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Abstract Nuclei, or microbubble, populations control

the inception and dynamics of cavitation. It is there-

fore important to quantify distributions in cavitation

test facilities to rigorously model nucleation dynamics.

Measurements of natural nuclei population dynamics

were made in two test facilities in Australia and Japan

via mechanical activation using a Cavitation Suscepti-

bility Meter (CSM). A range of tunnel operating param-

eters, including pressure, velocity and dissolved oxygen

(DO) content, were investigated. The DO saturation

condition upstream of the test section is found to pro-

vide a threshold as to whether the population is af-

fected by DO in the Australian test facility. Historical

trends in the population are quantified, indicating that

regular monitoring is required. Variation of the popu-

lation around the Australian cavitation tunnel circuit
was studied by varying the water sampling location.

Provided the water remains undersaturated, as defined

above, the natural nuclei population in the test-section

can be measured by sampling from the lower-limb re-

sorber. Comparisons are made between test facilities in

Australia, Japan and other countries, as well as environ-

mental waters, using different measurement techniques.

Optical and acoustic methods show microbubbles in the

size range of 10 to 100 µm typical of those used to
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model cavitation nucleation. CSM measurements show

varying distributions of nuclei with equivalent bubble

diameters in the range of 0.5 to 5 µm but global trends

suggest a universal characteristic.
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1 Introduction

Microbubble disperse flows are intrinsic to surface oceanog-

raphy and naval hydrodynamics as they control, or in-

teract with, many phenomena and processes of interest

including cavitation inception and dynamics, gaseous

diffusion, noise generation, acoustic and shockwave prop-

agation and turbulence. With regard to cavitation, mi-

crobubbles provide nuclei that control the inception

and dynamics of unsteady cavitation; but cavitation

itself is also a prolific source of microbubbles by its

very nature. Modelling of these flows experimentally

remains a challenge as microbubble concentrations and

size ranges may vary over several orders of magnitude.

To this end, several techniques for generating and mea-

suring microbubbles have been developed in the Cav-

itation Research Laboratory (CRL) at the Australian

Maritime College (AMC) (Brandner, 2018). Sample re-

sults from these techniques for measuring microbub-

bles or nuclei populations in the AMC cavitation tun-

nel are shown in Fig. 1. Overall concentrations and

sizes range over 10 and 5 orders of magnitude respec-

tively. The population with the largest concentrations

and sizes is typical of that in the wake of a cavitat-

ing object at relatively high Reynolds numbers (Russell

et al., 2018). This population of relatively high concen-

tration/larger microbubbles has been measured using

Long-range Microscopic Shadowgraphy (LMS). The in-

termediate population is representative of a test flow

artificially seeded with a relatively high concentration

of microbubbles in the size range 10 to 100 µm for

experimental modelling of cavitation inception. These

were measured using Interferometric Mie Imaging (IMI)

(Brandner, 2018; Russell et al., 2019). The most sparse

population shown in Fig. 1 is typical of the background

or naturally occurring nuclei population ever present

in the AMC cavitation tunnel under normal operating

conditions. Optical measurement of these nuclei is im-

practical due to the low concentrations, requiring an

excessive number of images. Furthermore, there is a

diffraction limit on these techniques which constrains

the smallest measurable bubble diameter to O(1) µm.

The natural nuclei population has been measured via

mechanical activation using a Cavitation Susceptibility

Meter (CSM) (Khoo et al., 2017). It is the dynamics

of this population within cavitation tunnels that is the

subject of the present work.

Cavitation nucleation in practical flows is invariably

heterogeneous. Such practical flows in test facilities and

oceans contain dissolved gas and gas free as microbub-

bles that typically provide nuclei for cavitation incep-

tion. The equilibrium of a microbubble is unstable be-

low a size-dependent critical pressure, pc. This can be

Fig. 1: Nuclei distribution graph showing the bubble

diameter, d, and concentration, C, ranges (shaded re-

gions) for which practical measurements can be made

using the Cavitation Susceptibility Meter (CSM), In-

terferometric Mie Imaging (IMI) and Long-range Mi-

croscopic Shadowgraphy (LMS). Optical methods (e.g.

IMI and LMS) are more suitable for higher concentra-

tions of larger bubbles, while the hydrodynamic method

(CSM) is suitable for lower concentrations of smaller

bubbles. The lines represent recent nuclei measure-

ments at the AMC cavitation tunnel.

expressed as a tension, pc−pv, where pv is vapour pres-

sure. The following equation gives this tension as a func-

tion of bubble diameter, d, and ambient pressure, p∞:

pc − pv =
−2

3
√

3

√
(4S/d)

3

p∞ − pv + 4S/d
(1)

where S is the surface tension. This can be derived

from consideration of the equilibrium of bubble internal

and external pressures and the surface tension assuming

isothermal internal gas behaviour and no mass transfer

via phase change or diffusion (Franc and Michel, 2006).

A bubble undergoes explosive growth once exposed

to the critical pressure subsequently filling with vapour

leading to rapid development of macroscopic cavitation.

For microbubbles smaller than 100 µm diameter, this

critical pressure is well below vapour pressure, decreas-

ing with decreasing size to several atmospheres of ten-

sion for micron-sized nuclei. That is, water may exist in

a metastable state exposed to large tensions relative to

vapour pressure before nucleation occurs. Vapour pres-

sure represents a state of equilibrium, or more specif-

ically dynamic equilibrium, between a liquid and its

vapour and does not provide absolute limits on phase

change.

Microbubble nucleation has been investigated ex-

tensively and remains a major area of research into the
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physics of cavitation inception and dynamics. Indeed,

the literature is abundant with theoretical and exper-

imental work on single bubble dynamics from which

considerable insight has been gained and current un-

derstanding is largely based. However, there are other

sources of cavitation nuclei in practical flows for which

much less is known both in oceans, where there are

organic and other impurities (Stramski et al., 2004),

or test facilities where there may be less impurities.

Venning et al. (2018) showed that the water in the

AMC cavitation tunnel, where no microbubbles gen-

erated by cavitation or artificial nuclei seeding were

present, is susceptible to cavitation at all tensions given

sufficiently long sampling time. It was also observed

that the relationship between concentration and critical

tension is a power law. This is in line with observations

made in various laboratory tests and in environmental

waters.

Ocean surface bubble populations ranging from mil-

limetre to micrometre scales have been studied exten-

sively. Arguments for observed power-law relationships

between concentration and size have been based on di-

mensional considerations (Garrett et al., 2000; Deane

and Stokes, 2002). These involve larger bubble turbu-

lent breakup limited by surface tension as expressed

through the Hinze scale giving an index of −10/3 and

for sub-Hinze scales where the production mechanism

is jet entrainment with an associated index of −3/2.

These indices may then be modified by the compet-

ing effects of buoyancy and dissolution. In a review of

oceanography data by Zhang (2001) for bubble sizes

ranging from order 10 microns to millimetre diame-

ters, indices ranged from −7 to −2 although it was

noted that −4 fits most results reasonably well. How-

ever, more recent near surface measurements have been

made in Arctic ice leads showing similar global mi-

crobubble distributions in the absence of waves demon-

strating that other mechanisms also produce such typ-

ical populations (Norris et al., 2011).

