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The amplitude of the acoustic pressure required to nucleate a gas or vapor bubble in a fluid, and to

have that bubble undergo an inertial collapse, is termed the inertial cavitation threshold. The magni-

tude of the inertial cavitation threshold is typically limited by mechanisms other than homogeneous

nucleation such that the theoretical maximum is never achieved. However, the onset of inertial cav-

itation can be suppressed by increasing the static pressure of the fluid. The inertial cavitation thresh-

old was measured in ultrapure water at static pressures up to 30 MPa (300 bars) by exciting a

radially symmetric standing wave field in a spherical resonator driven at a resonant frequency of

25.5 kHz. The threshold was found to increase linearly with the static pressure; an exponentially

decaying temperature dependence was also found. The nature and properties of the nucleating

mechanisms were investigated by comparing the measured thresholds to an independent analysis of

the particulate content and available models for nucleation.
VC 2012 Acoustical Society of America. [http://dx.doi.org/10.1121/1.4733539]
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I. INTRODUCTION

The energy concentration responsible for sonolumines-

cence (SL) has been known for some years,1 and the large

pressures and temperatures reached within the bubble have

led some to speculate on whether thermonuclear conditions

are attainable.2 The recent work by Gaitan et al.3 concerns

mechanisms for driving the collapse of bubbles. By increas-

ing the static pressure of the fluid, they found that the ampli-

tude of emitted shock waves and SL flashes from transient

cavitation events increased 1000-fold over those measured

for single bubble SL.3,4 These observations suggest that ele-

vated static pressures have the potential to facilitate the crea-

tion of the conditions necessary for thermonuclear fusion.

The transient events observed by Gaitan et al.3 occur

after a threshold tension has been achieved in the liquid. The

cavitation threshold for water is well documented under vari-

ous conditions,5–11 however, there are few data on the influ-

ence of static pressure above 10 MPa on the measurement.

Pre-pressurization of the fluid samples has been shown to

increase the threshold,12,13 which led Harvey to formulate

the crevice model for nucleation.14 Greenspan and Tscheigg6

and Herbert et al.7 found that the absolute tension required

for inertial cavitation was constant up to 80 bars static pres-

sure. Strasberg9 also found that the required tension for iner-

tial cavitation was constant when the static pressure was

increased up to 4 bars, but noticed hysteresis in the measure-

ment upon depressurization. These observations were con-

sistent with the crevice model of Harvey et al.12

In this paper, the dependence of the inertial threshold on

static pressure up to 300 bars (30 MPa) is reported. The

experimental setup and data collection procedure will be dis-

cussed first, followed by the experimental results. These

results will then be compared to the crevice model for bub-

ble nucleation as formulated by Crum.5

II. METHODS

A. Experimental setup

1. Acoustic resonator

The resonator is described in some detail by Gaitan

et al.3 Briefly, the acoustic resonator [manufactured by

Impulse Devices, Inc. (IDI), Grass Valley, CA] was a stain-

less steel (17-4), spherical shell with dimensions of 9.5 in.

outer diameter and 8 in. inner diameter (3/4 in. thickness),

and an approximate volume of 4.4 ‘. The resonator was

machined as two separate hemispheres, which were joined

by electron beam welding. Four ports provide access to the

resonator’s interior. Two of these ports were fitted with

custom-made needle-type valves [1/2 in. National Pipe

Thread (NPT) threads] allowing for circulation of fluid

through the sphere. One of the remaining ports (1/4 in. NPT

threads) was fit with a custom flush-mounted pressure sensor

(603B1, Kistler Instrument Corporation, Amherst, NY). The

remaining port (also 1/4 in. NPT) was sealed with a custom-

made plug. The resonator was excited with four custom-

designed transducers driven in parallel and mounted sym-

metrically about the resonator.

Measurements were made at zero-order, radially symmet-

ric modes that are non-degenerate and are insensitive to geo-

metrical imperfections to first order.15 Furthermore, the

damping of the zero-order modes is only due to the properties

of the fluid.15 This minimizes losses at resonance, resulting in

large quality factors. It was empirically determined that

modes near the intrinsic resonance of the drivers (�20 kHz)
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were most efficient at generating cavitation.3 For this reason,

the (0,6) mode [f � 25.5 kHz, quality factor (Q) � 104] was

chosen for the threshold measurements.

The radial pressure profile for these zero-order eigenmo-

des can be described by the spherical Bessel functions jn,

PðrÞ ¼ P0jnðknsrÞ; (1)

where kns is the wavenumber calculated from sth eigenfre-

quency of an nth order mode, and r is the radial distance

from the center of the sphere. The measured radial pressure

profiles were in agreement with Eq. (1) at driving amplitudes

much lower than those used to initiate cavitation.16 Further-

more, the maximum pressure anti-node at r¼ 0 was found to

be linear with the driving amplitude near the cavitation

threshold, as described in Ref. 17. These findings allowed

the acoustic pressure to be measured at the inner radius of

the resonator (�10.1 cm radius) with the pressure sensor and

extrapolated to r¼ 0 using Eq. (1), thus negating the need

for an invasive probe.

