunnel pressure is greater than 1.893,
shocks could be present somewhere in the ventilation ductwork [58].
To see the effect of a backpressure above 620 kPa upstream of the butterfly
valve on the mass flow rate spectrum during modulation, first consider a pulsating
supercavity generated with a backpressure below 620 kPa. Figure 4.19 shows the
spectrum measured by the Sensirion mass flow meter during the modulation of the
ventilation rate for the second cavity that was discussed in Section 4.6.2 (i.e., Figure
4.12). Recall that the pulsating cavity was generated at 2.7 m/s and was initially
pulsating at 39.2 Hz. Further, recall that the cavity was then modulated at 40.0 Hz,
and it transitioned to the twin vortex closure regime due to modulation. The mass
flow meter measured a singularly dominant tone in the ventilation rate spectrum
at the modulation frequency. This is expected, as the modulation frequency should
be the only tone present in the ventilation duct during modulation. The initial
backpressure to tunnel pressure ratio was 5.45 when ventilation was initiated, and
during the experiment the backpressure to tunnel pressure ratio was 4.82 during
initial ventilation (i.e., before modulation). Thus, weak shocks are expected in
the ventilation ductwork, however, these do not appear to have an effect on the
ventilation rate spectrum.
The dominance of the modulation frequency tone in the ventilation rate spectrum

135

for experiments without an overly large backpressure is not limited to experiments
where pulsation was mitigated. A similar dominant tone at the modulation frequency
is also observed in the mass flow spectrum of Figure 4.20. This mass flow spectrum
corresponds to the modulation of the ventilation rate of the fourth cavity discussed
in Section 4.6.2 (i.e., Figure 4.16). The cavity was generated at the same conditions
as the cavity detailed in the previous paragraph, and was initially pulsating at 38.3
Hz before a 20.0 Hz modulation frequency was applied. The effect of the modulation
of the ventilation rate was to shift the pulsation frequency to 37.2 Hz. The mass flow
spectrum during modulation exhibited a dominant tone at the modulation frequency.
However, it also exhibited a second tone at the pulsation frequency. This suggests
that the oscillating cavity pressure could be felt upstream in the ventilation duct at
the mass flow meter location. The initial backpressure to tunnel pressure ratio was
5.28 when ventilation was initiated, and during the experiment the backpressure to
tunnel pressure ratio was 4.78 during initial ventilation (i.e., before modulation).
Thus, we expect similar weak shocks in the ventilation ductwork. But, as before,
these do not appear to have an effect on the ventilation rate spectrum.
When the backpressure is increased beyond 620 kPa, there is increased content in
the mass flow spectrum. The mass flow spectrum shown in Figure 4.21 corresponds
to the modulation of the ventilation rate of an initially pulsating cavity generated at
2.0 m/s. The cavity was initially pulsating at 36.0 Hz before a 47.5 Hz modulation
frequency was applied. The result of the modulation was to shift the pulsation
frequency to 39.3 Hz. The pulsation frequency shift observed is not predicted by
the numerical model for this combination of modulation frequency and natural
frequency. It is conjectured that the reason there is a discrepancy between the
numerically predicted stability and the experimental instability is the increased
content in the mass flow spectrum. The mass flow spectrum during modulation
shown in Figure 4.21, was found to have tones at 47.5, 41.3, 36.2, 17.5, and 30.0
Hz. The 47.5, 41.3, and 36.2 Hz tones correspond to the modulation frequency,
the shifted pulsation frequency, and the original pulsation frequency, respectively.
The tones at 17.5 and 30.0 Hz, however, remain anomalous. Please note that
modulation frequencies of either 17.5 or 30.0 Hz would are numerically predicted
to exhibit a pulsation frequency shift, as seen in Figure 4.18. It is conjectured
those tones are caused by the shocks that are expected at the inlet to the butterfly
valve. These shocks are expected as the pressure ratio was 7.77 when ventilation
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was initiated, and 6.44 during modulation of the ventilation rate. Note the increase
in pressure ratio from those discussed in the preceding paragraphs, both of which
exhibit dominance of the modulation frequency tone in their ventilation rate spectra.
Thus, the previous weak shocks are now no longer so weak that their effects can
be ignored, as shown by the appearance of the 17.5 and 30.0 Hz tones, and the
discrepancy of the modulation model and experimental behavior.
Ultimately, a backpressure above 620 kPa should be avoided as these correspond
to conditions where the dominance of the modulation frequency in the mass flow
spectrum was lost, for this butterfly valve. Additional negative consequences
stemming from the effects of a large backpressure on supercavity acoustics were also
discussed in Section 3.5.4. Finally, note that the pressure values that correspond to
a “large backpressure” are valve specific, and other butterfly valves may be able to
handle these backpressures.

40.0 Hz

Figure 4.19: Mass flow spectrum measured by the Sensirion mass flow meter for
the case shown in Figure 4.12, a case in which pulsation was mitigated. Note the
dominance of the 40.0 Hz modulation frequency in the spectra.
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20.0 Hz

37.2 Hz

Figure 4.20: Mass flow spectrum measured by the Sensirion mass flow meter for the
case shown in Figure 4.16, a case in which pulsation frequency shifted. Note the
dominance of the 20.0 Hz modulation frequency, and the 38.3 Hz pulsation-shift
frequency in the spectra.

17.5 Hz 30.0 Hz 41.3 Hz
36.2 Hz
47.5 Hz

Figure 4.21: Mass flow spectrum measured by the Sensirion mass flow meter for a
cavity where the pressure behind the butterfly valve was too large for modulation
to be effective. Note the presence of the 17.5, 30.0, 36.2, 41.3, and 47.5 Hz tones.
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5|percavity
Computational Ventilated SuPulsation
List of Symbols for Chapter 5
∗

Corrected Variable

C

Central Cell

ς

Normalized Variable

D

Downstream Cell

τ

Viscous Stress Tensor

U

Upstream Cell

σM AY

May Cavitation Number [9]

ALE Arbitrary Lagrangian-Eulerian
C Local Courant Number

dα :=

d
dα

Derivative Notation

∂α :=

∂
∂α

Partial Derivative Notation

D
Dt

Material Derivative

Cl

Lower Local Courant Number

Cu

Upper Local Courant Number

CFD Computational Fluid Dynamics
∇ Del Operator
α Volume Fraction

CICSAM Compressive Interface Capturing
Scheme for Arbitrary Meshes

δt

Time Step

CQ̇

Dimensionless Ventilation Rate

ν

Kinematic Viscosity

CD

Coefficient of Drag

σ

Cavitation Number

DES Detached Eddy Simulation
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fo
fmod
Fr

Natural/Pulsation Frequency

P

Modulation Frequency

Q̇ Ventilation Rate
Q̇o

Froude Number

F

Face Between Cells

F

Fluid State Function

g

Gravitational Acceleration
Vector

Pressure Field

Initial Ventilation Rate

S Control Surface
SIMPLE Semi-Implicit Method for
Pressure Linked Equations
t Time
to

h Modulation Strength

Initial Time

u Velocity Vector

HRIC High Resolution Interface
Capturing

ub

Velocity of Control Surface

Identity Tensor

u∗ i

Pressure-free Velocity Vector

LES Large Eddy Simulation

vF

Face Velocity

ṁ Mass Transfer Rate

V–

Control Volume

n̂ Unit Normal Vector

V∞

I

Freestream Velocity

NVD Normalized Variable Diagram VOF Volume of Fluid

5.1 Motivation
This portion of the effort is motivated by a desire to computationally capture both
the pulsation phenomenon and the suppression of pulsation via the modulation
methodology described in Chapter 4. The first task in the computational work is
to capture the pulsation phenomenon with 3D finite volume computational fluid
dynamics (CFD). Once pulsating supercavity simulations were achieved, an attempt
to emulate the experimental conditions that generated pulsating supercavities is
made. These simulations are then compared to the experimental results of Chapter
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3, and a similar acoustic analysis is performed for the computational pulsating
supercavities. Upon successfully capturing the pulsation phenomenon at experimental conditions, the focus is turned to modeling the mitigation of pulsation in
ventilated supercavities via the modulation of the ventilation rate. Upon successfully achieving mitigated pulsation of simulated pulsating supercavities, the focus
is shifted to capturing the mitigation of pulsation in ventilated supercavities at
experimental conditions. The reasoning for the duplication of the experimental
conditions computationally was that, if the experimental results could be duplicated, then a future computational study could overcome the shortcomings of an
experimental study (e.g., reduction in mean ventilation rate due to modulation),
and provide a full parametric study of the modulation technique. The experimental
points serve as a check at specific conditions, but it is virtually impossible to do
a full parametric study experimentally mainly due to difficulties with generating
pulsating supercavities at higher Froude numbers in a water tunnel.

5.2 Computational Setup [42]
The computational investigation was performed using the commercial finite volume
code STAR-CCM+ [74]. To handle the multiphase nature of supercavitating flows,
a multiphase mixture model for finite volume based fluid mechanics has to be
employed. These models have been developed since the late 1990’s [75, 76]. By
assuming homogeneity within a cell, a single pressure and velocity field are shared
by all phases within that cell, forming an Amagat-ruled mixture model. Similar
compressible models have been formulated using a density based mixture model [77].
This has also been shown to be possible using a pressure based approach [78].
For the computational results presented in this dissertation a two phase flow
model with a compressible, isothermal gas model and incompressible, isothermal
water model (i.e., the formation of water vapor is neglected). The solver employed
was unsteady, implicit, and second order in space and time. Kinzel [79] has
previously shown that both turbulence modeling and Reynolds averaging are
not appropriate for capturing unsteady cavity behavior. Instead, for pulsating
supercavities, large scale unsteady physics of the interface must be captured; which
is possible without excessive computational resources [41]. However, higher fidelity
results may be possible with the use of detached eddy simulations (DES) in STAR141

CCM+ due to the fact it uses a basic subgrid large eddy simulation (LES) model
in the wake region, when the grid is sufficiently fine [74]. This would allow for
finer flow details to be captured, including higher frequency waves on the cavity
interface, and possibly allow for increased air entrainment out of the cavity.
Outlined below are the basics for multiphase mixture models, the Semi-Implicit
Method for Pressure Linked Equations (SIMPLE) method, the Volume of Fluid
(VOF) method, and the High Resolution Interface Capturing scheme (HRIC) that
is employed by STAR-CCM+.