Similar results have been found for microbubble or

nuclei populations in test facilities and environmental

waters in a review by Billet (1985) citing an index of

−3. Gavrilov (1969) investigated microbubble popula-

tions in long standing tap water and reported an index

of −3.5. Franklin (1992) argues that based on a power-

law relationship between concentration and size and self

similarity of the distribution that the index be −4 and

further proposes a phenomenological theory for the con-

centration levels based on dissolved gas and molecular

considerations that goes some way to explaining exper-

imental results.

The gas within microbubbles will diffuse into the

surrounding water if undersaturated with dissolved gas,

resulting in complete dissolution of the bubbles. This is

one of the mechanisms used in the AMC tunnel to con-

tinuously eliminate injected or cavitation generated mi-

crobubbles from the circuit. It has been postulated that

nuclei may persist in cavitation tunnels due to gases

trapped in crevices of hydrophobic particles (Harvey

et al., 1944), bubbles being stabilised by a rigid perme-

able skin of organic impurities (Fox and Herzfeld, 1954)

or surface contamination (Brennen, 1995) and from cos-

mic radiation (Brennen, 1995). Laboratory studies of

ocean water by Johnson and Cooke (1981) show that

bubbles created do dissolve but that there is a remnant

population of stabilised microbubbles of sizes ranging

from less than 1 to 13 microns. Observations have been

made of nuclei distributions in cavitation test facilities,

though detailed characterisations of the population dy-

namics are lacking in the literature. Nuclei content can

be influenced by factors such as the hydrodynamic con-

figuration and operating condition of the facility which

affect the pressure history of the water (Gindroz et al.,

1997; Atlar, 2002).

Natural nuclei concentrations and critical pressures

have generally been observed to increase with decreas-

ing pressure and velocity, as well as increasing relative

saturation level of dissolved gas and tunnel operating

history (Arndt and Keller, 1976; Liu et al., 1993; Bren-

nen, 1994; Gindroz et al., 1997; Atlar, 2002; Nagaya

et al., 2011). Other researchers have found that nuclei

distributions do not change with pressure and veloc-

ity (Gates et al., 1979; Billet, 1984). However, this may

be due to the limited range of test parameters inves-

tigated. For example, Billet (1984) mainly used rela-

tively high test-section pressures and flow velocities. Al-

though larger changes in nuclei content were observed

with varying air content.

Due to the low concentration and low critical pres-

sures of the natural nuclei population in the AMC tun-

nel they are not active in high cavitation number flows

such as sheet and cloud cavitation (Venning et al., 2018).

However, for low cavitation number flows where cavi-

tation occurs in vortices such as shear layers, struc-

tured turbulence or tip vortices, it is vital that the

natural population be measured to investigate incep-

tion and dynamics. In the present work, the operating

parameters of the AMC cavitation tunnel are system-

atically varied in order to quantify their influence on

natural nuclei populations. Venning et al. (2018) ob-

served that the natural nuclei population in the AMC

tunnel is invariant across normal operating conditions.

In this study, the limits of this operating window are

discussed, and further insights into the nature of the

natural population are presented. Historical variations

in the population are described. The natural nuclei pop-
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ulation dynamics in the AMC tunnel are compared with

those in the Japanese Acquisition, Technology & Logis-

tics Agency (ATLA) Flow Noise Simulator (FNS), char-

acterised using the same measurement equipment. Fi-

nally, natural nuclei distributions are compared across

various test facilities and environmental waters using a

range of nuclei measurement techniques.

2 Experimental setup

Nuclei measurements were acquired in the AMC cavi-

tation tunnel and the ATLA FNS using the same AMC

CSM. The main characteristics of each cavitation tun-

nel are provided in Tab. 1. Further details regarding the

AMC and ATLA tunnel designs and operation are de-

scribed in Brandner et al. (2007) and Mori et al. (2007)

respectively. The experimental setup in each test facil-

ity is described below.

2.1 AMC cavitation tunnel

A schematic of the AMC cavitation tunnel is shown

in Fig. 2. The variable-pressure, closed-circuit tunnel

has a volume of 365 m3, with demineralised water the

working fluid. The test section has a 0.6 × 0.6 m cross

section and is 2.6 m long. The test-section centreline

absolute pressure can be varied between 4–400 kPa and

the nominal flow velocity range is 2–12 m/s.

The tunnel has ancilliaries for fast degassing and nu-

clei injection that enable strict control of the dissolved

gas and nuclei contents. It also allows for continuous

separation of bubbles that have been generated by cav-

itation or injected purposefully. This is achieved via a

combination of gravity separation in a downstream tank

and dissolution through extended residence in a resor-

ber. The tunnel is designed to operate at low dissolved

oxygen (DO) levels of nominally 30% of saturation at

atmospheric pressure. This promotes microbubble dis-

solution around the entire circuit, but especially in the

lower limb resorber with extended residence under high

static pressure. The tunnel water spends about 50 % of

the total circulation time in the lower limb (39 s out

of 85 s for a test-section velocity of 12 m/s). The nat-

ural nuclei population comprises any remaining nuclei.

With the exception of one test to assess the effective-

ness of free gas removal in the tunnel (Fig. 8), the nuclei

injection system was not used for the present study.

Similarly, no cavitating models generating microbub-

bles were present in the test section.

While the saturation conditions in the tunnel circuit

are mostly undersaturated due to the extended resi-

dence and high static pressure in the lower limb, the

AMC tunnel ATLA tunnel

Location

Launceston, Tasmania,
Australia

Nakameguro, Tokyo,
Japan

Year established

2011 2005

Material (wetted surfaces)

Stainless steel Stainless steel

Volume (m3)

365 2000

Working fluid

Demineralised water Filtered municipal water

Test-section dimensions, H×W×L (m)

0.6 × 0.6 × 2.6 2 × 2 × 10

Test-section absolute pressure range (centreline) (kPa)

4–400 20–310

Nominal test-section flow velocity range (m/s)

2–12 1.5–15

Test-section velocity profile uniformity

<0.5% of mean velocity <1% of mean velocity

Test-section turbulence intensity (%)

<0.5 <0.5

Main motor capacity (kW)

200 2800

Microbubble seeding control

Direct/dilute minitube
injector arrays with

downstream tank and
lower-limb resorber

Single-point injection of
oversaturated water

Table 1: Specifications of the AMC and ATLA cavita-

tion tunnels.

water can be exposed to oversaturated conditions in

the test section through which the typical transit time

is O(100) ms. This is also possible in the upper limb

plenum upstream of test section for which the transit

time is O(1) s. It will be shown later that there is a

threshold saturation value in this part of the circuit be-

low which the natural nuclei population is no longer

independent of operating conditions.

2.2 ATLA Flow Noise Simulator

Comparative natural nuclei population measurements

were made in a larger cavitation tunnel in Japan as

part of a collaborative research project between ATLA

and Australia’s Defence Science and Technology Group.
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34.9 m

8.8 m

Micron-size bubble elimination in circuit
and resorber via extended residence/dissolution

Millimetre-size bubble separation
in downstream tank via

coalescence/gravity separation

Injected microbubbles and
bubbles of incondensable
gas from cavitation

0.6 × 0.6 × 2.6 m
Tunnel test section

Microbubble
injection
arrays

Microbubble
degasser

Honeycomb

Main pump

CSM

Flow meter

Fig. 2: Schematic of the AMC cavitation tunnel showing circuit architecture and ancillaries for microbubble and

dissolved gas control and CSM circuit integration. Test water for the CSM can be sampled from either the tunnel

test section or lower limb resorber.