2. Fluid loop

The resonator was incorporated into a closed-loop sys-

tem, as shown in Fig. 1. The bulk of the loop was composed

of stainless steel (types 303, 316, and 17-4), polytetrafluoro-

ethylene (PTFE), and borosilicate glass. These materials

leach contaminates at very low concentrations, which mini-

mizes so-called container effects.18 The leak rates of all seals

and connectors were checked with a leak detector (Varian

938-41, Varian Inc., Lexington, MA) to minimize the possi-

bility of any external contaminates before any fluid was

introduced into the loop. The sealed loop (�12 ‘ total vol-

ume) was filled with American Society for Testing and

Materials (ASTM) type I water (environmental grade, Fisher

Scientific, Waltham, MA) using a procedure similar to that

of Herbert et al.7 The closed-loop system described here is

effective at removing particulates and dissolved gases in the

fluid by continuous circulation of the fluid through the filters

and degassing chamber. The filtration system was modeled

after a commercial system (Thermo Scientific Barnstead

E-Pure, Thermo Scientific, Asheville, NC) for producing

ASTM type I water. It was designed to keep the water purity

to ASTM type I standards and uses five separate filters. The

primary filter was a carbon-block membrane cartridge (pore

size 0.15 lm) used to remove bacteria before the fluid was

allowed to pass through two de-ionization cartridges. The

de-ionization cartridges were used to maintain the water

resistivity at 16 MX cm. A 100 nm PTFE membrane filter

acted as a polishing filter. Finally, a commercially available

ultrafilter (model name Biopak, Millipore Corporation,

Billerica, MA) acted as a molecular sieve with a cutoff

weight of 20 000 Da.

The filtration system was found to return the fluid to a

minimal baseline particulate content by measuring the par-

ticulate content of manufacturer ultrapure water (straight

from the bottle), water extracted from the loop after a typical

data run, and water extracted from the loop after a typical fil-

tering and degassing cycle (removal of gases from the fluid

will be discussed in the next paragraph). These samples were

sent to a commercial laboratory (Particle Measuring Sys-

tems, Boulder, CO) and the particulate content in the size

range of 0.1–20 lm was measured via light scattering

methods.

The cumulative volume fraction of particulates as a

function of size is shown in Fig. 2. The relatively large vol-

ume fraction of particulates from the group B data indicated

that some particulates were leached into the fluid after a data

run. However, after the fluid was filtered and degassed, the

FIG. 1. (Color online) Diagram of fluid loop. The thin, solid lines are 303

stainless steel tubing for low pressure flow. The thick lines indicate the high

pressure section of the loop. Dashed lines are PTFE tubing. The thin arrows

indicate flow direction.

FIG. 2. (Color online) Measured cumulative volume fraction (up to 20 lm)

of particulates in the testing fluid (ultrapure water) as a function of minimum

particulate size. Group A samples were water straight from the supply,

group B samples were extracted from the loop after a typical data run, and

group C samples were extracted from the loop after a typical filtering and

degassing cycle.
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number of particulates was reduced to near the baseline of

the raw fluid as indicated by the relatively close values of

groups A and C. This indicated that the filtration process was

adequate to reduce the particulate content to an acceptable

level.

Dissolved gases were removed from the fluid by evacu-

ating the vacuum chamber with a positive displacement

pump (model 15400, Robinair SPX Corporation, Owatonna,

MN) while circulating the fluid through the chamber. The

factor micron rating of the pump was 20 lbars, and the free

air displacement of the pump was specified to be 4 ft3/min.

A liquid nitrogen trap (placed in-line between the vacuum

chamber and the vacuum pump) prevented both oil vapors

drifting through the vacuum line into the closed loop and

water vapor from damaging the pump. The chamber was typ-

ically backfilled to 400 Torr with argon to facilitate circula-

tion of the fluid through the filtering branch of the loop.

The fluid temperature was adjusted via a cold plate

immersed in a 24 ‘ bath filled with a 50% solution of ethyl-

ene glycol to within 0.1 �C by a constant temperature circu-

lator (Polystat 12101-10, Cole-Parmer, Vernon Hills, IL).

The temperature of the fluid within the sphere was observed

to increase by several degrees over the course of a data run

due to absorption of acoustic energy. Two equipment cool-

ing fans (p/n 1976k43, McMaster-Car, Atlanta, GA) were

used to circulate the air around the resonator to minimize

this heating.

A screw piston (model 50-6-15, High Pressure Equip-

ment Company, Erie, PA) was used to generate overpressure

in the high pressure section of the loop. The piston shaft was

constructed from 17-4PH stainless steel. The static pressure

in the high pressure section of the loop was measured with a

flush-mounted pressure transducer (MP-40B, Micron Instru-

ments, Simi Valley, CA), manufactured from highly corro-

sion resistant titanium (type 6AL4V).

3. Cavitation generation electronics

A block diagram of the driving electronics is seen in

Fig. 3. The setup is modeled after Roy et al.8 The system

was driven continuously at the (0,6) mode while increasing

the driving level with a custom-designed amplitude modula-

tion (AM) circuit until inertial cavitation occurred. The reso-

nator was excited with four custom-designed transducers

connected electrically in parallel. The impedance presented

by the drivers was quite large at the frequencies of interest

(�1 kX) and it was necessary to use adjustable transformers

(turn ratio 1/9.64, CMI-4627 0938, Corona Magnetics, Inc.,

Corona, CA) in series with each driver to match the load to

the power amplifier (1140LA, ENI Power Systems, Roches-

ter, NY).