5.2.1 Segregated CFD Background
When computationally modeling a multiphase flow, one typically has two approaches
for the mixture. A density based (also called a coupled) approach couples the two
fluids together and solves a single equation of state model. A pressure based (also
called segregated) method employs a different method for solving for pressure of a
flow; as the segregated methods were originally formulated for incompressible flows,
the methodology for solving the pressure field in a CFD simulation depends on the
assumptions that are employed. When an isothermal compressible gas is considered
(such as the gas inside the ventilated supercavities of these multiphase simulations),
for example, the pressure is determined from a basic equation of state, which gives
pressure as a function of density [80]. However, for an incompressible flow (such as
the water outside the supercavities of these multiphase simulations) the pressure is
a function of position and time, and thus, it mathematically reduces to a Lagrange
multiplier from the velocity field [56]. This is equivalent to saying that for an
incompressible flow, there is not a pressure equation, and instead pressure is solved
from the same set of equations and boundary conditions as the velocity field. This
means that the pressure field is strongly coupled to the velocity field, which can
create difficulties in obtaining a numerical solution [56].
5.2.1.1

Governing Equations

STAR-CCM+ outlines their basic methodology and equations used in the STARCCM+ user guide [74]. More information on this can be found in Muzaferija, S.
and Perić, M. [81–83]. STAR-CCM+ employs a locally homogeneous Eulerian
multiphase mixture approach as their segregated flow solver, which is summarized
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in this section. Recall the conservation equations in integral form:
Z
∂t
Z
∂t

Z
ρ d V– +

V–

S

ρ(u − ub ) · n̂ dS = 0

Z
ρu d V– +

V–

S

(5.1)

Z
ρu(u − ub ) · n̂ dS =

Z

Z
(τ − P I)n̂ dS +

ρg d V–

(5.2)

V–

S

Z

Z

ραg d V– + ραg (u − ub ) · n̂ dS =
ṁ d V–
(5.3)
V–
S
V–
Here V– is the control volume, which is bounded by the surface S, n̂ is the unit normal
vector to the surface, u is the velocity vector, g is the gravitational acceleration
vector, I is the identity tensor, ub is the velocity of a control volume surface (in the
case that the mesh is moving), τ is the viscous stress tensor, ṁ is the mass transfer
rate per unit volume (from liquid to gas), and αg is the volume fraction of gas.
As there are only two phases present, only two continuity equations are necessary.
Additionally, with the presence of only two phases, it immediately follows that
αg + αl = 1, where αl is the liquid volume fraction. This formulation considers
the mixture continuity (Equation 5.1) and gas phase continuity (Equation 5.3)
equations.
The gas phase continuity equation (i.e., Equation 5.3) can be reformed as a
transport equation for the gas volume fraction. To do this the equation is expanded
as:

Z
Z
Z 
ṁ αg Dρg
∂t
αg d V– + αg (u − ub ) · n̂ dS =
−
d V–
(5.4)
ρg Dt
V–
S
V– ρg
∂t

D
Recall that Dt
is the material derivative. For this dissertation, only static meshes
without mass transfer were considered, hence ṁ = ub = 0. Thus, Equation 5.4
becomes Equation 5.5.

Z
∂t

V–

Z 

Z
αg d V– +

S

αg u · n̂ dS =

V–

αg Dρg
−
ρg Dt


d V–

(5.5)

The above can also be done for the liquid volume fraction. This allows the mixture
continuity equation to be reformulated into a non-conservative form. This form
is preferable because the unsteady mixture density term acts as a source that
causes numerical difficulties for the segregated approach [74, 80]. Thus, Equation
5.5 and the similar liquid volume fraction equation are summed and the fact that
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αg + αl = 1 is employed to derive:
Z 

Z
u · n̂ dS =
S

V–

αl Dρl αg Dρg
−
ρl Dt
ρg Dt


d V– .

(5.6)

Because the liquid has constant phasic density, Equation 5.6 can be rewritten as
Equation 5.7.

Z
Z 
αg Dρg
u · n̂ dS =
−
d V–
(5.7)
ρg Dt
S
V–
Equation 5.5 is used to solve the transport of the gas volume fraction in unsteady
simulations, whereas Equation 5.7 is used as a pressure-correction equation for the
SIMPLE algorithm, which will be detailed in Section 5.2.1.3.
Discrete versions of the above equations are numerically approximated in small
regions or control volumes that divide the volume of interest. Each of these control
volumes correspond to the cells of a computational grid. The discretization of the
governing equations reduces the problem to a linear set of algebraic equations, with
the number of unknowns equaling the number of cells in the grid [74]. However,
before the system can be completely reduced to a linear set of equations, the
inherent nonlinearities of the governing equations must be addressed. For this
dissertation, the iterative solution approach is considered, where 5 sub-iterations
are performed for each time step.
5.2.1.2

Projection Methods Background

Chorin (1968) derived a method which allowed for decoupling of the pressure and
velocity fields, which would also overcome the difficulties of numerically describing
the incompressible flow. This is done by first calculating a velocity field, u∗ , by
ignoring the effects of pressure in the momentum equations. After u∗ has been
calculated, a pressure Poisson equation is formulated by taking the divergence of
the momentum equation at the next time step. This creates a source for pressure
in the pressure Poisson equation as a function of ∇ · u∗ . Thus, the pressure field is
due to the divergent (compressible) part of u∗ [80]. In effect, the compressible part
of u∗ is projected onto the space of the pressure gradient ∇P [84]. This calculated
pressure, can be used in the momentum equation to constrain the velocity such that
the divergence condition will hold, i.e., incompressibility is satisfied [80]. Though
this procedure may be slightly modified, the core methodology used is ubiquitous
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in segregated flow solvers. This method can also be extended to compressible
flows [85].
5.2.1.3

SIMPLE Algorithm

The following is an outline of how the SIMPLE algorithm works in a segregated
flow solver [82].
• Values for all variables are given at t0 . If this is the first step of the solution,
boundary conditions or estimates are employed, otherwise, the values from
the previous time step are employed
• Time is stepped forward via t = t0 + δt. If a deformable mesh is employed, at
this point the mesh deforms
• To solve the coupled non-linear equations of the fluid flow, the following is
iterated until the calculated residuals are sufficiently small
– Discretize and linearize the momentum equations, solve for each component of velocity (utilize the pressure from the previous time step
[if available]). The linear systems are solved iteratively to obtain an
improved estimate of the velocity at t, ui ∗ from the initial guess. The
solutions do not need to be very accurate as the equations were linearized
and decoupled, instead an order of magnitude reduction of the residual
is sought. Typically the incomplete Cholesky preconditioned conjugate
gradient method is used for the pressure-correction equation, and the
conjugate gradient stabilized method is used for the other equations.
These methods are employed due to their robustness and lack of tuning
required for operation
– Using the improved velocity field, ui ∗ , calculate the mass flux through
the control volume faces. Employ the conservation of mass equation to
find regions where a pressure-correction, P ∗ , is needed. Using an underrelaxation coefficient (typically 0.1 to 0.8) of the pressure-correction
value, adjust the control volume-center velocities and pressures. Higher
under-relaxation coefficients are used for large time steps and highly
skewed grids
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– If available, additional transport equations (e.g., temperature, species
quantities) are also corrected. Also if a fluid property or properties are
changed by their new state (e.g., a temperature dependent density), are
updated at this point
– If the residuals are sufficiently low, exit inner loop here, if not repeat
the loop
• Return to first step of outer loop unless at maximum time
5.2.1.4

Volume of Fluid Method

The volume of fluid method (VOF) is a scheme for keeping track of a free surface.
A free surface in this sense is a surface on which there exists a discontinuity in one
or more variables [86, 87]. The VOF method was created to bridge the gap between
computational cost and being able to accurately capture changing free boundaries
(even if the geometry is complex) [86, 87].
The VOF method is based on a fluid state function, F . In the case of supercavitating flows, this can be thought of as a volume fraction, α, with F = 1 being the
liquid phase and F = 0 being the gas phase. Any computational cell containing a
value of F between zero and unity, is said to be a cell in which a free surface exists.
Alternatively, a free surface exists in a cell if it contains a nonzero value of F while
a neighboring cell has a zero value for F [87]. The simplicity of the VOF method
is one of its largest benefits. Other methods can require great amounts of data
storage, but the basic VOF method requires a single scalar for each cell. To improve
the resolution of the interface, again without much additional computational cost,
the normal direction of the boundary can be calculated to provide a slope of the
free surface. There are some caveats in taking this derivative, however, as F is a
step function near the interface and care must be taken to avoid infinite slopes.
Upon calculating both F and the normal direction, cells can be bisected by a line
satisfying both the fluid state function and normal direction needed [87]. Values
for F are iteratively calculated in a method that can be viewed as an extension of
the SIMPLE algorithm.
The entire VOF method can also be extended to allow for limited compressiblity
(i.e., cases where the normalized change of density is much less than unity) following
the methodology of Hirt and Nichols [88].
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The VOF method is capable of handling either the Eulerian or Lagrangian
framework. In the Lagrangian frame, the interface tracking simplified as one can
make a series of “marked particles” that are free to move about the mesh. Thus,
tracking the interface is as simple as tracking the particles. However, most CFD
is performed using Eulerian or Arbitrary Lagrangian-Eulerian (ALE) frameworks,
where the fluid flow through the mesh must be calculated. This creates an issue due
to the fact that Eulerian or ALE frames require an averaging of the flow properties
of all fluid elements within a mesh for a period of time. This averaging is a negative
consequence of Eulerian methods, as advective averaging smooths all variations in
flow quantities and can smear the discontinuities of a free surface [87]. The method
for overcoming this issue of discontinuity smearing is discussed in Section 5.2.1.5.
A VOF method in an Eulerian framework will be considered both throughout this
section and for this dissertation.
5.2.1.5