Contraction 
Main Diffuser  

Honeycomb 

Corner Vane 

Test Section 

Noise Absorbing Tank (2)  
Noise Absorbing Tank (1)  Axial Pump 

 49 m 

 1
5

 m
 

Flow direction 

Fig. 3: Schematic of the ATLA Flow Noise Simulator. Test water for the CSM is sampled from the test section

(not shown).
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The Japanese FNS is situated at ATLA’s Naval Sys-

tems Research Center in Nakameguro, Tokyo, Japan

(Fig. 3). The ATLA FNS test section has a 2 × 2 m

cross section and is 10 m long which makes it possible

to study scaling effects on cavitation behaviour at large

physical scales. It contains 2000 m3 of filtered munici-

pal water and is operated over a range of DO contents,

typically between 30% and 80% of saturation at atmo-

spheric pressure. This is intended to reflect the vary-

ing conditions in which different marine vessels operate

and to aid in the control of nuclei populations. The

test-section centreline absolute pressure range is 20–

310 kPa and the flow velocity can be varied between

1.5–15 m/s. Water may spend a significantly longer du-

ration exposed to oversaturated conditions in the FNS

test section (1 to 2.5 s) compared to that in the AMC

tunnel. This suggests that the saturation conditions in

the ATLA FNS test section, by virtue of its larger size,

play a more significant role in controlling the natural

nuclei population compared to the AMC facility. This

observation is supported by the results presented later.

The differences in operating conditions and circuit ar-

chitecture between the AMC and ATLA tunnels repre-

sent alternative strategies for nuclei management and

control. For the ATLA tunnel, nuclei control is princi-

pally achieved through variation of dissolved gas.

2.3 AMC cavitation susceptibility meter

The AMC CSM (Fig. 4) was designed by YLec Consul-

tants (Grenoble, France) and is also known as the ‘Ven-

turix ’ (Pham et al., 1997). It is a hydrodynamic device

that uses a centrebody venturi to reduce the pressure

and thus activate nuclei in the flow. A piezoceramic

sensor bonded to the external sleeve around the ven-

turi is used to detect nuclei activations and ultrasonic

flow meters are used to measure the flow rate. The com-

bined measurement of activation rate and volumetric

flow rate for a series of throat pressures provides a cu-

mulative distribution of concentration against critical

tension.

The tension applied to the water in the venturi is de-

rived from a calibration based on the flow rate through

the venturi and prior measurement of the pressure at

four streamwise locations along the outer sleeve of the

centrebody venturi. This tension represents the criti-

cal pressure of the strongest nucleus activated in the

venturi. Sample calibration measurements are given in

Fig. 4 for two Reynolds numbers (Re = UD
ν , where U is

the mean flow velocity, D is the pipe diameter and ν is

the fluid kinematic viscosity). The data are represented

as pressure coefficients (Cp = px−p1
1
2ρU

2 , where px is the

pressure at location x in the throat, p1 is the pressure

at a reference location upstream of the venturi and ρ is

the density of water). At the higher Reynolds number,

the boundary layers are thinner, increasing the effective

cross-sectional area of the venturi, and thus the pres-

sure drop is reduced. The solution for one-dimensional

inviscid theory demonstrating the upper bound with

Reynolds number is shown for reference. The calibra-

tion thus characterises how the pressure coefficient in

the venturi changes with Reynolds number. More de-

tailed information on the calibration of the CSM is de-

scribed in Khoo et al. (2016).

Cavitation events are counted by measuring the volt-

age, VP, across a piezoceramic sensor (1 MHz resonant

frequency). The signal is sampled at 2 MHz. A four

stage discriminator algorithm is used to count individ-

ual nuclei activations:

1. High-pass filter (to remove low frequency structural

resonance)

2. Rectification (to make all events the same sign)

3. Low-pass filter (to smooth response to activations

into single peaks)

4. Log function (to homogenise response amplitudes to

improve peak discrimination)

An example of raw and processed signals is shown in

Fig. 5. The effect of discriminator threshold level on the

total nuclei count is shown in Fig. 6, for the complete

dataset from which the results shown in Fig. 5 were ex-

tracted. If the threshold is set too high, nuclei events are

missed. Conversely, if the threshold level is set too low,

additional peaks due to unfiltered structural response

U

Piezoceramic
sensor

Pressure taps

D

−1

−1.2

Cp

-1.22

0

Fig. 4: Schematic showing venturi arrangement and lo-

cation of sensor and pressure taps. The centrebody is

shown in white and outer sleeve in grey. Bottom plot

is pressure coefficient, Cp, against location (scaled to

the schematic) showing the measured pressure coeffi-

cient (squares) for the minimum (2.9 × 104, blue) and

maximum (1.5 × 105, red) Reynolds numbers and the

solution from one-dimensional inviscid theory in black

dashes.
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are counted, resulting in a higher nuclei concentration.

The threshold has been set to discriminate all peaks on

the time series which corresponds with a plateau shown

in Fig. 6.

Fig. 5: Voltage output, VP, from CSM piezoceramic

sensor: raw (top) and processed (bottom). A thresh-

old level of −1 (horizontal, dashed line) gives a count

of 4. Vertical, dotted lines indicate detections.

Fig. 6: Effect of CSM discriminator threshold setting

on measured nuclei concentration, C.

The CSM is suitable for measuring nuclei with crit-

ical pressures ranging to several atmospheres of tension

corresponding to micro- and nanometre equivalent bub-

ble sizes, in hydrodynamic test facilities. A particular

advantage of the CSM for nuclei measurements is that

critical pressures of all viable nuclei that would be ac-

tive in a cavitating flow are directly measured. This is in

contrast with optical techniques where all entities (e.g.

microbubbles and particles) are measured whether they

are viable nuclei or not. Although critical pressures can

be estimated for microbubbles measured optically, this

is not possible for active particles which can only be

measured by mechanical activation. Optical techniques

are also limited in minimum measurable sizes by the

diffraction limit of the system.

A shortcoming of mechanical activation techniques

is that although larger microbubbles greater than about

50 µm in diameter are counted, their size cannot be de-

termined with high accuracy as critical pressures are

all close to vapour pressure. As water must be sampled

for this technique, it can be intrusive and has no spa-

tial resolution which therefore makes it only suitable for

measurements of natural nuclei populations. The max-

imum concentration measurable with the present AMC

CSM is approximately 0.3 cm−3 before either the CSM

venturi throat, or the discriminator algorithm, become

saturated. Dilution of the sampled water may be used

to reduce the cavitation event rate, but this may also

alter the nuclei population.

In both test facilities, water was sampled from the

test section through a streamlined sampling probe de-

signed to avoid cavitation across the typical range of

tunnel operating conditions. In the AMC cavitation

tunnel, the probe was mounted to the test-section floor,

nominally midway along the test section, with water

sampled from the test section centreline. In the ATLA

FNS, the probe was mounted to the test-section side

wall, located about 8 m from the test-section entrance,

1 m from the ceiling, with water sampled 0.3 m away

from the wall. Water was passed through the venturi

located approximately 5 m below the test section. The

length of pipework between the sampling probe and

venturi was about 7 m for the AMC cavitation tun-

nel and about 13 m for the ATLA FNS, resulting in

about twice the transit time at the ATLA tunnel. In

the AMC tunnel, water can alternatively be sampled

from the resorber in the lower limb of the tunnel. This

has implications for measurement of natural nuclei pop-

ulations during cavitation testing, as discussed later in

Sect. 3.5.