The fluid temperature would typically drift over the

course of a measurement, resulting in shifts of the sound

speed and therefore resonant frequency of the system. Since

the quality factor of the system was so large, it was critical

that the system be continuously driven at resonance.16 This

was accomplished by the use of a custom-designed phase

locked loop (PLL) manufactured by IDI.

The sound speed of the fluid was determined to a high

precision by measuring the relative echo time of consecutive

reflections of an ultrasonic propagating across the resonator

cavity. A 10 MHz contact transducer (M1054, Olympus

NDT Inc., Waltham, MA) was excited with a pulser/receiver

unit (5800, Olympus NDT Inc., Waltham, MA). The time-

of-flight was determined by measuring the time difference

between the envelope of the first and second set of reflec-

tions, and the sound speed computed assuming the path

length was twice the nominal diameter of the fluid-filled res-

onator (20.32 cm, 8 in.). This procedure was automated using

a MATLAB data-acquisition script (The Mathworks, Natick,

MA). These sound speed measurements were used to calcu-

late the approximate resonant frequency.

4. Passive cavitation detection

Inertial collapses were passively detected by measuring

the high-amplitude shock waves emitted by the collapsing

cavity via an ultrasonic delay line transducer affixed to the

outer surface of the resonator (fC¼ 15 MHz, V205, Olympus

NDT Inc., Waltham, MA). The transducer signal was high-

pass filtered (fC¼ 1 MHz) and amplified (þ10 dB) using a

pulser/receiver unit (5072PR, Olympus NDT Inc., Waltham,

MA), creating a passive cavitation detector (PCD) system.

The PCD signal was used to trigger an oscilloscope (LT264,

LeCroy Corporation, Chestnut Ridge, NY) recording the out-

put of the aforementioned hydrophone. The PCD signal also

triggered a digital delay generator (DG645, Stanford

Research Systems, Inc., Sunnyvale, CA), which reset the

AM circuit after a recovery period of 20 s.

B. Data collection procedure

The elements of the experimental setup outlined previ-

ously were combined in the following data collection

procedure.

(1) Liquid preparation: The fluid was circulated through the

filtering branch for one circuit (approximate circulation

time 45 min). The liquid was then degassed for 40 min by

evacuating the vacuum chamber while continuously circu-

lating the fluid at an approximate rate of 270 m‘/min. At

FIG. 3. Diagram of driving electronics for cavitation generation. The func-

tion generator is operated as a voltage controlled oscillator (VCO) so that

the phase locked loop can maintain the driving frequency at resonance. Cav-

itation events are detected using a passive cavitation detector, or PCD.
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the end of the degassing cycle, the measured dissolved

oxygen concentration was <0.2 mg/m‘ (approximately

2% of saturation). If necessary, the liquid was cycled fur-

ther until the desired fluid temperature was reached.

(2) Driver preparation: The high pressure section of the

loop (see Fig. 1) was isolated, and the sphere was pres-

surized to the desired level using the high pressure gen-

erator. The approximate acoustic resonant frequency was

determined by measuring the sound speed of the fluid

and comparing the result to a previously determined

empirical relation between sound speed and resonant

frequency. The cores of the matching transformers were

then adjusted such that the power factor was unity at

resonance, resulting in an apparent load of 50 X to the

amplifier and thus maximum electrical power transfer.

(3) Mode locking: The waveform generator was then

switched to frequency modulation mode (voltage con-

trolled oscillator), and the PLL was used to keep the

driving frequency locked at resonance. Typically, the

hydrophone signal was pre-amplified and passed through

a narrowband filter (�2 kHz), and was used as the input

signal to the phase detector on the PLL.

(4) Quiescent state/ramp rate: The acoustic pressure was

then adjusted to the quiescent amplitude, such that Pcav/

Pquiescent � 1.7, where Pcav is the approximate cavitation

threshold. This quiescent amplitude was chosen to

accommodate the limited range of the voltage ramp on

the AM circuit. After the quiescent amplitude was set,

the ramp rate was adjusted so that the acoustic pressure

increased by 1 bar/s. There was no statistically signifi-

cant variation of the threshold with the ramp rate (over

the range 0.5–27 bars/s) or quiescent amplitude (Pcav/

Pquiescent � 1.25–1.75). However, the scatter in the data,

and therefore the standard deviation, was proportional to

the quiescent amplitude. This observation is in agree-

ment with Roy et al.8

(5) Data collection: The data collection was automated

using a MATLAB script. The automation was carried out

by a personal computer using GPIB (IEEE-4888) proto-

col communications over a USB link. The GPIB control

arrangement is shown in Fig. 4. The automated process

began by disengaging the TTL pulse from the delay gen-

erator, discharging the AM circuit, and allowing the acous-

tic pressure to increase until the onset of inertial cavitation

was detected via PCD. Once the PCD signal reached the

predetermined threshold (typically 200 mV), the oscillo-

scope recording the hydrophone signal was triggered. The

ramp was then disengaged by a TTL signal from the delay

generator, and the system returned to its quiescent state for

20 s (the approximate recovery time of the system was

1 s). Typically, 100 cavitation events were recorded (one

per ramping cycle).

(6) Post measurement: When the automated measurement was

finished, the fluid’s sound speed, c1, was determined in

order to estimate the pressure drift over the course of the

measurement. Since the temperature may also vary over

the course of the measurement, the sphere was set to a

known pressure, and the sound speed, c2, was re-measured.