High Resolution Interface Capturing Scheme

To computationally model an interface there are two types of methods that can
be employed, interface-tracking or interface-capturing. Interface-tracking based
methods employ a grid that is located around the free surface, providing sufficient
refinement near the interface; moving and deforming with it to maintain this
level of refinement. Interface-capturing methods, however, employ extra equations
to differentiate between regions of liquid and gas. The high resolution interface
capturing scheme (HRIC) is aimed primarily at resolving interfaces with a well
defined and sharp interface, with some tolerance for portions of one fluid inside
another (e.g., large gas bubbles inside of a body water) [82]. However, this
formulation is designed to maintain immiscibility of the two fluids (i.e., this model
does not allow for mass diffusion across the interface) [74].
The additional equation that is required involves a volume fraction α that
determines which fluid is located where in a VOF method. The interface-capturing
methods, such as HRIC, are not able to capture the interface as clearly as interfacetracking methods without additional equations and careful numerical consideration.
These methods tend to over or undershoot the correct interface location in evolving
fluid fields due to numerical diffusion [82]. However, the added benefit of interface
capturing methods is that one grid is used for both fluids and the grid can remain
constant throughout the simulation without using the computational power of
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remeshing the grid at every step. Additionally, the interface-tracking methods have
difficulty with complex flow geometries such as waves breaking, etc. [82].
The HRIC of Muzaferija [82, 83] is based on blending the bounded downwind
and upwind differencing schemes. The upwind scheme provides stability for the
solution while the downwind scheme captures the interface much more reliably.
The scheme utilizes the local Courant number, C, as the switch between which of
the two schemes is employed. STAR-CCM+ employs a modified HRIC scheme
with variable switch values from downwind to upwind scheme (for this dissertation,
however, the default STAR-CCM+ values were employed). However, the original
HRIC scheme employed 0.7 as the scheme switching point [89].
In order to effectively employ an HRIC scheme, first a normalized variable
diagram (NVD) is constructed, which allows consideration of the boundedness of
properties that are convected. Such a scheme is drawn in Figure 5.1. The figure
shows how values are interpolate across the face F where there exists a velocity vF .
The subscripts D , C , and U represent the downstream, central, and upstream cells,
respectively. A normalized variable near F is given as:
ς(x, t) =

α(x, t) − αU
.
αD − αU

(5.8)

Thus, the normalized face value is defined as:
ςF =

αF − αU
.
αD − αU

(5.9)

This is calculated via any differencing scheme that uses only the cell values D , C ,
and U . Thus, it can be said that:
ςF = ςF (ςC ).

(5.10)

Here the variable ςC has been introduced as:
ςC =

αC − αU
.
αD − αU

(5.11)

The STAR-CCM+ version of the HRIC scheme is introduced in Equations 5.12
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and 5.13.
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(5.12)

local Courant number.
if

C < Cl

if

Cl ≤ C < Cu

if

Cu ≤ C

(5.13)

Here Cl is the lower bound of the local Courant number switch and Cu is the upper
bound of the local Courant number switch. The default values of Cl and Cu are 0.5
and 1.0, respectively [74].

Figure 5.1: Normalized variable diagram. The left image demonstrates how local
face values are interpolated based on nearby cells. The right image demonstrates
how the HRIC scheme switches the differencing employed between upwind (UD),
downwind (DD), central (CD), and blended (LUD) schemes [74].
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5.2.1.6

Implementation

As STAR-CCM+ employs both SIMPLE and VOF/HRIC, both schemes must
be run in sub-iterations before advancing to the next time step. In this section
the sub-iterations that were performed in each time step are outlined. The subiterations are completed 5 times in order to ensure at least an order of magnitude
drop in residual values for the sub-iterations before the time is advanced. The
first operation that was performed was calculation of the velocity field without
enforcing the effect of pressure, following SIMPLE. Upon correcting for the effects
of pressure and reducing the error to an acceptably low value, the VOF/HRIC
schemes are employed. The local Courant number for each cell is employed to
switch which advection scheme is used to propagate the fluid state function (i.e.,
volume fraction).
While the HRIC scheme was employed for this dissertation, it is worth noting
that the Compressive Interface Capturing Scheme for Arbitrary Meshes (CICSAM)
of Ubbink and Issa [90] is a viable alternative to HRIC. A previous study comparing
the original formulations of both CICSAM and HRIC found that CICSAM maintains
a sharp interface better than HRIC [91]. However, STAR-CCM+ employs an
improved HRIC scheme [74] and the use of this scheme is comparable to that of
CICSAM.

5.2.2 Computational Mesh [42]
A computational goal for this study was to capture supercavity pulsation at fluid
similarity conditions matching those found experimentally. The physical case was
similar to the one presented in Section 3.5.1.1. A schematic of the test apparatus
is presented in Figure 3.1. The apparatus was installed in the 0.305 meter water
tunnel at the Applied Research Laboratory at The Pennsylvania State University.
To capture this computationally, a 3.9 million cell mesh, shown in Figure 5.2, was
applied. The CFD model included the sting and cavitator used in the experiments,
but neglected the strut. The numerical tunnel differed from the physical tunnel.
The length of the simulated test section was greater, neglecting the contraction and
expansion regions, and the diameter was greater. The real tunnel diameter was
0.305 m and the computational tunnel diameter was 0.61 m. Thus, tunnel blockage
was computationally neglected.
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(a)

(b)

Figure 5.2: Computational mesh employed to generate the Froude number matched
pulsating supercavity simulation. Figure 5.2a shows the entire computational
domain and Figure 5.2b shows the region of increased mesh density downstream of
the cavitator where the cavities were simulated.
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5.2.3 Computational Pulsation Mitigation Setup
To computationally capture the mitigation of pulsation via modulation, the same
mesh shown in Figure 5.2 was employed. However, a variable ventilation rate was
introduced. The variable ventilation rate is given by Equation 5.14.
Q̇(t) = Q̇0 (0.8 + h sin (2πfmod t))

(5.14)

Here we have introduced Q̇0 as the ventilation rate that generated the initial
pulsating supercavity, h as the modulation strength, and fmod as the modulation
frequency. Note that there has been a 20% decrease in the mean ventilation rate
due to modulation. A constant decrease in mean ventilation rate was selected over
a frequency dependent decrease as it allowed for an investigation of the modulation
frequency alone. This particular decrease in mean ventilation rate was selected as
it would also computationally yield a pulsating supercavity simulation; thus, any
pulsation mitigation would be caused by the modulation frequency.
Before this analysis could be performed, however, the experimental mitigation
of pulsation had to be conducted and analyzed. This would yield the values
required for the modulation strength and the modulation frequencies required for
a given pulsation frequency which, in turn, would allow for a comparison of the
computational cavities to the experimental ones. The results of this experimental
study are given in Chapter 4. The modulation strength value calculation in Chapter
4 found h to be 0.2. Thus, the same modulation strength was employed in the
computational simulations.

5.3 Computational Pulsating Supercavities [41,42]
The first computational goal was to achieve pulsating supercavity simulations,
irregardless of the experimental conditions. In order to achieve pulsating supercavity
simulations a simplified isolated cavitator geometry was generated and tested at
Froude numbers up to 24.5. The mesh employed can be seen in Lindau et al. [41,42].
The methodology for the generation of pulsating supercavity simulations at these
larger Froude numbers differed from the experimental cavities; more resembling
the methodology of Silberman and Song [24, 25]. These pulsating supercavities
simulations were generated by creating a re-entrant jet supercavity then slowly
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increasing the ventilation rate to just before the transition to a twin vortex cavity.
Given enough time at this condition, the simulation would destabilize on its own in
the hysteresis region, and a pulsating supercavity simulation resulted.
One of the benefits of computational cavities over experimental cavities, is
that interior cavity pressure can be easily and reliably measured. As such, the
cavitation numbers can be calculated with confidence in their value and without
uncertainty in the measurement. Note that these pulsating cavities were generated
independently of the Paryshev model, as such, these cavities offered an opportunity
to test the linear Paryshev [27] stability criterion of (CQ̇ σ/CD ) = 0.0160 for the
testing conditions of the cavities presented in this section. Here we have introduced
CQ̇ as the dimensionless ventilation rate, σ as the cavitation number, and CD as
the coefficient of drag. Values less than 0.0160 are expected to pulsate.
One of the ventilated pulsating supercavities generated in this manner is shown
in Figure 5.3. This cavity was generated at a Froude number of 24.5 (i.e., V∞ =
12.5 m/s) and has a cavitation number of 0.045. The cavity is second order, due to
the presence of two waves on the cavity interface before the local cavity diameter
became less than that of the cavitator (i.e., cavity terminus). For the cavity shown
in Figure 5.3, the linear Paryshev stability criterion (CQ̇ σ/CD ) is 0.0157, as shown
in Figure 5.4a. Hence, this cavity is approximately at the stability border. If all
parameters are held constant and the ventilation rate were to be dropped any
further (by 4%, for example) the computational cavity would cease to pulsate and
a re-entrant jet cavity would result, as shown in Figure 5.4b. This re-entrant jet
cavity had a linear Paryshev stability criterion value of 0.0255, which is above the
stability threshold.
Once pulsating supercavities were generated, the previous images of re-entrant
jet, twin vortex, and pulsating supercavities of Skidmore [11] were matched as seen
in Figure 5.5. For all cases shown in Figure 5.5, the Froude number was 12.3 (i.e.,
V∞ = 6.25 m/s). It should also be noted that there is a strong effect of Froude
number on pulsation of the model, as will be discussed in Section 5.3.2. The mesh
that was employed to capture these cavities was rather coarse, however, it had
enough refinement to capture the finer details of each supercavity closure. It is
expected that finer meshes will be required to capture/match exact conditions of
experimental cavities beyond the shape. However, it was a primary requirement that
all closure regimes could be adequately captured before more intricate supercavity
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Figure 5.3: Computational cavity generated at a Froude number of 24.5, with a
dimensionless ventilation rate of 0.268, and a cavitation number of 0.045. The
surface shown is gas volume fraction 0.5 isosurface, which roughly corresponds to
the experimental cavity interface. Note that the cavity is second order and that
the progress of the advected waves are illustrated with arrows [41, 42].
details could be modeled. As such, simply the generation of pulsating supercavities
is noteworthy as, to the best of the author’s knowledge, this had not been published
prior to the works of Lindau et al. [41, 42].
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(a) Computationally generated pulsating cavity simulation shown in Figure 5.3.

(b) Computationally generated re-entrant jet cavity simulation.

Figure 5.4: Computationally generated supercavities near the limit of linear Paryshev stability [41, 42].
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Figure 5.5: Snapshots from water tunnel testing and corresponding CFD based
representations of supercavity closure modes behind a disk cavitator [41, 42].
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5.3.1 Compressibility of Gas Model [41, 42]
It was previously stated that a compressible gas model was required to computationally capture the pulsation phenomenon in ventilated supercavities. As such,
it is conjectured that during the pulsation, compressible cavity gas is acting as
an energy storage device. It seems plausible that this conjecture can be tested by
forcing the gas to be incompressible. After all, both twin vortex and re-entrant
jet cavities are accurately reproduced with incompressible CFD [41, 42]. Figure
5.6 shows the results of such a computational check on pulsation physics. The
incompressible gas case is given in Figure 5.6a. The incompressible gas case was
found to exhibit advecting waves on the interface, however, these waves were found
to be non-periodic and irregular in magnitude. The compressible gas case, however,
does exhibit regular and periodic waves on the cavity interface, which suggests a
regular and periodic interior cavity pressure. The interior cavity pressures of the
incompressible and compressible cases are plotted in Figure 5.6b, in blue solid line
and red dashed line, respectively. The interior cavity pressure quite clearly shows
the incompressible case is not pulsating but the compressible case is pulsating.
Hence, it is concluded that a compressible gas model is required to capture pulsation
in ventilated supercavities [41, 42].
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(a) Images of compressible and incompressible cavity simulations.