The natural nuclei population in the ATLA tunnel

is known to be strongly dependent on tunnel operating

history (Takahashi et al., 2019). Therefore, the same

pre-pressurisation procedure was used prior to each nu-

clei distribution measurement to minimise these effects.

The FNS test-section pressure was set to 200 kPa for

at least 10 minutes, then reduced to the value specified

for the nuclei measurement. After the test-section con-

ditions were set in either facility (i.e. pressure, pTS, flow
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velocity, UTS, and DO concentration, c), the venturi

throat pressure was set using a downstream pump to

produce approximately one cavitation event every 10 s.

The throat pressure was systematically decreased by in-

crementally increasing the pump speed and data were

recorded at each pressure. This process was repeated

until a flow rate was reached such that the throat pres-

sure could no longer be reduced (choked condition) or

the event rate saturates being too high for individual

events to be discriminated (> 300 events per second).

2.4 Data reduction and presentation

The nuclei populations reported in this paper, with the

exception of Fig. 23, are cumulative distributions repre-

senting the concentration of nuclei in the sampled vol-

ume of water that have a critical pressure, pc, equal

to or greater than the minimum venturi throat pres-

sure at that measurement point. The critical pressure

is typically expressed as a tension, Tc = pc − pv, which

represents how much the throat pressure, pc, must be

reduced below vapour pressure, pv, for a nucleus to be

activated.

The DO concentration is measured in units of mg/L

and can be expressed as a percentage, γ, which de-

scribes the ratio of the DO concentration at a given

pressure to saturation at atmospheric pressure (9.1 mg/L

at 20◦C). The saturation level of DO in water at equi-

librium conditions, csat, at a given pressure and tem-

perature can be calculated using the following equa-

tions (Warneck and Williams, 2012; Worch, 2015):

csat = pgKHM (2)

where pg = 0.21(p∞ − pv) is the partial pressure of

oxygen in air saturated with water vapour, p∞ is the

ambient pressure of the water, KH is the Henry’s law

constant and M is the molar mass (32 g/mol for O2).

It is also useful to calculate the saturation pressure,

psat, corresponding to a particular measured dissolved

oxygen concentration, c:

psat = pv +
c

0.21KHM
(3)

The relative saturation level of oxygen in water, r,

which describes the tendency for DO to either pass into

solution, or come out of solution as free gas, is defined

as the ratio of the measured DO concentration and the

saturation level of DO at a reference pressure, p∞:

r =
c

csat
× 100% (4)

That is, ignoring surface tension, if r > 100% the

water is oversaturated and dissolved gas will tend to

be released and for r < 100% the water will be under-

saturated and gas will tend to pass into solution. As

an example, the saturated DO concentration in water

at 20◦C and an ambient pressure of 35 kPa is csat =

3 mg/L. If the measured DO concentration in the wa-

ter is c = 2.4 mg/L, the relative saturation is r = 80%

and therefore the water is undersaturated. Given an

air-water interface, oxygen would dissolve in the water

at this condition. Since the pressure varies throughout

the circuit and changes with test-section conditions, the

degree of saturation varies accordingly. For the AMC

tunnel, a suitable reference pressure is that within the

plenum upstream of the contraction, pup. The reason-

ing for this is that the water spends about 20 times

longer in the plenum (O(1) s) compared to the test sec-

tion (O(100) ms), so the saturation conditions in this

part of the circuit influence gas exchange or transport

between liquid and free gas bubbles much more than

the test-section conditions. The notation for the rela-

tive saturation is therefore rup (rTS is used when test-

section pressure is the reference pressure). The pressure

in the plenum is given by:

pup = pTS +
1

2
ρUTS

2(1− η2)− ρgh (5)

where ρ is the density of water, and for the AMC cav-

itation tunnel, η = 9
64 is the contraction ratio and

h = −0.5 m is the height of the centreline upstream of

the contraction relative to the test-section centreline.

For the ATLA FNS, η = 1
5.06 and h = −1.25 m. How-

ever, water spends O(1) s in the ATLA FNS test section

and it is therefore expected to play a more significant

role in controlling the natural nuclei population.

3 Results

3.1 Convergence study

A convergence study was undertaken at a number of

venturi throat tensions to identify a suitable sampling

duration. Typical tunnel operating conditions for cavi-

tation studies were used (pTS = 50 kPa, UTS = 7 m/s

and γ = 38%). Figure 7 shows a comparison of data

taken in 60 and 600 s blocks. The amount of scatter in-

creases as the magnitude of the tension decreases due to

the decreasing nuclei activation rate, and thus smaller

sample sizes for a given sampling duration. This scat-

ter could be reduced by using an event count criterion

(rather than a fixed acquisition time) to increase the

sample size for throat pressures closer to vapour pres-

sure, as used by Venning et al. (2018). However, the long

acquisition durations required to capture large sample

sizes at such throat tensions can become impractical
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when multiple measurements are required. Assuming

that the data for the 10 minute runs have converged,

60 s blocks were deemed to be acceptable as they give

sufficient convergence for the purposes of this study

while minimising total data acquisition time. It should

be noted that a more conservative sampling duration of

120 s was used at the ATLA FNS.

-140 -120 -100 -80 -60 -40

10-3

0.8 0.9 1  1.3 1.7 2.4
d (µm)

Fig. 7: Cumulative nuclei distribution as nuclei concen-

tration, C, against critical tension, Tc. The correspond-

ing equivalent bubble diameters, d, are also provided.

The squares and red points represent 600 and 60 sec-

ond acquisition periods (or blocks), respectively. Tun-

nel conditions were pTS = 50 kPa, UTS = 7 m/s and

γ = 38%.

3.2 Effectiveness of free gas removal

A test was conducted to assess the effectiveness of free

gas removal in the test facility. The measured nuclei

concentration for a constant venturi throat pressure,

Tc = −14 kPa, is shown in Fig. 8. The nuclei injection

system was turned on at the first vertical line and off at

the second then the time taken for the concentration to

stabilise or return to its initial state was observed. The

results show that the measured nuclei concentration in-

creased within 10 s after nuclei injection was started

and returned to its initial state within 20 s after injec-

tion was halted. As bubble dissolution in the CSM cir-

cuit is possible (Gowing et al., 1988), further microbub-

ble measurements were made in the test section using

IMI (Brandner et al., 2018). The results showed the

same behaviour as for the CSM, confirming that free

gas is effectively removed from the AMC tunnel and

that injected nuclei do not recirculate and accumulate,

at least for typical tunnel operating conditions.

Fig. 8: Effectiveness of free gas removal in the AMC

cavitation tunnel. The nuclei concentration, C, is seen

to increase immediately after start of injection (left,

dashed line) then to return back to the initial level

shortly after injection is ceased (right, dashed line).

Tunnel conditions were pTS = 50 kPa, UTS = 7 m/s and

γ = 32%. Venturi throat pressure was Tc = −14 kPa

(equivalent bubble diameter of d =5.8 µm).