Since the static pressure was known for c2 the temperature

of the fluid could be calculated using the well-known rela-

tionship between water’s sound speed, pressure, and tem-

perature.19 The temperature calculated from c2 was then

used with c1 to calculate the pressure drift, assuming that

the fluid temperature did not drift while adjusting the static

pressure (adjustment time� 1 min).

III. RESULTS

The static pressure dependence of the threshold over the

temperature range 18 �C–34 �C is plotted in Fig. 5. Each data

point is the mean of the measured threshold of the data set.

The total number of recorded cavitation events per data set

at each static pressure, typically 100, is recorded in Table I.

The vertical error bars are the standard deviation in the

threshold for the data set. The isothermal dependence of the

threshold is approximately linear with the static pressure.

Each isotherm threshold shown in Fig. 5 was fit to a linear

curve. These best-fit linear parameters are shown in Table II.

The mean cavitation threshold over the range of meas-

ured temperatures is plotted as a function of the static

FIG. 4. Block diagram of computer control for automation of data collec-

tion procedure.

FIG. 5. (Color online) The static pressure dependence of the cavitation

threshold plotted as a function of fluid temperature (62 �C) over the range

18 �C–34 �C. The vertical error bars are the standard deviation of the thresh-

old for the data set, and are not large enough to be seen below 100 bars.
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pressure in Fig. 6. The linearity of the temperature-

independent threshold data suggests that it can be used as a

rule of thumb for calculating the static pressure dependence

of the cavitation threshold,

Pcav ¼ 1:92Pstat þ 34:64; (2)

where Pcav, the amplitude of the acoustic pressure at the cav-

itation threshold, and Pstat, the static pressure, are both in

units of bar. The coefficient of determination and standard

deviation of the mean for Eq. (2) are r2¼ 0.997 and

r �X¼ 11.12 bar, respectively.

The temperature dependence of the cavitation threshold

from 1 to 250 bars static pressure is plotted in Fig. 7. The

data points and vertical error bars are the mean and standard

deviation of the data set, and the horizontal error bars are the

drift in temperature.

IV. DISCUSSION

A. Temperature dependence of threshold

When possible, the threshold at each static pressure was

measured from room temperature (17 �C–22 �C) up to 35 �C.

In practice, once the sound speed was greater than 1540 m/s

it became difficult to produce repeatable data sets because

the (0,6) mode overlapped with another nearby mode. This

sound speed occurred at lower temperatures as the static

pressure was increased, thus limiting the range of tempera-

tures investigated for increasing static pressure.

There was a noticeable influence of temperature on the

cavitation threshold at elevated static pressures. For exam-

ple, the threshold varied by approximately 150 bars over a

15 �C range at 100 bars static pressure. Previous measure-

ments found that the temperature dependence of the thresh-

old was strong for fluids with large amounts of dissolved

gases,5 whereas the data in Fig. 7 are for well-degassed

(�2 kPa partial pressure) water, and yet still strongly

dependent on temperature. However, the vapor pressure and

surface tension of water depend exponentially on tempera-

ture, which, in turn, influence the nucleating mechanisms of

the cavitation.

To investigate the nucleation mechanism in these

experiments, the temperature-dependent threshold was com-

pared to the crevice model for nucleation.14,20 The model

assumes gas pockets are stabilized in the conical crevices of

pre-existing dirt particles present in the fluid, and has corre-

lated well with experimental measurements when the geom-

etry of the crevice is well known.21 There is some validation

TABLE I. Average number of measured threshold per data run at each

static pressure.

Pstat (bar) Average number of events per data run

1–225 100

250 75

275 75

300 20

FIG. 7. (Color online) The temperature dependence of the cavitation thresh-

old over the range 1–250 bars static pressure. The markers are the mean

measured threshold for the data run. The vertical error bars represent the

standard deviation of the measured threshold, while the horizontal bars are

the drift in temperature over the data run.

TABLE II. Best-fit parameters for linear fit of Pcav (bar) as a function of

Pstat (bar) over the range of measured temperatures. The goodness-of-fit pa-

rameters coefficient of determination (r2) and the standard error (r �X) are in

the last two columns.

Fluid temperature

( �C)

Slope

(bar/bar)

Ordinate

intercept (bar) r2 r �X ðbarÞ

18 2.44 96.82 0.999 0.981

20 1.94 70.89 0.968 39.837

22 1.96 48.75 0.985 24.976

24 1.75 77.84 0.965 24.246

26 1.99 24.82 0.996 10.696

28 1.68 35.73 0.998 6.519

30 1.87 15.54 0.985 20.158

32 1.87 5.95 0.995 9.451

34 1.64 13.23 0.996 9.280

FIG. 6. (Color online) The static pressure dependence of the cavitation

threshold. Each data point represents the mean threshold at all temperatures.

The vertical bars are the spread in Pcav over the measured temperature

range. The solid line is a linear fit to the data [Eq. (2)], and the dashed lines

are the 95% confidence intervals of the fit to the data.
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of this model as being the most likely source of nucleation

as the previously mentioned analysis of the particulate con-

tent of the liquid indicated that there were some 106 par-

ticles/m‘ present for particle sizes in the range of 0.1–20 lm.