(b) Time histories of pressure at probe located at center
of computational tunnel and 0.67 cavitator diameters aft
of cavitator forward face at conditions prone to pulsate.
Red line shows incompressible gas model, blue line shows
compressible gas model.

Figure 5.6: Comparison of incompressible gas model and compressible gas model
for identical boundary conditions. Note that the periodic interior cavity pressure is
only captured using a compressible gas model [41, 42].
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5.3.2 Pulsation at Experimental Conditions [42]
It is desired to computationally obtain pulsation at experimental conditions. However, the process of generating simulated pulsating supercavities at low Froude
numbers tended to be more difficult than higher Froude numbers [38, 41, 43]. This
is due to the fact that at lower Froude numbers, without additional consideration
of the ventilation rate, cavities will transition from re-entrant jet to twin vortex
without pulsating, as seen in Figure 5.7. Special care had to be taken to ensure the
cavity was quickly over-ventilated for a brief period before reducing the ventilation
rate to the desired value for the duration of the simulation. This ensured that a
perturbation formed on the cavity interface, which in turn, could destabilize the
entire supercavity into the pulsation closure regime.

Figure 5.7: Ventilation rate versus cavitation number for a range of CFD results at
three Froude numbers. Pulsating results are indicated. The regions of largely twin
vortex and re-entrant closures are highlighted [41, 42]. Note that the cases with Fr
= 5.78 do not generate a single pulsating supercavity simulation.
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5.3.2.1

Model of Physical Experiment [42]

A major computational goal was to capture supercavity pulsation at fluid similarity
conditions of the experiments. The experimental case was developed following the
procedure described in Chapter 3. A schematic of the test apparatus is shown in
Figure 3.1. The apparatus was installed in the 0.305 meter water tunnel described
in Section 3.2.2.2. The mesh utilized to capture the pulsation phenomenon was
discussed in Section 5.2.2.
A photograph of the experimental pulsating cavity, is shown in Figure 5.8a.
The cavity was generated at a Froude number of 4.5. The cavity is observed to be
second order. The cavity was measured to have a cavitation number of 0.31, which
agrees well with the empirically predicted cavitation number for a cavity with this
maximum diameter (based on Equation 3-5 of May [9]), σM ay,3−5 = 0.36 and the
empirically predicted cavitation number for a cavity with this length (based on
Equation 3-9 of May [9]), σM ay,3−9 = 0.26. However, note that the error in the
measured cavitation number in the experimental setup was ± 1.53, following the
calculation given in Section 3.3. Thus, a computational cavitation number between
0.26 and 0.36 is sought.
To computationally generate a pulsating supercavity, first the velocity field was
set to it’s initial conditions. This was done to eradicate any existing cavity and
resetting the field to their boundary conditions. The computational ventilation
methodology employed was similar to that described in Section 4.5; a quick-burst
of the computational ventilation gas to a cavitator without an initial cavity. The
impulsively started ventilation rate that was at an initial value much larger than
the desired ventilation rate. This over-ventilation is only run for a brief period
time, typically two-tenths of a second or less, for at this higher ventilation rate
the cavity would become a twin vortex cavity. By running this over-ventilation for
a short period of time and dropping the ventilation rate to the one desired, the
resulting supercavity has a perturbation wave that advects along the simulated
interface and creates a pressure wave inside the cavity as given by Karlikov [36].
This perturbation/pressure wave provides the initial disturbance for the supercavity
to fully destabilize, provided that the final ventilation rate is selected appropriately.
The downside of this methodology is that the simulation is inclined to numerically
diverge at the initial impulsive start; should the ventilation rate be beyond what
the temporal and spatial refinement can capture.
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Matching the Froude number to experimental condition, a computational pulsating supercavity was generated and it is shown in Figure 5.8b. The cavity is also
second order, this can be seen more clearly by decreasing the gas volume fraction,
αg , isosurface from 0.5 to 0.25. This reduces the dominance of the re-entrant jet
in the isosurface image. The cavity interface given by the αg = 0.25 isosurface is
shown in Figure 5.8c. This simulated cavity was found to have σ = 0.26, which
is predicted within 16.2 % of the measured experimental value (note that it is
within 17.8 % of the cavitation number given by May 3-5 and agrees exactly with
May 3-9). It is worth noting that this level of agreement is similar to that of the
experimental cavitation number and the empirically predicted cavitation numbers.
It is also worth noting that it can be difficult to directly measure the cavitation
number of a ventilated supercavity in a water tunnel, even with relatively low
blockage [7, 19, 47, 50, 72]. Finally, given the uncertainty of the cavitation number
measurement, detailed in Section 3.3, the agreement of the CFD and experimental
cavitation numbers is well within the error bars of the experimental measurement.
The difference in dimensionless ventilation rates between the CFD cavity
(CQ̇CF D = 0.09) and the experimental cavity (CQ̇EXP = 0.91) is a shortcoming
of these results. Large differences in entrainment rates are inherent in CFD simulations employing HRIC without a turbulence model (i.e., laminar CFD). The
no-turbulence model simulations tend to under-predict the rate of gas entrainment
out of the cavity [79]. However, the difference in ventilation rate should not affect
any of the relevant cavity dynamics, as cavity dynamics are dictated by potential
flow theory. Recall that potential flow theory is dictated by the pressure and velocity.
Thus, by matching the cavitation number and Froude number, the pressure and
velocity field of the cavity respectively. Note that because of this, the simulations
presented in Chapter 5 could have been performed using inviscid CFD, however,
such simulations would have even larger discrepancies in dimensionless ventilation
rate due to a lack of gas entrainment capturing inside the supercavity.
One mechanism not captured by the CFD that may be responsible for the large
difference in dimensionless ventilation rate is the air transport by small bubbles
along the cavity. These bubbles were found to be present in all experimental cavities.
These bubbles could be captured computationally using HRIC, however, the amount
of grid resolution that would be required to capture both the formation/presence of
these bubbles and large scale supercavity unsteadiness would create a prohibitively
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large computational cost. The under-resolution of all entrainment mechanisms is
speculated to be the cause of the inability to capture the entrainment rate of gas
from the cavity.
The large difference in dimensionless ventilation rates between experimental and
computational cavities observed in these low Froude number cases, was not observed
in comparisons at higher Froude numbers [38]. This suggests that at low Froude
numbers, alternative entrainment paths (i.e., bubbles, boundary layer entrainment,
gas dissolution, etc.) for the gas beyond the closure regime are significant sources
of air entrainment. However, at higher Froude number cases, the effects of these
alternate gas entrainment paths become a less significant, and the ability to capture
the dimensionless ventilation rate is recovered.
The matching of entrainment rates is a secondary consideration, which has been
previously discussed. The primary considerations would be the proper matching of
the dynamic features and trends associated with ventilated supercavity pulsation.
That is, matching the experimental magnitude and frequency of pulsation at
similar Froude and cavitation numbers. This would also verify that only some
of the physical mechanisms of air entrainment need to be properly captured to
computationally capture the physics of pulsation. The oscillation in the time history
of the internal cavity pressure can be seen in the red line of Figure 5.9, which is
dominated by a single frequency. This can be seen in both the internal pressure
spectrum for the cavity as well as the near-field radiated noise spectrum; which are
shown as the red and black lines, respectively, in Figure 5.10. Both signals indicate
pulsation at a frequency of 38 Hz. In order to ensure that both the experimental
and computational signal underwent the same spectral analysis, an identical length
of time record was taken of all pressure signals. These were then up-sampled to
match the time step size of the simulation (i.e., 10 µsec). This results in the cavity
interior pressure spectrum level measured as 176.1 dB at the pulsation frequency,
while the pressure spectrum level measured by the window hydrophone, also at
the pulsation frequency, was 156.5 dB, where the 19.6 dB reduction in spectrum
level at the window hydrophone location is due to spherical spreading of the sound
waves from the cavity interface as discussed in Section 3.5.2.1
The internal cavity pressure was measured via a numeric pressure probe located
0.63 diameters downstream of the cavitator downstream (i.e., ventilation) face.
The internal cavity pressure was also found to be dominated by a single frequency
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oscillation, much like the experimental cavity, which can be seen in the blue line of
Figure 5.9. The corresponding spectrum of the cavity interior pressure computed
from the CFD simulation time series, shows the pulsation tone occurs at a frequency
of 40 Hz ± 1 Hz, which is consistent with the experimental 38 Hz ± 1 Hz tone
measured. The spectrum level of the simulated cavity interior pressure at the
pulsation frequency was found to be 177.3 dB which is in good agreement with
the measured spectrum level of 176.1 dB. Two approaches were taken to estimate
the pressure spectrum level at the window hydrophone location; one accounting
for spherical spreading of the sound waves from the cavity interface and the other
evaluating Equation 5 of Skidmore et al. [19] (i.e., Equation 3.11 in this dissertation)
for a monopole source with the simulated cavity volume velocity. For the former
method, the mean radius of the simulated cavity is 1.69 cm and the window
hydrophone is 22.4 cm away from the cavity giving an estimated pressure spectrum
level of 154.9 dB at the hydrophone location, which is in reasonable agreement
with the 156.5 dB level measured. This level as shown as a magenta asterisk on
Figure 5.10. Following the method of Skidmore et al. [19] where, from the CFD
simulation, the cavity radius varies ± 0.61 cm about the mean value of 1.69 cm at a
frequency of 40 Hz yields a volume velocity of 0.0019 m3 /s and a pressure spectrum
level of 158.6 dB, which is shown as a cyan asterisk on Figure 5.10. The volume
velocity prediction agrees well with both the level predicted from the simulated
cavity interior pressure and with the measured level.
Possible improvements in capturing the entrainment rate of gas from the cavity,
would be to implement detached eddy simulations (DES) and greatly increase the
mesh density in order to capture the formation/presence of bubbles and other
entraining mechanisms. These, however, are beyond the scope of the current effort,
and will be discussed in Chapter 6.
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(a) Image of pulsating supercavity generated at F r = 4.5
in ARL-PSU 0.305 meter water tunnel. Note that the most
downstream wavelet is after “pinch-off” and, thus, is located
downstream of the cavity terminus.