3.3 Historical trends

Variations in the natural nuclei population over time in

the AMC tunnel were recorded using continuous CSM

measurements at a fixed throat tension (Tc = −80 kPa)

and undersaturated test-section conditions over 35 hours

with tunnel operating conditions of pTS = 50 kPa and

UTS = 7 m/s. The nuclei concentration for this tension

gradually decreases by approximately 1.8× 10−3 cm−3

during this period, as shown in Fig. 9. The same y-axis

range is used as for later graphs (e.g. Fig. 11) which

allows the changes to be assessed relative to the other

nuclei distribution measurements. Note that the DO

content increased from 37% to 51% over the 35 hours

due to equilibration, which includes air dissolution via

the free surface in the upper part of the tunnel down-

stream tank. There are several possible explanations for

the decrease in concentration, including depletion of nu-

clei due to activation and destruction during the CSM

measurement process, long term exposure to undersatu-

rated conditions and natural variations in the potential

populations of gas-containing microorganisms.

Calculations were carried out to assess the viability

of the depletion hypothesis. Knowing the nuclei activa-

tion rate in the CSM and flow rate through the device,

the total number of activations over the 35-hour period

is estimated as 1.6× 105. If the overall population had

decreased by this amount, the concentration would have

reduced to 2.0×10−3 cm−3, which is higher than the fi-

nal measured concentration of about 0.57×10−3 cm−3.



Natural nuclei population dynamics in cavitation tunnels 11

Fig. 9: CSM measurements showing a reduction in nat-

ural nuclei concentration in water subjected to a ten-

sion of Tc = − 80 kPa (equivalent bubble diameter

of d =1.3 µm) over a 35 hour period. The blue data

points represent sequential acquisitions in 100 s blocks.

The red line is a moving average of these data. Tunnel

conditions were γ = 39% (t = 0 h) → 53% (t = 35 h),

pTS = 50 kPa and UTS = 7 m/s.

That is, the number of activations would only account

for about 23% of the observed reduction in concentra-

tion. This suggests that nuclei depletion due to CSM

operation is not the major or sole contributor to the

observed reduction in nuclei concentration with time.

Historical trends were further studied by taking daily

measurements of the natural nuclei population at the

same nominal tunnel conditions (undersaturated in the

test section and plenum) during a one-week test cam-

paign. These data presented in Fig. 10 show the pop-
ulation to shift to the lower left over the week. This

corresponds to a reduction in cumulative concentration

of about an order of magnitude for a fixed tension. It is

difficult to ascertain whether it is the concentration or

tension, or both, that is varying with time. After several

weeks of other experiments, the undersaturated natu-

ral nuclei population was remeasured and observed to

return to close to its initial position. Similar regenera-

tion has also been observed after degassing using bubble

injection. Furthermore, monitoring over a two-year pe-

riod has shown the natural nuclei population to fluctu-

ate within an order of magnitude, which indicates that

although there is no single baseline population, there

do appear to be upper and lower bounds.

As noted above, the natural nuclei population is po-

tentially affected by several properties of the water or

processes within the tunnel including gaseous diffusion

between tunnel water and the gas volume used to con-

trol the tunnel pressure, diffusion between nuclei and

tunnel water around the circuit driven by pressure and

residence variations, although the former has been de-

veloped to be a relatively slow process. Other possible

influences are contaminants of various origins and even

cosmic radiation. Given the complexity of such a sys-

tem it is difficult to gain more understanding from the

current investigation. Clearly, further insights must be

gained from systematic elimination of these factors in-

cluding testing with a much smaller isolated volume of

water eliminating mass transfer, fixing the volume of

dissolved gas, treatment to set or control contaminants

including sterilisation to eliminate any biological enti-

ties, minimising pressure variations and shielding from

radiation. In such a setup the natural nuclei population

could be continuously measured with a CSM providing

the opportunity to assess its dynamic behaviour with

greater control over the properties and processes which

may affect natural nuclei over time.

Without an accurate measurement or prediction of

the nuclei content, unexplained differences in cavitation

inception results could occur from day to day. Ideally,

the natural nuclei population could be predicted us-

ing a database or model based on tunnel conditions

such as test-section pressure, velocity and DO content.

However, the observed historical trends, which are not

currently well-understood, preclude the use of a model-

based approach. Until these factors are better under-

stood, regular monitoring of the natural nuclei popu-

lation is necessary when investigating cavitation phe-

nomena that are influenced by nuclei content.

Fig. 10: CSM measurements over a one-week test cam-

paign (circles) showing a reduction in natural nu-

clei population, then regeneration after several weeks

(squares). Note that the tunnel conditions were var-

ied in between measurements, but each nuclei distribu-

tion was measured at the same nominal conditions of

γ = 30–39%, pTS = 50 kPa and UTS = 7 m/s.
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3.4 Effect of test-section conditions

The effect of test-section pressure on the natural nu-

clei population is presented in Fig. 11, for a low DO

content and a mid-range test-section flow velocity. No

significant differences between the measured distribu-

tions are evident over the range of pressures tested, with

the exception of a slight reduction in concentration for

the highest test-section pressure. The distributions in

Fig. 11 appear to follow a power law, consistent with the

findings of Venning et al. (2018). Uncertainty bars are

also provided in Fig. 11 for one of the data series. Fur-

ther details on this uncertainty analysis can be found

in Khoo et al. (2016).

Fig. 11: Effect of test-section pressure, pTS, on the nat-

ural nuclei population. The relative saturation level of

oxygen in the plenum, rup, is also provided. Test-section

pressure has little influence across this range of tun-

nel conditions. Uncertainty intervals for both tension

and nuclei concentration are plotted for the 30 kPa

data series. Tunnel conditions were γ = 30–38% and

UTS = 7 m/s.

The effects of test-section flow velocity and DO con-

tent on the natural nuclei population are shown in Figs. 12

and 13, respectively. Over this range of conditions, nei-

ther parameter has a measurable influence. This indi-

cates that for typical operating conditions, the natural

nuclei population is independent of the AMC cavitation

tunnel conditions. The nuclei distributions presented

thus far were measured under conditions for which the

water in the plenum was undersaturated (rup < 100%).

That is, the static pressure in the plenum was greater

than the equilibrium saturation pressure, meaning that

free oxygen will tend to dissolve in the water.

In contrast, at extreme operating conditions, higher

concentrations of weaker nuclei were observed when the

sampled water was exposed to oversaturated conditions

Fig. 12: Effect of test-section velocity, UTS, on the nat-

ural nuclei population. The relative saturation level of

oxygen in the plenum, rup, is also provided. There is

little influence across a range of test conditions. Tunnel

conditions were γ = 38–39% and pTS = 50 kPa.

Fig. 13: Effect of dissolved oxygen content, γ, on the

natural nuclei population. The relative saturation level

of oxygen in the plenum, rup, is also provided. There is

little influence across a range of test conditions. Tunnel

conditions were pTS = 200 kPa and UTS = 7 m/s.

in the plenum (rup > 100%), as shown in Fig. 14. This

is not an unexpected result, as dissolved gas will tend

to come out of solution when water is exposed to a

pressure less than equilibrium saturation pressure.