Any of these particulates may contain one or more potential

crevice nucleation sites. Furthermore, previous measure-

ments have shown that the crevice model is the most likely

candidate for bubble nucleation.17 Nucleation from cavita-

tion at the walls is usually neglected in resonant systems, as

the modes are chosen such that the acoustic pressure is small

compared to the pressure anti-node in the bulk of the fluid.6

In addition, there are several pressure nodes and anti-nodes

along the radial pressure profile that would trap any bubble

before it reached the center. Nucleation from cosmic rays

also seems unlikely to contribute significantly to a given

data set, as only about 3 neutrons/h with energy >10 MeV

(those with sufficient energy to induce nucleation6) are

estimated to reach central pressure anti-node.

Crum5 was able to write the crevice model in terms

of experimentally measured quantities of typical crevice

geometries (conical crevice) and incorporate the effects of

surface tension,

Pcrevice ¼ PH � PV � cPG

þ PH � PV � PG

d

"
cosð/Þ C

r
� 1

� �

þ sinð/Þ 1� C

r
� 1

� �2
" #1=2#

; (3)

where PH is the hydrostatic pressure of the liquid, PV is the

vapor pressure, PG is the partial pressure of gas, r is the

water/gas surface tension, C is a parameter that depends on

the surface properties of the solid, c measures the ability of a

nucleating gas pocket to maintain equilibrium gas pressure,

and d and / are parameters that depend on the geometry of

the crevice.

The temperature dependence of the cavitation threshold

at 50, 100, and 150 bars static pressure is plotted in Fig. 8

along with a temperature-dependent fit (via the temperature

dependence of vapor pressure and surface tension) of Eq. (3)

to the data using a non-linear least-squares routine. d and /
were used as fitting parameters, and c was set to 1. PG was

set equal to the temperature-dependent vapor pressure, and

C was set to 0.05 N/m. Representative values for the fitting

parameters at 50, 100, and 150 bars static pressure are shown

in Table III.

The data fall within the 95% confidence intervals of the

fit in each case, which is suggestive that the model is consist-

ent with the temperature dependence of the data. The spread

of the confidence intervals likely does not necessarily reflect

that Eq. (3) is a bad fit to the data, but that there is a variety

of crevice geometries present in the liquid. It is likely that

the actual nucleating particulate, and therefore the crevice

geometry (possibly not a conical crevice), varied from mea-

surement to measurement and that the best-fit parameters

represent the mean values of the crevice geometry.

Besides the crevice model, the temperature dependence

of the data was also modeled by an exponential decay of the

form Pcav¼A exp[�CT] up to 250 bars. The best-fit decay

constant (using a non-linear least-squares method) C is plot-

ted as a function of the static pressure in Fig. 9. The decay

constant itself decays exponentially with the static pressure

and has the following form:

FIG. 8. (Color online) Pcav as a function of fluid temperature at static pres-

sures of 50, 100, and 150 bars. The solid lines are fits to Crum’s model for

nucleation from a crevice [Eq. (3)]. The dashed lines are the 95% confidence

intervals of the fit to the data at 100 bars.

TABLE III. Best-fit parameters of crevice model to temperature-dependent

threshold. The 95% confidence intervals are shown in parentheses. The

goodness-of-fit parameters coefficient of determination (r2) and the standard

error (r �X) are in the last two columns.

Pstat (bar) d ðno unitÞ / ðdegÞ r2 r �X ðbarÞ

50 0.00512 (60.0025) 212.91 (60.28) 0.847 16.81

100 0.00681 (60.001) 212.91 (60.06) 0.934 14.58

150 0.0129 (60.0042) 212.57 (60.28) 0.906 16.0

FIG. 9. (Color online) Exponential coefficient s as a function of static pres-

sure. The vertical error bars come from the 95% confidence intervals of the

fit to the data. The solid line is the exponential fit of s to the entire static

pressure range [Eq. (4)]. The dashed line is the exponential fit of s to

25–250 bars [Eq. (5)].
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C ¼ 0:0536 exp ½�0:004178Pstat�: (4)

The threshold at 1 bar deviates from the linear predictions of

the threshold dependence of static pressure (see the discus-

sion on the static pressure dependence of the threshold). If

the data point at 1 bar is neglected, the amplitude and decay

constants in Eq. (4) become

C ¼ 0:0799 exp ½�0:007245Pstat�: (5)

The coefficient of determination is r2¼ 0.484 and the stand-

ard error is r �X ¼ 1.32� 10�2 for Eq. (4). For Eq. (5), the

coefficient of determination is r2¼ 0.914 and the standard

deviation of the mean is r �X¼ 5.60� 10�3.

The form of Eqs. (4) and (5) suggests that the influence

of temperature on the threshold diminishes as the static pres-

sure of the fluid is increased. If the upper range of strong

temperature dependence is taken to be the decay constants of

Eqs. (4) and (5), the cavitation threshold should be largely

independent of the fluid temperature in the range of 138–240

bars. Hence, beyond this range of static pressures, the tem-

perature dependence of vapor pressure and surface tension

no longer have as strong an influence on the crevice model,

and nucleation may depend solely on overcoming the large

overpressure.