(b) Cavity illustrated with gas volume fraction equal to 0.5
isosurface.

(c) Cavity illustrated with gas volume fraction equal to 0.25
isosurface.

Figure 5.8: CFD representation of supercavity pulsating at F r = 4.5 [42].

164

1

Experiment
Simulation

0.5

Cp

0
−0.5
−1
−1.5
0

10

20
t*U∞/Dcav

30

40

Figure 5.9: Dimensionless experimental and simulated pressure time histories of
cavities shown in Figure 5.8 [42].
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Figure 5.10: Experimental cavity pressure spectrum (—), experimental near-field
hydrophone pressure spectrum (—), simulated cavity pressure spectrum (—),
simulated hydrophone pressure spectrum level based on spherical spreading at
pulsation frequency (*), and simulated hydrophone pressure spectrum level based
on volume velocity at pulsation frequency (*) of cavities shown in Figure 5.8. Note
that electric noise has been removed from the hydrophone spectrum [42].
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5.4 Modulation of Pulsating Supercavities [43]
Section 5.3.2 highlighted the difficulty of generating pulsating supercavities at
lower Froude numbers. As such, it was expected that modeling modulation in
supercavity simulations at higher Froude numbers would be more readily achieved
than at lower Froude numbers. Furthermore, during computational modulation,
the mean flow rate was maintained. Thus, computational mitigation would indicate
that mitigation occurs due to discrete ventilation rate frequency input rather
than reduction in the mean flow rate. Finally, the computational investigation
of modulation allowed for multiple modulation strengths to be investigated with
otherwise identical conditions.
A series of modulation cases are shown, from a side and below view, in Figure
5.11. These cavities all began with the same base pulsating cavity simulation that
was generated at F r = 24.5 (i.e., V∞ = 12.5 m/s) before the various modulation
values were applied. Furthermore, all images shown are at a time of 2,126Dn /V∞
(i.e., t= 6.00 seconds) after modulation (or a zero modulation) was applied from
the initial base solution. The first case, shown in Figure 5.11a, is an unmodulated,
constant ventilation rate case. It continued pulsating without change. This can also
be seen in Figure 5.12 which shows the pressure time histories and spectra from a
numerical probe located 0.66 cavitator diameters downstream of the ventilation
face (i.e., aft side) of the cavitator. The unmodulated case shown as a solid black
line on both the internal cavity pressure time history and spectra. Clearly the
unmodulated case is pulsating at fo = 0.07493V∞ /Dn = 27.77 Hz. This resonance
frequency is also highlighted by a black dashed line to show the relative frequency
shift in the other cavities. Closure of the unmodulated cavity exhibits some traits
of re-entrant jet cavities, namely the re-entrant jet, can be seen in the translucent
image from below the cavity in Figure 5.11a.
For the modulated cases shown in Figures 5.11 and 5.12, the specific change in
cavity behavior depended on both the modulation frequency and the modulation
strength. For the cases shown in Figure 5.11b and Figure 5.11c, a modulation
strength, h, of 0.2 was used. This modulation strength is a similar level to that
used in the water tunnel testing (Section 4.6.3). To test the effect of modulation
strength, the final case (shown in Figure 5.11d) used an h of 0.5.
Two modulation frequencies were selected, the case shown in Figure 5.11b
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utilized a modulation frequency of 0.79 times the natural frequency (i.e., 23.00 Hz).
The other modulation frequency utilized for the Figures 5.11c and 5.11d cavities
was 2.76 times the natural frequency (i.e., 80.00 Hz).
Considering the modulation strength and frequency, the case presented in Figure
5.11b is very similar to those experimental cavities presented in Section 4.6. The
cavity in Figure 5.11c can be thought of as an extended version of that setup,
testing modulation at higher frequencies than sought in the experiments. Figure
5.11d explored what would happen with both a higher relative frequency and a
greater modulation strength than experimentally possible with the apparatus used
in Chapter 4.
The cavity shown in Figure 5.11b did, indeed, behave much like the experimental
cavities of Section 4.6, transitioning to a twin vortex closure. The gas volume
fraction of 0.5 isosurface shown in Figure 5.11b clearly shows the increase in cavity
length and appearance of two vortex tubes at the terminus of the cavity, indicative
of a transition to the twin vortex closure regime. This was also observed in the
internal cavity pressure shown by the green hashed line of pressure data on Figure
5.12. The pressure data reveals that the cavity has a nominally constant interior
cavity pressure without much spectral content in the internal cavity pressure, just
as observed in Section 3.5.1.1.
The behavior observed in the Figure 5.11b case, changed when the modulation
frequency was increased for the same modulation strength in the Figure 5.11c
case. This cavity was instead observed to shrink and transition to a re-entrant
jet cavity in Figure 5.11. Note that a transition to this closure regime was not
observed experimentally due to modulation. The cavity pressure also supported the
re-entrant jet closure regime as the cavitation number was found to increase and
large peaks indicative of splashing incidents were observed in the cavity pressure
time history shown as a blue hashed line on Figure 5.12. The cavity internal pressure
spectrum was found to have a few tones that were lower in pressure spectrum level.
This is because the jet is not monotonically periodic. This trend was also observed
experimentally in Section 3.5.1.1. It may be that if a different experimental valve
were be used (i.e., one that did not greatly reduce the ventilation rate during
modulation as to allow for higher frequencies to be tested), a similar result could
be observed experimentally. However, for the experimental hardware used herein,
that was not possible.
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When the modulation strength is increased beyond the experimental condition
of 0.2, to 0.5, for the same frequency that produced a re-entrant jet, the cavity,
again, changes its behavior. This case, which is shown in Figure 5.11d, shows that
the cavity shifts pulsation frequency. This frequency shift was also observed in
Section 4.6. The shift in pulsation frequency created a longer cavity with smaller
amplitude waves than the initial pulsation state. This was seen in the cavity
pressure (which is shown as the green hashed line of Figure 5.12), with a smaller
amplitude pressure fluctuation in the pressure time history. Additionally, a reduced
pressure spectrum level was seen in the internal cavity pressure spectrum, when
compared to the unmodulated cavity. Finally, it is worth noting that this pulsation
frequency shift was downward and the cavity grew in length, a result also observed
in Section 4.6.
Ultimately, the results suggest that the traditional dimensionless ventilation
rate versus cavitation number plot is more complex in the case of a supercavity
with a modulated ventilation rate. One possible modification to this traditional
dimensionless ventilation rate versus cavitation number plot is given in Figure 5.13.
Note that the traditional transition in the hysteretic regime is not binary as the
literature suggests. Instead there are is a multiplicity of instances, some pulsating,
some not, as suggested by Michel [17]. Additionally, note that modulation of the
ventilation rate was effective at greatly changing the cavity length (e.g., compare
the length change in Figures 5.11b and 5.11c) despite a constant mean ventilation
rate. Thus, as the modulation of the ventilation rate was successful at mitigating
pulsation at larger Froude numbers, attempts were made at capturing the same
trends at the experimental conditions from Chapter 4.
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a