A summary of nuclei distributions measured in the

AMC tunnel presented as plenum static pressure against

saturation pressure of water in the plenum is shown in

Fig. 15. Each data point represents a measured nuclei

distribution. It should be noted that while data in each

of the Figs. 11 to 14 were taken over a maximum pe-

riod of 12 hours to minimise historical effects, this was

not practical for the large dataset captured in Fig. 15.

Power-law trend lines were fitted to each nuclei distri-

bution. Distributions that show a consistent power-law
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Fig. 14: Effect of test-section pressure, pTS, on the nat-

ural nuclei population at low test-section velocity. The

relative saturation level of oxygen in the plenum, rup, is

also provided. The nuclei population increases notice-

ably when the test-section pressure is reduced to 10 kPa

(oversaturated). Tunnel conditions were γ = 38% and

UTS = 2 m/s.

trend indicating no effect of increasing relative satura-

tion are represented with hollow symbols. These indi-

cate that the distributions were essentially unchanged

from those presented in Figs. 11 to 13, hereafter termed

the baseline. Distributions that depart from the power

law as determined from the fitted parameters are rep-

resented with solid symbols. These signify that the nu-

clei distribution had increased above the baseline. The

10 kPa data series in Fig. 14, as indicated by the solid

red symbol in Fig. 15, is an example of this behaviour.

The red dashed line in Fig. 15 represents the con-

ditions for which the water in the plenum is saturated

with DO (i.e. pup = psat, rup = 100%). The water up-

stream of the contraction is undersaturated for points

above this line and oversaturated for points below. The

natural nuclei population was observed to increase only

for oversaturated conditions. Little information is avail-

able on the nature of the natural nuclei population,

however, this similarity in behaviour to microbubbles

indicates that gaseous diffusion plays a role in the pop-

ulation dynamics. Some nuclei distributions measured

with oversaturated water remain at the baseline. In this

sense, this behaviour could be attributed to the effect

of surface tension delaying diffusion beyond equilibrium

conditions, as occurs for microbubbles. An additional

influence may stem from the dissolution of the free gas

in the CSM circuit between the sampling probe and the

venturi.

The increase in static pressure in the CSM circuit

due to the decrease in dynamic pressure (relative to

the test section) would make the water more under-

Fig. 15: Baseline natural nuclei populations (hollow)

and distributions above the baseline (solid) as a func-

tion of plenum pressure, pup, and saturation pressure

of the water, psat. The red line represents when these

pressures are equal (pup = psat, rup = 100%), i.e. the

line represents a conservative delineation where popu-

lations remain at baseline if rup < 100%. The red dot

represents the 10 kPa data in Fig. 14 which is above

the baseline.

saturated. This would result in the dissolution of free

gas present, the extent of which is influenced by the

residence time of the water in the CSM circuit as it

transits between the sampling point and the centrebody

venturi (approximately 5 s at the AMC tunnel). This

effect could be reduced by moving the venturi closer to

the test section and minimising the transit time at the

expense of moving the range of measurable tensions to-

wards higher tensions (i.e. more negative, according to

the definition of tension in this paper).

3.5 Effect of sampling location

The historical trends discussed in the previous section

necessitate regular monitoring of the natural nuclei pop-

ulation when carrying out low cavitation number test-

ing in unseeded flows. Due to the relative size and po-

sitioning of the CSM sampling probe within the AMC

tunnel test section, it is not ideal to sample water from

the test section for CSM measurements while conduct-

ing cavitation testing. If the sampling probe was posi-

tioned upstream of a test component, it would affect

the oncoming flow field. Additionally, it cannot always

be positioned downstream due to the cavitating wake

of the test model.

Tests were conducted to determine whether the nat-

ural nuclei population in the test-section water could be

inferred from water sampled from the tunnel resorber.

The CSM circuit can be configured to sample water
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from either the test section or the resorber in the lower

limb of the tunnel (see Fig. 2). Measurements were re-

peated at the same nominal test-section conditions for

both sampling locations. For undersaturated conditions

in the plenum, no significant difference was observed re-

gardless of whether the water was sampled from the test

section or resorber, as shown in Fig. 16 . This indicates

stability of the natural population around the circuit.

However, for water sampled from the test section in

oversaturated conditions, the natural nuclei population

tends to increase above the baseline with the amount of

oversaturation, consistent with Fig. 15. This is also the

case for higher test-section velocities (not shown). The

natural nuclei populations of water sampled from the

resorber, which had not been exposed to oversaturated

conditions in the plenum, remained at the baseline even

at extreme conditions (i.e. low pTS and UTS, high rup).

From these results it can be concluded that a baseline

nuclei distribution in the test section can be inferred

from CSM measurements of water sampled from the

resorber for undersaturated conditions in the plenum

(i.e. pup > psat).

Fig. 16: Effect of sampling location on natural nuclei

population for a range of relative saturation levels. The

sampling location is denoted by the symbol shape. Mea-

surements are at the baseline level for each location

except for the test section when rup > 100%. Tunnel

conditions were γ = 35–42% and UTS = 2 m/s.

3.6 Comparisons with the ATLA test facility

A comparison of measurements using the AMC CSM

at the AMC and ATLA tunnels for similar operating

conditions for a range of test-section velocities is shown

in Fig. 17. The test-section pressure was approximately

equal to the saturation pressure. The independence of

the natural nuclei population from the test-section ve-

locity at these conditions is consistent between the test

facilities. The AMC tunnel data show a temporal varia-

tion of up to an order of magnitude as described above

and the ATLA tunnel data lie within this range. For

similar tunnel operating conditions, the AMC and ATLA

tunnel data compare closely in magnitude which is some-

what coincidental. However, the close comparison of

slope and independence of velocity indicate a univer-

sality of this water property.

Fig. 17: Comparison of natural nuclei populations at

the same nominal test conditions (across a range of

test-section velocities, UTS, in the AMC (circles) and

ATLA (squares) cavitation tunnels. The relative satu-

ration levels of oxygen in the plenum, rup, and the test

section, rTS, are provided for each tunnel respectively.

Similar distributions are observed from the two facil-

ities of significantly differing circuit architecture and

dimensions. Tunnel conditions were γ =52–59% and

pTS = 50 kPa.

At certain oversaturated conditions, an initial in-

crease in the natural nuclei population followed by a

reduction with decreasing throat pressure was observed

in the ATLA FNS (Fig. 18). Since CSM nuclei popu-

lation measurements are inherently cumulative, these

results raise questions about the CSM behaviour. Si-

multaneous CSM and optical measurements could be

used to confirm how representative these CSM nuclei

distribution measurements are of the test-section wa-

ter, however this would only be possible for a limited

range of microbubble sizes due to the diffraction lim-

its of optical techniques, see Fig. 1. The fact that the

measured distributions seem to return to the baseline

level at higher tensions tends to indicate the influence of

another factor. This discrepancy only occurs when the

flow rate through the venturi is low, which could indi-

cate Reynolds number effects such as laminar boundary

layer separation and cavity detachment as observed in a

venturi tube diffuser by d’Agostino and Acosta (1991).