B. Static pressure dependence of the threshold

The cavitation threshold increases linearly with the

static pressure as evident in Figs. 5 and 6, especially above

1 bar. The deviation from linearity at 1 bar was also

observed by Herbert et al.,7 who concluded it was due to ei-

ther the presence of impurities in the form of air bubbles or

that the properties of the focused transducer were pressure

dependent. For the current results, the consistency of the

data with the crevice model suggests that any trapped gas

pockets are more easily liberated from the crevice at low

static pressures. This would be the case if the contact angle

were initially at the so-called receding contact angle14 and

the contact line were near the mouth of the crevice. How-

ever, beyond 1 bar static pressure the contact angle would

increase to the so-called advancing angle, which would

increase the threshold and thus account for the deviation

from linear behavior below 1 bar. As the static pressure

increased, the contact angle would remain fixed at the

advancing contact angle, and the contact line would regress

toward the apex of the crevice. The regression of the contact

line into the crevice would correspond to the linear portion

of the threshold dependence on static pressure. Thus in prin-

ciple it should be possible to analyze the threshold data

obtained in this work in conjunction with Eq. (3) and others

from Apfel14 to determine something of the nature of the

nucleating particles present in the liquid.

Unfortunately, it is not possible to find a unique solution

to Eq. (3) without making some additional assumptions. To

understand why, consider Eq. (3) more closely. Notice that

the term in square brackets on the right-hand side is the sum

of two orthogonal trigonometric functions. Although the sine

and cosine terms are multiplied by different coefficients,

their sum must be such that it produces a constant value pro-

viding a best fit to any set of the threshold data. That there

will be an infinite number of such sets is made obvious be

rewriting Eq. (3) as (see the Appendix)

Pcrevice ¼ PH � PV � cPG þ
PH � PV � PG

d
sinð/þ hÞ:

(6)

The term in square brackets in the original equation is now

seen to be a simple sine function of u plus a phase angle h.

Because h is a function of C and r, changing either or both of

their values has no effect on the shape of the curve; only the

position of the curve is changed. For the values of C and r
assumed here, 50 and 72 mN/m, respectively, h¼�0.3105.

One potential way forward is to equate the measured

cavitation threshold, Pcav, with the theoretical Blake thresh-

old, PBlake, for inertial cavitation. This approach allows cal-

culation of the critical radius, Rc, which is the smallest

bubble that will cavitate when exposed to PBlake. If it is fur-

ther assumed that Pcav¼PBlake, which is implicit in the

application of Eq. (3) to the threshold data, and also that Rc

is the radius of the opening of the crevice, ac, then d can be

calculated using the following equation given by Apfel:14

ac ¼
2rd

PH � PV � PG
: (7)

The method was applied to the data for Pcav at 20 �C over

the range of Pstat, 1–300 bars. As a first step, the values

of the critical radii were calculated. These lie in the range

55.51�Rc� 3.21 nm. Consideration of the data for Rc sug-

gests two different conclusions. As the static pressure

increases, either smaller and smaller crevices nucleate

smaller and smaller bubbles, or the gas pockets that nucleate

at Pstat¼ 1 bar are pushed farther down into the crevices. Of

course both cases may be true, and while there does not

appear to be any simple method for distinguishing between

them, this does not matter in terms of either the threshold

for, or the energy concentrated in, the subsequent cavitation

event. However, since the goal is to pursue information on

the nature of the particles hosting the gas-containing crevi-

ces, and because the crevice model incorporates the second

of these two possibilities, the latter was investigated further.

For the next step, the values of d corresponding to the

various Rc determined previously were calculated using

Eq. (7). Then a representative data set was constructed by

selecting the mean and standard deviation of the one thresh-

old set at each value of Pstat obtained over a temperature

range closest to 20 �C. For each value of d, Eq. (3) was fit to

the representative data set to determine the corresponding

value of /; the smaller of the two possible values was

selected in each case because the larger often produced non-

physical results in subsequent analyses. A summary of the

results obtained in this way is given in Table IV.

Next it was noted that the / þ arccos (d)¼ 2aA� aR and

/� arccos (d)¼ 2b� aR. The model also requires that b> 0

and aA�p/2þb. By assuming that b¼ 0, then the minimum

possible values for aA and aR at each Pstat were calculated

734 J. Acoust. Soc. Am., Vol. 132, No. 2, August 2012 Bader et al.: Cavitation threshold at static pressure

 Redistribution subject to ASA license or copyright; see http://acousticalsociety.org/content/terms. Download to IP:  129.137.229.124 On: Thu, 09 Apr 2015 15:34:06



from the values of d and / determined by the best fit to the

experimental data. The average minimum values (6 standard

deviation) over the range of Pstat were aA¼ 114.3�6 11.0�

and aR¼ 52.6�6 12.1�. The maximum values of aR and b
were found from the fit to the experimental results for Pcav by

assuming aA¼ aR. In some cases, this resulted in a value for

aA> 180�. Since the model does not permit this possibility,

aA was assigned to its maximum possible value (180�) when

this occurred. The average maximum values over the range of

Pstat were aA¼ 165.0�6 21.0�, aR¼ 154.0�6 20.6�, and

b¼ 50.7�6 11.8�. In this way, the following limitations were

placed on the geometry of the nucleating crevices: 114.3�

� aA� 165.0�, 52.6� � aR� 154.0�, and 0.0�<b� 50.7�.
The foregoing results included only a small fraction of the

total data available. To rectify this difficulty, the analysis was

repeated on the five groups of data used to produce Fig. 5, but

without the averaging of similar data sets used in Fig. 5. That

is, at each value of Pstat, each of the 105 data sets was assigned

to one of five groups based on the average temperature of the

liquid during that experimental run: 18�6 2�, 22�6 2�,
26�6 2�, 30�6 2�, or 34�6 2�. Each temperature group was

then analyzed as described previously. A summary of the

ranges for each angle is given in Table V; the results at 20 �C
are shown for comparison. The consistency of the results tends

to support the method of data analysis.