b
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d

Figure 5.11: Computational supercavities from both a side and below view. The
side view is opaque to show the cavity interface (as determined by a volume fraction
of 0.5 isosurface) and the view from below shows the same isosurface as translucent
to show the behavior inside the supercavity. These images were all taken at a time
of 2126Dn /U∞ after initiation of modulation [43]. Note that A is used in place of
h in this figure.
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Figure 5.12: Internal cavity pressure time histories and spectra for the cases
presented in Figure 5.11 [43].
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5.4.1 Modulation at Experimental Conditions
The final computational goal of this dissertation was to model the effect of modulation of ventilation rate as a means to mitigate pulsation in ventilated supercavities
at experimental conditions. In order to computationally model the effect of modulation of the ventilation rate on supercavity stability, first experimental cases had to
be selected. The cavities selected were both generated at 2.5 m/s and were initially
pulsating at roughly 39 Hz. The two experimental comparison cavities selected
were such that the mean ventilation rate for both cavities was initially 48.7 lpm
and dropped to 27.0 lpm during modulation. Hence, as the ventilation rates were
the same before and after modulation, the modulation frequency is only difference
between these experimental cavities. If the computational model was capable
of correctly capturing the experimental behavior induced by modulation with a
similar change in ventilation rate, it would validate the computational modeling of
modulation.
To model these cavities computationally, the pulsating supercavity simulation
from Section 5.3.2 was used as the base supercavity to which modulation was
applied. The modulation was initiated at t= 1.864 seconds and continued for 0.854
seconds after initiation. The mean ventilation rate in these simulations decreased
to 80% of its initial value. This value is less than the experimental drop of 44.6 %
from the initial ventilation rate. The discrepancy in ventilation rate drop between
the experimental and computational cases is due to the computational sensitivity
to changes in mean ventilation rate. Dropping the mean ventilation rate 44.6 %
resulted in cavity breakdown for the computational cavities. Hence, a somewhat
idealized modulation valve was considered. Note that there are not photographs of
these experimental cavities, instead the behavior of the internal cavity pressure and
near-field radiated noise must serve as the metric for comparing the computational
and experimental cavities.
The first experimental case, shown in Figure 5.14, was initially pulsating at
38.94 Hz before being modulated at 25.0 Hz and was observed to undergo a
frequency-shift to 37.5 Hz. The peak level of the internal cavity pressure spectrum
at the pulsation frequency was observed to be 182.2 dB before modulation and
179.2 dB after modulation. The peak level of the near-field noise spectrum as
measured by the hydrophone at the pulsation frequency was observed to be 162.5
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dB before modulation and 158.6 dB after modulation. The base computational
cavity, shown in Figure 5.8c, was initially pulsating at 40 ± 1 Hz when the the
modulation was initiated. The internal pressure history of the base and modulated
simulations are shown in Figures 5.15 and 5.16. In Figures 5.15 and 5.16 the blue
contour corresponds to the base solution, the black and red contours correspond to
the computational 25.0 Hz and 35.0 Hz modulation solutions, respectively. The
internal cavity pressure spectrum for the base solution is plotted (in blue) with
the experimental unmodulated internal cavity pressure and near-field noise spectra
(in red and black, respectively) in Figure 5.17. Two approaches were taken to
estimate the pressure spectrum level at the window hydrophone location for the
computational pulsating supercavities. The first accounted for spherical spreading
of the sound waves from the cavity interface and the second evaluated Equation
5 of Skidmore et al. [19] (i.e., Equation 3.11 in this dissertation) for a monopole
source with the simulated cavity volume velocity. For the former method, the mean
radius of the base solution simulated cavity is 1.69 cm before modulation and the
window hydrophone is 22.4 cm away from the cavity, yielding an estimated pressure
spectrum level of 154.9 dB, before modulation. This is in reasonable agreement
with the experimental value of 162.5 dB measured by the near-field hydrophone,
before modulation. This spherical spreading estimated value for the computational
cavity is plotted as a magenta asterisk on Figure 5.17. The second noise estimate
follows the method of Skidmore et al. [19] where, from the CFD simulation, the
cavity radius varies ± 0.61 cm about the mean value of 1.69 cm at a frequency of
40.0 Hz yields a volume velocity of 0.0019 m3 /s and a pressure spectrum level of
158.6 dB. This noise estimate is plotted by a cyan asterisk on Figure 5.17. The
Equation 3.11 noise estimate also agrees favorably with the experimental value
measured before modulation.
After the initiation of modulation, the computational cavity was observed to
shift its pulsation frequency upwards to 50.0 Hz with a peak spectrum level of 169.9
dB at the pulsation frequency, as seen in Figure 5.18. Note that for Figure 5.18
the same coloring scheme from the preceding paragraph was used. Experimentally,
the cavity was observed to drop its pulsation frequency to 37.48 Hz, with a peak
level of 179.2 dB in the internal cavity pressure spectrum and 158.6 dB in the
near-field noise spectrum, at the pulsation frequency. Thus, the pulsation frequency
the cavity shifted to is not captured by the simulation. However, the trend for
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the cavity to continue to pulsate when the ventilation rate is modulated with a
frequency of 25.0 Hz, is captured by the computational simulation. The same
two near-field noise estimates from the preceding paragraph were employed after
modulation of the ventilation rate (i.e., spherical spreading and Equation 3.11).
For the spherical spreading approach, the mean radius of the simulated cavity is
1.95 cm before modulation and the window hydrophone is 22.4 cm away from the
cavity, yielding an estimated pressure spectrum level of 148.7 dB after modulation.
This estimate under-predicts the radiated noise by 9.9 dB, which is expected, as
the interior cavity pressure spectrum peak level was also under-predicted by 9.3
dB. For the noise estimate generated by Equation 3.11, the cavity radius varies ±
1.47 cm about the mean value of 1.95 cm at a frequency of 50.0 Hz yields a volume
velocity of 0.0012 m3 /s and a pressure spectrum level of 162.8 dB after modulation.
Thus, this method more accurately predicts the near-field noise radiated by the
cavity. The computational cavity, at a time of 2.71798 seconds (0.854 seconds after
modulation initiation) can be seen in the isosurface contours of Figure 5.19. Note
that the pulsation of the computational cavity is first order and that the re-entrant
jet is very strong in the cavity. The strength of the jet necessitates the gas volume
fraction isosurface contour being set to 0.1 to visualize the cavity interface.
The second experimental case, shown in Figure 5.20, was initially pulsating at
38.94 Hz before being modulated at 35.0 Hz and was observed to transition to the
twin vortex closure regime within 0.275 seconds. The peak level of the internal
cavity pressure spectrum at the pulsation frequency was observed to be 182.9 dB
before modulation. After modulation, the interior cavity pressure spectrum has
fallen to the continuum, with the exception of a tone at 35.0 Hz that has a peak
level of 164.8 dB. The peak level of the near-field noise spectrum measured by
the hydrophone at the pulsation frequency was observed to be 163.1 dB before
modulation. The computational base supercavity was the same as same as for the
last case. Thus, the computational cavity was initially pulsating at 40.0 Hz with a
peak level of 177.3 dB in the internal cavity pressure spectrum at the pulsation
frequency. The spherical spreading estimate for this cavity yields a radiated noise
estimate of 154.9 dB before modulation. This under-predicts the experimental
value of 164.8 dB measured by the near-field hydrophone, before modulation. The
Equation 3.11 estimate was, again, 158.6 dB at the pulsation frequency. The base
computational pulsating supercavity to which modulation was applied is plotted
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Figure 5.14: Supercavity that was initially pulsating at 39.1 Hz, that underwent
modulation of the ventilation rate at a frequency of 25.0 Hz applied at t=0.0 seconds
and the resulting shift in pulsation frequency to 37.5 Hz. Figures 5.14a and 5.14b
show the pressure spectra measured by the interior cavity pressure sensor (in red)
and near-field hydrophone (in blue) before and after modulation of the ventilation
rate, respectively. Figure 5.14c shows the interior pressure time history when the
supercavity underwent modulation.
with the experimental interior cavity pressure and near-field radiated noise spectra
in Figure 5.21. Please note that the coloring scheme for Figure 5.21 is the same as
that described in the preceding paragraphs.
Utilizing the same base pulsating supercavity as before, a similar modulation
was performed, however, the modulation frequency was changed to 35.0 Hz. The
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Figure 5.15: Interior cavity pressure time histories of the baseline pulsating supercavity (blue), the cavity modulated at 25.0 Hz (black) and 35.0 Hz (red).
resulting change in the computational interior cavity pressure spectrum is plotted in
Figure 5.22. In Figure 5.22, it can be clearly seen that the computational supercavity
did not have its pulsation suppressed due to modulation of the ventilation rate.
This can be seen in the computational internal cavity pressure spectrum from the
50.0 Hz tone, with a peak level of 169.9 dB. As such, a similar noise analysis was
performed based on the mean radius of the cavity of 1.83 cm, and fluctuating
cavity radius of ± 1.22 cm; thus for the 50.0 Hz pulsation frequency the volume
velocity was 9.10x10−4 m3 /s. These values correspond to a spherical spreading
noise estimate of 148.1 dB and an Equation 3.11 estimate of 160.1 dB.
One interesting result from this simulation is the presence of a higher frequency
tone in both the experimental and computational internal cavity pressure spectra.
For the experimental internal cavity pressure spectrum this tone is observed at
152.8 Hz with a peak level of 154.7 dB. Computationally, this tone is observed at
192.0 Hz with a peak level of 153.8 dB. The presence of these higher frequency
waves in computational internal cavity pressure is observed in the internal cavity
pressure time history of Figures 5.15 and 5.16 after 0.7 seconds. Finally, these higher
frequency waves are observed on the isosurface contours shown for the cavity in
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Figure 5.16: End portion of the interior cavity pressure time histories of the baseline
pulsating supercavity (blue), the cavity modulated at 25.0 Hz (black) and 35.0 Hz
(red). Note the increased higher frequency content in the interior cavity pressure of
the 35.0 Hz modulated cavity after 0.7 seconds.
Figure 5.23 at a time of 2.71798 seconds (0.854 seconds after modulation initiation).
Recall that in Section 4.6, it was conjectured that these higher frequency waves are
the mechanism that is responsible for the mitigation of pulsation. Hence, capturing
the presence of such a wave is a promising result. However, the mitigation of
pulsation was not captured by this simulation in the alloted time. The results of
Section 5.4 suggest that it may require additional computational time to capture
the final behavior of the modulated supercavities. However, the computational
cavity did not see the change in closure regime in a period three times longer than
it took to experimentally suppress pulsation.
Ultimately, the computational work on modeling of the modulation technique
to mitigate pulsation in ventilated supercavities is ongoing. The preliminary results
presented herein show promise, in that both the pulsation frequency shift behavior
was captured and the increased higher frequency content in the internal cavity
pressure spectrum for cavity the pulsation mitigation case. However, it is unclear
why the change in cavity behavior appears to take much longer in the computational
model than in the experimental cavities.
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Figure 5.17: Experimental internal cavity pressure (red) and near-field radiated noise
(black) spectra comparison with a computational internal cavity pressure spectrum
(blue) and near-field noise estimates based on spherical spreading (magenta) and
Equation 3.11 (cyan) for pulsating supercavities, before modulation of the ventilation
rate.
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Figure 5.18: Experimental internal cavity pressure (red) and near-field radiated noise
(black) spectra comparison with a computational internal cavity pressure spectrum
(blue) and near-field noise estimates based on spherical spreading (magenta) and
Equation 3.11 (cyan) for pulsating supercavities, after a 25.0 Hz modulation of the
ventilation rate has been applied.
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(b)

Figure 5.19: Computational cavity modulated at 25.0 Hz. The surface shown is gas
volume fraction 0.1 isosurface from Figure 5.19a the side and Figure 5.19b below.
These isosurfaces roughly corresponds to the experimental cavity interface without
the effects of a strong re-entrant jet being shown.
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Figure 5.20: Supercavity that was initially pulsating at 38.9 Hz, that underwent
modulation of the ventilation rate at a frequency of 35.0 Hz applied at t=0.0 seconds
and the resulting transition to the twin vortex closure regime. Figures 5.20a and
5.20b show the pressure spectra measured by the interior cavity pressure sensor
(in red) and near-field hydrophone (in blue) before and after modulation of the
ventilation rate, respectively. Figure 5.20c shows the interior pressure time history
when the supercavity underwent modulation.
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Figure 5.21: Experimental internal cavity pressure (red) and near-field radiated noise
(black) spectra comparison with a computational internal cavity pressure spectrum
(blue) and near-field noise estimates based on spherical spreading (magenta) and
Equation 3.11 (cyan) for pulsating supercavities, before modulation of the ventilation
rate.
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Figure 5.22: Experimental internal cavity pressure (red) and near-field radiated noise
(black) spectra comparison with a computational internal cavity pressure spectrum
(blue) and near-field noise estimates based on spherical spreading (magenta) and
Equation 3.11 (cyan) for pulsating supercavities, after a 35.0 Hz modulation of the
ventilation rate has been applied.
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(a) Vol Frac 0.1