Natural nuclei population dynamics in cavitation tunnels 15

The Reynolds numbers used for the venturi throat pres-

sure calibration appear to be sufficiently high to ensure

turbulent boundary layers (thus suppressing boundary

layer separation in the diffuser section) in the single-

phase flow (Khoo et al., 2016). However, it is more

difficult to be sure of the boundary layer condition in

two-phase flows in which instabilities may arise due to

interactions between cavities and boundary layers. Fur-

thermore, the venturi was operated at a slightly lower

Reynolds number (4.8 × 104 for pTS = 30 kPa) in the

ATLA FNS compared to the AMC tunnel (5.9 × 104),

noting that the initial increase was not observed in the

AMC cavitation tunnel under similar operating condi-

tions. Alternatively, the behaviour may be related to

the test facility or CSM circuit.

Fig. 18: Anomalous behaviour in the measured distri-

bution was observed at the ATLA FNS (squares, at

test-section pressures of pTS = 30 kPa & 35 kPa) but

not at the AMC cavitation tunnel (circles). The rela-

tive saturation levels of oxygen in the test section, rTS,

and the plenum, rup, are provided for each tunnel re-

spectively. Tunnel conditions were UTS = 4 m/s and

γ = 50–58%.

For the ATLA FNS, the natural nuclei population

appears to be controlled by the test-section relative sat-

uration conditions, rather than the plenum. The vari-

ation of natural nuclei population with plenum static

pressure and water saturation pressure is shown in Fig. 19,

similar to the results presented in Fig. 15 for the AMC

tunnel. The red dashed line represents where the plenum

pressure equals the equilibrium saturation pressure (i.e.

pup = psat). The water in the plenum is undersaturated

for points above this line and oversaturated for points

below. Some of the solid points are located above this

line which suggests that the saturation condition in the

plenum at the ATLA FNS is not a suitable indicator

of the natural nuclei population as it is for the AMC

tunnel.

Fig. 19: Parameter map of all nuclei distributions mea-

sured at the ATLA FNS presented as upstream pressure

(in the plenum), pup, against saturation pressure, psat.

The red line represents when these pressures are equal

(rup = 100%). Nuclei distributions at the baseline (hol-

low) and above the baseline (solid) are differentiated,

but for this facility, the criterion rup < 100% (as appli-

cable to the AMC tunnel, see Fig. 15) is not a suitable

measure of whether the population departs from the

baseline.

If the data presented in Fig. 19 are replotted to con-

sider how the nuclei population varies with test-section

static pressure instead of plenum static pressure, then

all solid symbols now remain below the red line as

shown in Fig. 20. The natural nuclei population was
observed to increase only for oversaturated conditions

in the test section at this test facility. This suggests that

the saturation condition in the test section is a more ac-

curate indicator of the threshold for natural nuclei pop-

ulation variation in the ATLA FNS than the plenum

conditions. This may be due to the water spending

longer time in the FNS test section exposed to oversat-

urated conditions (O(1) s) than the AMC test section

(O(100) ms), as discussed earlier. Furthermore, nuclei

recirculation in the ATLA FNS, which has a lower limb

with resorbing capability but not a downstream tank,

unlike the AMC tunnel, could potentially add to the

complexity of the observed behaviour. An investigation

of the effectiveness of free gas removal in the ATLA

FNS, similar to that shown in Sect. 3.2 for the AMC

tunnel, is warranted. Some of the baseline distributions

appear in the oversaturated region, as was observed for

the AMC cavitation tunnel data in Fig. 15. It should

also be noted that the ATLA FNS datasets with ‘local

peak’ behaviour shown in Fig. 18 are categorised as be-
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ing above the baseline, although they appear to return

to the baseline level at more negative tensions. There-

fore, Fig. 20 should be interpreted with caution until

the ‘local peak’ behaviour is better understood.

Fig. 20: Baseline natural nuclei populations (hollow)

and distributions above the baseline (solid) measured at

the ATLA FNS presented as a function of test-section

pressure, pTS, and saturation pressure of the water, psat.

The red line represents when these pressures are equal

(rTS = 100%) and provides a conservative delineation

above which (i.e. if rTS > 100%) the population no

longer remains at the baseline.

3.7 Comparisons with other test facilities

Given the similarity between nuclei populations mea-

sured in the AMC and ATLA tunnels, albeit with the
same device, it raises the obvious question of how much

similarity there is between facilities generally. A com-

parison of natural populations measured using a CSM

in several cavitation tunnels all with water DO contents

of about 30% is shown Fig. 21. A baseline natural nuclei

population in the AMC cavitation tunnel is compared

with the FNS in Japan (measured using the ATLA

CSM) (Nagaya et al., 2011; Takahashi et al., 2019),

Grand Tunnel Hydrodynamique (GTH) in France (Gin-

droz, 1995a), CEIMM cavitation tunnel in Italy (Gin-

droz, 1995a) and the University of Michigan (UM) 9-

inch water tunnel in the USA (Chang et al., 2009).

With the exception of the Japanese data for which the

same CSM device was used, each distribution was mea-

sured using a different CSM device and associated sig-

nal processing procedure. While the flow rate calibra-

tion of each venturi (and hence the pressure calibra-

tion of each venturi throat) is thought to be reliable,

there are potential differences between discriminator al-

gorithms employed with each device. Validation of CSM

discriminators is a challenging task, which is reflected

by the paucity of information in the open literature.

These data show variations in concentration over some

two orders of magnitude, however this is not a defini-

tive comparison as many factors relating to CSM setup

and operation, as well as facility operating history, are

unknown. However, these data do show global similar-

ity in terms of the power-law index and concentrations

are generally within the range of variation observed over

the longer term in the AMC tunnel, as discussed further

below. On this basis, these results suggest a universal

character of natural nuclei populations in conditioned

cavitation tunnel water. To eliminate the differences in

CSM setups, a standard device, and discriminator could

be used to test natural nuclei populations in different fa-

cilities. This would allow comparisons to be made with

greater confidence, at least in relative terms. Ultimately

an optical device that counts every activation and elim-

inates any potential acoustic discriminator ambiguities

or errors could be developed.

Fig. 21: Baseline natural nuclei population comparison

for a range of test facilities as measured using different

CSM devices. The data show quite reasonable agree-

ment between the different facilities noting the substan-

tial variation in architecture and dimensions of the cir-

cuits and possible variation in the CSM design and/or

signal processing techniques used. The dissolved oxygen

content is nominally 30% of saturation at atmospheric

pressure (γ ∼ 30%), unless otherwise specified.
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3.8 Comparisons with CSM measurements in

environmental waters

Given the similarities between natural nuclei popula-

tions in different cavitation tunnels, it is of interest to

also compare these with populations measured in envi-

ronmental waters generally using a CSM. A comparison

of the baseline population in the AMC tunnel with two

measurements at two depths, taken in the Iroise Sea

(Gindroz et al., 1995b) and in Lake Pend Oreille (Gow-

ing and Shen, 2001), are shown in Fig. 22. For both

these studies measurements were taken at a range of

depths showing increasing critical tension with increas-

ing depth. Two sample depths that bracket the range

are shown in Fig. 22 to demonstrate the trend. Whilst

the shallow depth measurements show some similar-

ity in absolute terms, they have significantly different

slopes. The populations at deeper depths differ signif-

icantly with the ocean data at 60 m depth (Gindroz

et al., 1995b) spanning more negative tensions than the

lake data at 50 m depth (Gowing and Shen, 2001) (not

shown) which sits between the 10 and 100 m datasets

shown in Fig. 22. The deep measurements in the lake

show close comparison with the AMC tunnel baseline

measurement. The measurements taken in the ocean at

both depths show a much greater slope than the lake

and AMC baseline measurements implying a narrow

range of nuclei critical tensions.