Unfortunately, the ranges of the angles in Table V are

such that almost any material may conform to them. How-

ever, the results at the lower static pressures are less variable,

with the data at Pstat¼ 1 bar being particularly useful. These

are given in Table VI. The ranges for aA encompass known

values for some common polymers, including polypropyl-

ene22 and butyl rubber.23 Of particular relevance to this

work are values for PTFE also known as Teflon, because

some of the components of the experimental apparatus com-

prised that polymer. Yasuda et al.24 give the value for aA as

100�. Substituting this into the above-mentioned equations

for the analysis conducted on the data at 20 �C yields the fol-

lowing: aR¼ 86.7� and b¼ 7.9�. The advancing and reced-

ing contact angles for PTFE are provided by, Brewis and

Mathieson25 aA¼ 106� and aR¼ 90�. Both of these values

are within the ranges determined previously. The corre-

sponding value for b depends on which value of these two

parameters is chosen, but the range between the two is not

great: 9.5� �b� 13.9�.
Based on these results, it may be concluded that the par-

ticulates responsible for bubble nucleation in these experi-

ments are some kind of polymer, and that the crevices from

which the bubbles nucleate are relatively narrow. Further, if

particles of PTFE are responsible for bubble nucleation in

the present study, this may also help explain some of the var-

iability in the results. PTFE is the most compressible of all

common polymers. As the static pressure is increased, the

particles will compress, and because the pressure within the

gas trapped in a crevice does not change, the crevice angle,

b, will decrease. Variation of b within a data set is not

included in any of the modeling or analyses performed in

this work.

As previously discussed, the crevice size is presumably

decreasing with the static pressure because the contact angle

is fixed at the so-called advancing contact angle and the con-

tact line is forced further into the crevice when pressure is

applied. Apfel14 suggests that a is approximately 1/5 of the

effective crevice radius. If this were the case, the mote size

at 1 bar would be roughly 55 nm, while at 25–250 bars the

mean mote size would be � 1 nm. If the mote is assumed to

be harbored in a particle an order of magnitude larger than

the effective mote size, then the nucleating particulates

would be roughly 300 nm at 1 bar and 5 nm for the particu-

lates at 25–250 bars. The data collected for Fig. 2 indicate

nearly 1� 106 particulates/m‘ in the 100 nm size range,

TABLE IV. Results obtained with threshold data at 20 �C assuming

Pcav¼PBlake.

Pstat Pcav Rc d /
(bar) (bar) (nm) (no unit) (rad)

1.0 18.10 55.510 0.0371 0.37015

25.0 116.23 10.416 0.1823 0.60768

50.0 170.40 7.893 0.2765 0.77096

75.0 223.53 6.398 0.3364 0.88133

100.0 297.49 4.812 0.3374 0.88324

125.0 329.67 4.644 0.4070 1.02299

150.0 394.61 3.885 0.4087 1.02661

175.0 410.33 4.039 0.4956 1.23120

200.0 499.81 3.170 0.4446 1.10586

225.0 530.45 3.112 0.4909 1.21883

250.0 533.35 3.354 0.5880 1.54635

275.0 590.72 3.010 0.5805 1.51145

300.0 595.84 3.213 0.6759 1.82625

TABLE V. Results for ranges of angles satisfying the crevice model for all

pressures.

Temperature aA aR b
( �C) (deg) (deg) (deg)

20.0 114.29–164.99 52.57–153.99 0.00–50.71

18 6 2 107.08–155.72 52.22–149.49 0.00–48.64

22 6 2 119.80–171.59 52.84–156.43 0.00–51.79

26 6 2 121.15–170.61 61.25–160.17 0.00–49.46

30 6 2 128.42–171.37 71.79–157.68 0.00–42.95

34 6 2 137.92–169.24 83.18–145.81 0.00–31.32

TABLE VI. Results for ranges of angles satisfying the crevice model,

Pstat¼ 1 bar.

Temperature aA aR b
( �C) (deg) (deg) (deg)

20.0 92.13–113.34 70.92–113.34 0.00–21.21

18 6 2 92.14–114.61 69.67–114.61 0.00–22.47

22 6 2 —a — —

26 6 2 93.67–116.04 71.30–116.04 0.00–22.37

30 6 2 94.23–115.85 72.61–115.85 0.00–21.62

34 6 2 94.11–114.53 73.69–114.53 0.00–20.42

aNo data were obtained in this temperature range.
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which would indicate plenty of particulates in the size range

required for nucleation at 1 bar static pressure. Since the

number of particles per m‘ is inversely proportional to the

particle size on a log–log scale, it could also be assumed that

particulates much smaller than the smallest measured size

(100 nm) would be in abundance in the fluid.