(b) Vol Frac 0.1

Figure 5.23: Computational cavity modulated at 35.0 Hz. The surface shown is gas
volume fraction 0.1 isosurface from Figure 5.23a the side and Figure 5.23b below.
These isosurfaces roughly corresponds to the experimental cavity interface without
the effects of a strong re-entrant jet being shown.
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6|ward
Contribution and Path For6.1 Overview
A review of the current state of literature was presented, and this was used to
motivate a series of experiments that have been carried out in water tunnels to
study the three primary closure regimes of ventilated supercavities. The literature
review was also presented to provide a sense for the significance of the results
presented. Pulsating supercavity models were presented in addition to these experimental results in order to motivate a linear stability analysis of the compressible
gas profile present in supercavities. The axial velocity gas profile close to the
cavitator is analyzed as a potential cause of pulsation in ventilated supercavities. A
computational effort was undertaken to model the experimental results presented
herein. Finally, a methodology for pulsation suppression was presented and verified
to suppress pulsation numerically, experimentally, and computationally.
The acoustic experiments focused on the generation of ventilated supercavities in
water tunnel facilities. The acoustical characteristics of the pulsating, re-entrant jet,
and twin vortex closure regimes were investigated with an interior cavity pressure
sensor, window mounted hydrophone, and high speed video. Pulsating supercavities
were found to be monotonic monopole sound sources whose noise is at least 40 dB
greater than that generated by comparable twin vortex and re-entrant jet cavities.
The pulsation frequency was given by the ratio of the cavity surface traveling wave
speed to wavelength. The cavity interior pressure spectrum level was shown to
be related to the near-field and far-field noise spectrum level through spherical
spreading of the sound waves from the supercavity interface. Spherical spreading
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accounted for the approximate 20 dB offset observed between the radiated cavity
noise and cavity interior pressure spectrum level, at the pulsation frequency, for
the pulsating supercavities generated in the 0.305 m water tunnel. This suggests
that the cavity interior pressure can be used as a measure of the radiated noise
created by a pulsating supercavity.
The stability analysis showed that supercavities have a condition for stability
based on the axial velocity profile of the gas inside of a ventilated supercavity. By
examining the coupling between wavenumbers and the largest eigenvalues for a
particular velocity profile pulsation frequencies could be obtained from the analysis.
It is hoped that the results from the analysis could be used to alter the axial velocity
profile of gas near the cavitator such that it excites frequencies away from the
natural frequency of the supercavity in order to prevent pulsation from occurring
in steady ventilated supercavities.
A finite volume CFD modeled supercavity was compared to an experimentally
obtained supercavity at similar Froude numbers. The computational cavitation
number, cavity order, pulsation frequency, cavity interior pressure, and radiated
sound pressure spectrum levels were all found to be in good agreement with the
experimental values. It has been shown this method of computationally simulating
pulsating supercavities is capable of modeling the closure of experimental supercavities; thus, it is concluded that computational fluid dynamic (CFD) simulations
can be applied to investigate physical supercavitating phenomena perhaps beyond
what is possible in controlled testing.
The pulsation suppression methodology was explored analytically and verified
to be effective both experimentally and computationally. The technique, which
has its roots in parametric oscillators, utilizes modulation of the ventilation rate to
change the stiffness of the supercavity and shift its resonance frequency away from
the cavity interface wave forcing frequency, which remains largely unchanged. This
effectively results in the cavity being driven off resonance. The analytical model
suggested that it is possible to stabilize the supercavity and suppress pulsation
in this manner. The experiments showed conclusively that modulation of the
ventilation rate is effective at suppressing ventilated supercavity pulsation over
a wide range of conditions. Commensurate with the suppression of pulsation
was the reduction in radiated noise at the pulsation frequency, to the continuum,
oftentimes 35 dB or more. The experiments also showed that, in those cases
187

where modulation failed to suppress pulsation, it was effective at shifting the
pulsation frequency and, in some cases, changing the amplitude of both the cavity
interior fluctuating pressure and radiated noise. Those cases where modulation
suppressed pulsation and where it failed to suppress pulsation but simply shifted
the pulsation frequency were predicted reasonably well by a simple analytical
model. The computational investigation of the methodology demonstrated that
at a Froude number of 24.5, the modulation technique can mitigate pulsation in
ventilated supercavities. Hence, the modulation technique should be scalable to
higher Froude numbers than tested experimentally. The computational modeling
of the modulation technique at experimental conditions is an ongoing effort. The
preliminary results were able to computationally capture the pulsation frequency
shift behavior for an experimental case that saw a pulsation frequency shift. The
shifted pulsation frequency, however, was not captured computationally. Yet, the
fact that pulsation continued was a promising result. Finally, despite the capturing
of computational pulsation mitigation at a Froude number of 24.5, at experimental
velocities it could not be captured in the allotted computational time frame.

6.2 Contributions and Findings
The primary contribution of this effort is a methodology to mitigate pulsation in
ventilated supercavities [47]. While the effort to computationally model modulation
of the ventilation rate at experimental conditions is ongoing; the preliminary
results are quite promising [43]. This effort also resulted in the first experimental
quantification of noise of pulsating supercavities as well as comparison to the noise
of other closure regimes [19]. The major finding from the noise studies is that
the radiated noise at the pulsation frequency can be accurately estimated from
measurements of the interior cavity pressure spectrum at the pulsation frequency [19].
This effort also contained the first generation of pulsating supercavity simulations
at low velocities and has been included in the first computational study of pulsating
supercavities [42]. Finally, the 2D wake stability study is a novel approach for
supercavity stability.
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6.3 Suggestions and Future Work
Future work topics to expand on questions brought up throughout this dissertation
are presented below.
• The cavitator design used in this experiment utilized the same duct for both
the gas pressure sensor wires and the ventilation gas. Future designs should
look at employing two ducts for this to prevent the possible blockage of the
gas line by the pressure sensor wire and wire shielding.
• The most logical extension of this project is to scale up the pulsation suppression methodology in terms of cavitator size and Froude number. The
work presented in Section 5.4 has suggested this methodology can work with
Froude numbers as high as 24.5, however, typical supercavitation uses are
at higher Froude numbers than that. Thus, checks need to be performed
to ensure that this methodology can be employed at those higher Froude
numbers.
• The high speed butterfly valve used to perform these experiments should
be improved, in order to expand the range of modulation frequencies that
could be experimentally investigated without an unacceptably large loss in
mean ventilation rate. While the computational results presented herein are
able to examine an expanded range of frequencies, experimental checks of the
computational results should be performed to ensure their validity.
• The acoustic results presented in Section 3.5.2 were unable to provide a
theoretical explanation of the radiated noise generated by over-pressurized
supercavities. Future work employing a multipole expansion could provide
insight on this topic.
• The original goal of this work presented in Chapter 4 was to suppress pulsation
in ventilated supercavities. One means of doing this that was considered
was active/adaptive control of the ventilation rate. In such a technique,
the ventilation rate was to be offset in magnitude and phase to the cavity
interior pressure oscillations associated with pulsation. This is a much more
complicated than the technique presented in Chapter 4, however, it may be
more robust over a certain range of conditions.
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• Chapters 4 and 5 both demonstrated that modulation of the ventilation rate
can be utilized to change the cavity length and/or decrease the ventilation
rate requirement in supercavities. Future work studies of how and why this
occurs, as well as any limitations, would be of great interest and provide for
increased utility for modulation of the ventilation rate.
• A computational effort should be undertaken to duplicate the experimental
results presented herein. In particular, the modulation results should be
sought to be duplicated (beyond the handful of cases that were examined).
Additionally, the CFD approach presented in this dissertation exhibited difficulty capturing the correct air entrainment rate. Thus, a future computational
effort should seek to fully encompass all similarity parameters. Such a computational effort could perhaps provide insight into why it is so difficult to
capture pulsation in ventilated supercavities at low Froude numbers, whereas
they are relatively easy to achieve experimentally in a water tunnel.
• The final recommendation is to further explore the radiated noise of ventilated
supercavities in tow tank water tunnels and free field conditions. While the
radiated noise generated by a monopole, such as a pulsating supercavity,
should not change in a free field environment; the results presented herein
should be repeated in a free field environment.

190

Appendix A|
Section 3.5.2.1 Data
Table A.1: Pulsating supercavities analyzed in Section 3.5.2.1. Note that the case
denoted by *, was presented in Section 3.5.2.1.
Figure
Numbers
(Photo |
Spectra)

Fr

P∞ (kPa)

CQ̇

A.1* | A.2*
A.3 | A.4
A.5 | A.6
A.7 | A.8
A.9 | A.10
A.11 | A.12

4.21
4.21
4.21
4.21
3.67
3.67

98.6
101.3
101.3
101.3
98.6
101.3

1.7461
1.9576
1.4483
0.8708
1.5791
1.8291
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Cavity
Pressure
Spectrum
Level at fo
(dB)
189.2
189.6
189.6
190.4
189.3
190.1

Measured dB
Drop at fo
17.7
21.1
14.4
13.3
16.1
14.5

Pressure Spectrum Level [dB re 1 µPa]

Figure A.1

200
Cavity
Hydrophone
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Figure A.2: Interior cavity pressure (red) and near-field radiated noise (black)
spectra for the cavity shown in Figure A.1.
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Figure A.3
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Figure A.4: Interior cavity pressure (red) and near-field radiated noise (black)
spectra for the cavity shown in Figure A.3.
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Figure A.5
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Figure A.6: Interior cavity pressure (red) and near-field radiated noise (black)
spectra for the cavity shown in Figure A.5.
194

Pressure Spectrum Level [dB re 1 µPa]

Figure A.7
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Figure A.8: Interior cavity pressure (red) and near-field radiated noise (black)
spectra for the cavity shown in Figure A.7.
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Figure A.10: Interior cavity pressure (red) and near-field radiated noise (black)
spectra for the cavity shown in Figure A.9.
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Figure A.12: Interior cavity pressure (red) and near-field radiated noise (black)
spectra for the cavity shown in Figure A.11.
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Appendix B|
Section 4.6.2 Data
The set of experimental data from all pulsation runs where the ventilation rate
remained above Q̇min is given below. Note that the runs with the pressure of the
ventilation gas (i.e., backpressure) set to 620 kPa or above have been included and
have been denoted with a ∗.
Initial
Tone Level
(dB)

fmod (Hz)

Closure
Regime

fo,mod (Hz)

Modulated
Tone Level
(dB)

39.31

190.5

22.5

Pulse

45.04

181.1

39.67

185.1

20.0

Pulse

41.5

182.9

40.65

184.3

22.5

Pulse

41.87

180.7

39.67

185.8

25.0

Pulse

41.14

182.7

40.53

183.5

27.5

Pulse

41.38

181.2

39.79

183.5

30.0

Pulse

40.28

179.1

40.41

182.6

32.5

Pulse

40.04

177.5

40.28

185.5

35.0

Pulse

40.04

181

40.41

186.7

10.0

Pulse

41.99

183.6

40.65

187.2

12.5

Pulse

42.48

180.4

39.55

188.8

27.5

Pulse

41.26

178.3

40.65

186.9

10.0

Pulse

41.99

182.1

39.18

182.3

10.0

Pulse

36.74

179.5

38.82

184.5

12.5

Pulse

37.48

182.2

fo
(Hz)

Continued on Next Page. . .
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Table B.1 –Continued
Initial
Tone Level
(dB)

fmod (Hz)

Closure
Regime

fo,mod (Hz)

Modulated
Tone Level
(dB)

38.7

184.3

15.0

Pulse

37.23

180.6

38.82

182.5

17.5

Pulse

37.96

179

38.94

181

20.0

Pulse

38.21

178.9

38.94

183

22.5

Pulse

37.72

176.8

39.06

181.8

25.0

Pulse

37.48

179.2

38.94

184.2

27.5

Pulse

37.11

178.7

38.94

183.7

10.0

Pulse

37.23

178.2

39.06

184.4

27.5

Pulse

37.72

176

36.13

187.3

10.0

Pulse

40.65

184.1

36.5

188

10.0

Pulse

40.77

183.6

36.87

186.8

12.5

Pulse

41.02

188.4

36.5

186.5

15.0

Pulse

40.53

184

36.62

186.3

17.5

Pulse

41.02

183.8

36.99

187.4

20.0

Pulse

41.14

184.4

36.5

187.6

22.5

Pulse

40.77

182

36.62

186.8

25.0

Pulse

41.5

182.4

36.62

187

27.5

Pulse

41.63

180.2

37.11

185.4

15.0

Pulse

41.38

187

36.87

186.9

25.0

Pulse

40.65

184.2

36.74

184.7

10.0*

Pulse

40.89

188.3

36.38

187.3

12.5*

Pulse

40.65

189.5

36.74

185.3

15.0*

Pulse

41.02

189.1

36.62

185.4

17.5*

Pulse

41.26

188

36.5

186.7

20.0*

Pulse

41.14

188.5

36.87

185.9

22.5*

Pulse

41.5

187

36.87

185.3

25.0*

Pulse

41.75

188.2

36.5

187

27.5*

Pulse

41.63

186.7

fo
(Hz)

Continued on Next Page. . .
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Table B.1 –Continued
Initial
Tone Level
(dB)

fmod (Hz)

Closure
Regime

fo,mod (Hz)

Modulated
Tone Level
(dB)

36.38

187.9

10.0*

Pulse

39.06

186.4

35.89

185.6

12.5*

Pulse

39.18

189.4

36.25

187

15.0*

Pulse

39.43

188.2

36.01

187.2

17.5*

Pulse

39.43

188.1

36.01

185.6

20.0*

Pulse

39.55

188

35.89

186.4

22.5*

Pulse

39.55

189.2

36.13

186.3

24.5*

Pulse

39.79

187.9

36.25

185.4

27.5*

Pulse

39.92

188.2

36.01

183.3

30.0*

Pulse

40.04

188.4

35.89

186.5

32.5*

Pulse

40.04

189.1

36.13

184.6

35.0*

Pulse

40.41

187.9

35.77

186.3

37.5*

Pulse

40.53

187.1

36.01

186.3

40.0*

Pulse

40.65

186.6

36.01

185.1

42.5*

Pulse

41.5

183.9

36.25

184.4

45.0*

Pulse

41.5

185.9

36.01

185.4

47.5*

Pulse

41.38

184.6

36.5

184.1

30.0*

Pulse

40.28

188.5

36.01

187.9

36.0*

Pulse

40.53

188.3

36.25

184.5

10.0*

Pulse

40.16

188.7

36.25

184.9

12.5*

Pulse

40.16

188.2

36.62

184.5

15.0*

Pulse

40.41

190.3

36.13

184.4

17.5*

Pulse

40.28

188

36.38

184.5

20.0*

Pulse

40.77

189.2

36.25

185.7

22.5*

Pulse

40.53

187

36.13

185.4

25.0*

Pulse

40.65

186.2

36.01

186.2

27.5*

Pulse

40.65

188.4

35.89

184.8

30.0*

Pulse

40.77

188.9

fo
(Hz)

Continued on Next Page. . .
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Table B.1 –Continued
Initial
Tone Level
(dB)

fmod (Hz)

Closure
Regime

fo,mod (Hz)

Modulated
Tone Level
(dB)

30.25

185.4

32.5*

Pulse

41.5

187

36.13

185.8

35.0*

Pulse

41.02

187.2

36.13

186.6

37.5*

Pulse

41.5

187.7

36.13

185.5

40.0*

Pulse

40.04

183.2

36.01

187

42.5*

Pulse

42.48

180.6

36.13

184.2

30.0

Pulse

41.14

185.9

40.16

187.1

10.0

Pulse

41.87

184.9

39.31

187.9

12.5

Pulse

41.5

186.9

40.41

187.2

15.0

Pulse

42.6

186.4

40.41

187.8

17.5

Pulse

42.72

184.1

39.31

188.9

30.0

Pulse

40.04

178.3

38.94

186.4

10.0

Pulse

38.45

180.1

38.7

184

12.5

Pulse

39.18

179.5

39.18

184

15.0

Pulse

39.31

180.1

38.7

184.6

17.5

Pulse

40.04

181.7

39.31

187.1

20.0

Pulse

40.77

181.9

38.94

188.3

22.5

Pulse

40.77

182.5

38.94

187

25.0

Pulse

40.53

184.8

39.06

185.2

27.5

Pulse

40.53

181

39.06

181.9

10.0

Pulse

38.94

178

38.7

182.1

12.5

Pulse

39.43

178.4

38.82

183

15.0

Pulse

37.67

178.5

39.06

183.5

17.5

Pulse

36.87

177.5

39.06

186.5

20.0

Pulse

37.96

178.8

38.7

183

22.5

Pulse

40.28

178

38.7

179

25.0

Pulse

39.92

180.2

39.06

182.8

27.5

Pulse

39.67

178.1

fo
(Hz)

Continued on Next Page. . .
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Table B.1 –Continued
Initial
Tone Level
(dB)

fmod (Hz)

Closure
Regime

fo,mod (Hz)

Modulated
Tone Level
(dB)

38.94

183.4

30.0

Pulse

38.33

174.6

38.7

182.2

32.5

Pulse

37.11

177.1

39.06

183.7

20.0

Pulse

40.16

178.2

38.94

182.1

17.0

Pulse

37.84

179.3

38.33

183.4

20.0

Pulse

37.23

179.9

39.79

191.3

25.0

Twin

N/A

N/A

40.28

190.4

55.0

Twin

N/A

N/A

39.18

189.9

52.5

Twin

N/A

N/A

39.79

191.1

27.5

Twin

N/A

N/A

39.92

187.1

57.5

Twin

N/A

N/A

40.04

184.3

37.5

Twin

N/A

N/A

39.67

187.6

20.0

Twin

N/A

N/A

40.77

189.4

22.5

Twin

N/A

N/A

40.65

187.4

25.0

Twin

N/A

N/A

39.67

189.2

27.5

Twin

N/A

N/A

40.28

185.3

30.0

Twin

N/A

N/A

39.43

188.7

32.5

Twin

N/A

N/A

40.41

188.2

35.0

Twin

N/A

N/A

39.43

187.2

37.5

Twin

N/A

N/A

39.67

187.3

40.0

Twin

N/A

N/A

39.55

186.8

15.0

Twin

N/A

N/A

40.41

187.2

17.5

Twin

N/A

N/A

40.04

189.6

30.0

Twin

N/A

N/A

39.06

183.8

30.0

Twin

N/A

N/A

38.94

183.8

32.5

Twin

N/A

N/A

38.94

182.9

35.0

Twin

N/A

N/A

38.94

183.2

37.5

Twin

N/A

N/A

fo
(Hz)
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Table B.1 –Continued
Initial
Tone Level
(dB)

fmod (Hz)

Closure
Regime

fo,mod (Hz)

Modulated
Tone Level
(dB)

39.06

184

38.82

Twin

N/A

N/A

39.06

184.3

30.0

Twin

N/A

N/A

36.5

186.9

30.0

Twin

N/A

N/A

36.74

184.4

27.5

Twin

N/A

N/A

37.11

186.2

30.0*

Twin

N/A

N/A

36.62

187.3

32.5*

Twin

N/A

N/A

36.5

185.8

35.0*

Twin

N/A

N/A

36.5

185.5

37.5*

Twin

N/A

N/A

36.62

186.7

40.0*

Twin

N/A

N/A

37.11

186.3

36.62*

Twin

N/A

N/A

37.35

185

30.0*

Twin

N/A

N/A

36.38

185.7

50.0*

Twin

N/A

N/A

35.89

183.6

52.5*

Twin

N/A

N/A

36.13

184.1

55.0*

Twin

N/A

N/A

36.13

184.4

57.5*

Twin

N/A

N/A

36.13

184.2

60.0*

Twin

N/A

N/A

39.18

187.4

20.0

Twin

N/A

N/A

39.79

186.3

22.5

Twin

N/A

N/A

39.92

186

25.0

Twin

N/A

N/A

39.43

188.9

27.5

Twin

N/A

N/A

40.16

186.4

30.0

Twin

N/A

N/A

39.31

188.1

32.5

Twin

N/A

N/A

40.04

187.6

35.0

Twin

N/A

N/A

39.43

189

37.5

Twin

N/A

N/A

39.31

189.1

37.5

Twin

N/A

N/A

39.79

189.1

40.0

Twin

N/A

N/A

39.31

188.8

42.5

Twin

N/A

N/A

fo
(Hz)
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Table B.1 –Continued
Initial
Tone Level
(dB)

fmod (Hz)

Closure
Regime

fo,mod (Hz)

Modulated
Tone Level
(dB)

39.18

188.6

45.0

Twin

N/A

N/A

39.31

186.9

39.33

Twin

N/A

N/A

38.7

182.7

30.0

Twin

N/A

N/A

38.94

186.4

32.5

Twin

N/A

N/A

38.94

187.3

35.0

Twin

N/A

N/A

38.94

185.9

37.5

Twin

N/A

N/A

38.7

183.1

40.0

Twin

N/A

N/A

38.82

188

42.5

Twin

N/A

N/A

38.7

183.7

45.0

Twin

N/A

N/A

38.7

183.2

47.5

Twin

N/A

N/A

39.18

185.5

30.0

Twin

N/A

N/A

39.43

182.5

35.0

Twin

N/A

N/A

39.06

185.5

37.5

Twin

N/A

N/A

38.82

180.6

40.0

Twin

N/A

N/A

38.7

184.5

42.5

Twin

N/A

N/A

38.7

181.6

45.0

Twin

N/A

N/A

38.94

182

30.0

Twin

N/A

N/A

fo
(Hz)
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