The absolute tension required to produce cavitation,

jPcav � Pstatj, for the average threshold is readily calculated

from Eq. (2),

jPcav–Pstatj ¼ 0:92Pstat þ 34:64: (8)

The linear relation between the static pressure and the ten-

sion required to reach the cavitation threshold is in contra-

diction with the findings of Greenspan and Tscheigg6 and

Strasberg.9 Herbert et al.7 also found the absolute tension

required for cavitation in water to be essentially constant

(although temperature dependent) up to 80 bars. To the

authors’ knowledge, the tensions reported by Herbert et al.7

(160–250 bars over the temperature range 2 �C–82 �C) were

the largest values measured in water using an acoustic

method. The largest measured tensions in water are generally

accepted26–29 to be those of Briggs,30 who could maintain up

to 277 bar tension using a centrifugal method. Equation (8)

indicates that the current data set requires 230 and 266 bars

static pressure to reach the tensions measured by Herbert

et al.7 and Briggs,30 respectively. At 300 bars static pressure,

the tension required for inertial cavitation is 310 bars, some

30 bars larger than Briggs’ measurement. To the authors’

knowledge, these results are the largest ever measured ten-

sion in water.

While these large tensions are impressive, there is still

the discrepancy between the linear relationship between ten-

sion and static pressure for the current data set and the static

pressure independent data of Briggs30 and Herbert et al.7

Furthermore, the large static pressures required to reach the

tensions required by Briggs30 and Herbert et al.7 determined

using Eq. (8) are somewhat surprising considering the qual-

ity of the fluid for the current results. The discrepancy may

be accounted for from the varying experimental conditions.

The methods for creating tension vary between using an

acoustic source, as with the current data set and Herbert

et al.,7 and that of Brigg’s centrifugal method.30 There is

even variation among the acoustic methods, as Herbert

et al.7 used a 1–2 cycle burst of a focused 1 MHz transducer

to generate tension. Such high frequencies are well known to

increase the cavitation threshold.31 In addition, the fluid tem-

perature for both Briggs30 and Herbert et al.7 were much

lower than the current data set [2 �C, 10 �C, and the 26 �C
average for Eq. (10), respectively]. The current data set shows

that temperature can play a critical role in the threshold. For

instance, at 18 �C, the lowest temperature employed in the

experiments reported here, Table II indicates that the static

pressure required to reach the tensions reported by Herbert

et al.7 and Briggs30 would be reduced to 106 and 125 bars,

respectively. A reduction of fluid temperature in the current

experiment to levels comparable to those of Herbert et al.7

and Briggs30 would likely increase the measured threshold

and thereby reduce the discrepancy between the data sets.

V. SUMMARY AND CONCLUSIONS

The cavitation threshold ultimately limits the amount of

energy that can be stored within the resonant system. Hence,

the onset of cavitation must be suppressed to maximize the

energy stored within a resonant system. In this study, cavita-

tion was suppressed by increasing the static pressure of the

fluid. The inertial cavitation threshold was found to be line-

arly dependent on the static pressure and also temperature

dependent. The linear dependence of the tension required for

inertial cavitation on static pressure was inconsistent with

previous measurements, although the tension was larger than

those studies.

The tensional strength of the liquid was likely limited

by its impurities,17 and the homogeneous nucleation thresh-

old (HNT)32 was never reached. However, the HNT is only

weakly dependent on the static pressure, with a slope of

�1 [bar/bar].17 If the linear fit of Eq. (2) is applicable at

static pressures beyond 300 bars, the crevice-dominated

threshold and HNT should intersect at �2.14 kbars static

pressure. Therefore, beyond 2.14 kbars the threshold would

no longer be dictated by the particulate content (i.e., the

nucleation sites would all be crushed) but by homogeneous

nucleation and the spontaneous creation of vapor bubbles. It

is unknown what, if any, role temperature would have at

such a large static pressure. These results indicated that the

role of temperature was quite large, although it had a dimin-

ishing effect past �200 bars static pressure, well within the

region of crevice nucleation.
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APPENDIX: SIMPLIFYING THE EQUATION
FOR NUCLEATION

The original form of the equation for the threshold for

bubble nucleation from a crevice is

Pcrevice ¼PH � PV � cPG

þ PH � PV � PG

d

"
cosð/Þ C

r
� 1

� �

þ sinð/Þ 1� C

r
� 1

� �2
" #1=2#

:

Let

A ¼ C

r
� 1

� �
; B ¼ 1� C

r
� 1

� �2
" #1=2

¼ ½1� A2�1=2:

736 J. Acoust. Soc. Am., Vol. 132, No. 2, August 2012 Bader et al.: Cavitation threshold at static pressure

 Redistribution subject to ASA license or copyright; see http://acousticalsociety.org/content/terms. Download to IP:  129.137.229.124 On: Thu, 09 Apr 2015 15:34:06



Then,

Pcrevice ¼ PH � PV � cPG

þ PH � PV � PG

d
½A cosð/Þ þ B sinð/Þ�;

Pcrevice ¼ PH � PV � cPG

þ PH � PV � PG

d
A cosð/Þ þ B

A
sinð/Þ

� �
:

Let

cotðhÞ ¼ B

A
; h ¼ arccot

1� A2

A2

� �1=2
" #

:

Note, h is not necessarily the principal value.

Then,

cosð/Þ þ B

A
sinð/Þ

� �
¼ cosð/Þ þ cotðhÞsinð/Þ

¼ sinðhÞcosð/Þ þ cosðhÞsinð/Þ
sinðhÞ

¼ 1

sinðhÞ sinð/þ hÞ

¼ 1þ B

A

� �2
" #1=2

sinð/þ hÞ

¼ 1

A
sinð/þ hÞ:

Finally,

Pcrevice ¼ PH � PV � cPG

þ PH � PV � PG

d
½sinð/þ hÞ�:
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