The ocean measurements by Gindroz et al. (1995b)

are taken with a similar experimental setup as used for

the natural population taken in the French GTH shown

in Fig. 21 which also shows a greater slope which could

indicate device-specific results. Although the data are

not plotted together, the GTH natural population does

not compare well with the deep population measured

in the Iroise Sea. Given the limited data available from

CSM measurements, and differences in devices, in en-

vironmental waters it is difficult to comment on how

well these populations compare with those measured in

test facilities other than to conclude that they are of

similar orders of magnitude in terms of critical tensions

and concentrations. As with the comparison of mea-

surements in facilities, measurements using a definitive

technique or at least a consistent technique are required

to gain greater insight.

3.9 Quantitative variations in measured populations

and comparison with other experiments and theories

Extensive measurements of nuclei and microbubble pop-

ulations in laboratory water, and environmental waters,

have been made using a range of optical and acoustic

techniques and it is of interest to compare these with

Fig. 22: Comparison of nuclei distributions in a labora-

tory and in environmental waters of varying depth as

measured using CSM devices. The AMC tunnel data

compare closely to the lake measurement at a depth of

100 m.

the AMC tunnel natural population. A comparison of

baseline AMC tunnel populations taken over two years

and a single long sample taken over 40 hours (Venning

et al., 2018) are compared with a diversity of measure-

ments using several techniques, as shown in Fig. 23.

One population measured using a Coulter counter (an

electromagnetic technique) is also included for compar-

ison. It should be noted that microbubble or nuclei dis-

tributions can be represented in four ways, either as

cumulative or non-cumulative concentration and either

as a function of critical tension (or critical diameter)

or equivalent bubble diameter at a particular reference

pressure, p∞. All AMC populations measured using the

CSM presented in Fig. 23 have been converted to non-

cumulative concentration as a function of equivalent

bubble diameter, d, at ambient pressure, p∞. This di-

ameter can be calculated numerically from the critical

pressure by rearranging Eq. 1 as:

(p∞ − pv)

(
d

4S

)3

+

(
d

4S

)2

=
4

27(pv − pc)2
(6)

where p∞ = pTS for AMC tunnel measurements. For

the purposes of quantitative comparison all distribu-

tions can be represented as a power law:

∂C

∂d
= Adn (7)

where A is the constant of proportionality and n is the

power-law index.
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All AMC baseline natural nuclei measurements show

a concentration variation of between one and two or-

ders of magnitude for a fixed diameter or less than one

order of magnitude in diameter for a fixed concentra-

tion. Least-squares regression analysis of the two years

of population measurements reveal n, the index of the

power law, to average about −6.2 with high probability

but to vary overall between −3.4 and −12.9. The mul-

tiplier A similarly averages about 9.8 × 108 with high

probability but varies between 4.6 × 107 to 4.3 × 109.

Within the spread of these parameters there is no clear

correlation with any tunnel operating parameters (DO,

velocity or pressure) nor any long-term temporal fluc-

tuations. The long data measurement by Venning et al.

(2018) lies at about the mean of this range. Whilst this

variation in global terms may be considered to be rela-

tively small, for precise measurements of cavitation in-

ception this range may be considered large necessitating

regular measurement. Although the results presented

do suggest that only one point may need to be mea-

sured to establish the entire distribution if it is assumed

that the power-law index remains nominally unchanged

for undersaturated conditions as defined above.

The populations measured using optical or acous-

tic techniques show some overlap in size with the AMC

CSM populations but are generally two to three orders

of magnitude greater in size but comparable in concen-

tration range. Most of the populations are within the

10 to 100 µm size range which is typically the range

for modelling nucleation in relatively high cavitation

number flows, as noted in the introduction. There are

several factors that should be noted. Most of the mea-

surements made with optical or acoustic techniques are

in water nominally saturated with air at atmospheric

pressure although there are some tunnel populations

where the water is degassed. The optical techniques

could register not only bubbles but also impurities po-

tentially artificially increasing concentrations. On the

other hand, acoustic techniques should only respond to

bubble dynamics. It can also be observed in Fig. 23

that the older ocean nuclei measurements are compa-

rable with more recent laser diffraction measurements

by Randolph et al. (2014). They also observed that the

power-law index shows little variation over short time

scales, but varies significantly between days, i.e. about

−4.2 on one day and −6.0 on another. Overall, most

of the populations measured using optical and acoustic

techniques in facility and environmental waters com-

pare reasonably closely implying universal behaviour.

Of all the populations measured using these tech-

niques, it is only those by Shen et al. (1984) and in par-

ticular by Gavrilov (1969) that show reduced concentra-

tions/sizes demonstrating the effects of degassing and

standing over long periods respectively. Other popula-

tions measured by Arndt and Keller (1976) and Keller

and Weitendorf (1976) show similar trends with re-

ducing dissolved gas content but with initially higher

concentrations and larger sizes. These differences could

be attributable to factors such as residence and cir-

cuit pressure history, which are influenced by the tun-

nel architecture, that affect the life and existence of

entrained bubbles. The data overall tend to follow a

power law with an index of about −4 as can be seen

from the solid, thin, grey lines with this slope shown on

Fig. 23, which come from the phenomenological model

of Franklin (1992) discussed below.

Finally, as noted above, only limited information

can be gained on the nature of natural nuclei popu-

lations from these results. However, comparisons with

other results and theories can perhaps provide some ad-

ditional insight into such complex and apparently un-

predictable phenomena. Apart from the long sample

AMC tunnel natural population from Venning et al.

(2018), all baseline data lie within the size range decade

of 0.5 to 5 µm equivalent bubble diameter. This size

range corresponds with stabilised microbubble sizes in

seawater found by Johnson and Cooke (1981). They

report that 40 to 100 µm diameter microbubbles gener-

ated in slightly degassed seawater under controlled con-

ditions would either quickly completely dissolve while

others would reduce to finite sizes apparently stabilised

by films compressed during dissolution. These stabilised

bubbles ranged in sizes between 1 and 13 µm diameter.

They also report that application of pressure reduction

would grow some bubbles and that they would return

to original sizes if the initial pressure was restored, or

that with extended pressure increase some would dis-

solve completely. This behaviour could explain the vari-

ation in tunnel natural nuclei populations after tunnel

operations involving large populations of bubbles such

as filling and emptying, or degassing, as well as the ef-

fects of time, pressure and dissolved gas content.

Beyond possible explanations for microbubble evo-

lution from large sizes there is also the possibility of

growth from small sizes or homogeneous nucleation. As

noted earlier, Franklin (1992, 1994) proposed a power-

law model based on arguments of self similarity and

that the population could be limited to a finite mini-

mum size attributable to homogeneous nucleation based

on dissolved gas content. Franklin argued how the ef-

fect of dissolved gas and standing time may affect the

minimum number of molecules (numbered at the top

of Fig. 23) required to form the smallest sustainable

cluster of free gas. This model is shown for comparison

in Fig. 23, where the dissolved air concentration is cal-

culated assuming saturation at atmospheric conditions
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for each of the distributions shown. Ward et al. (1970)

showed how dissolved gas affected the minimum sus-

tainable nucleus size and how this was smaller for higher

gas contents. That is, fewer molecules are required to

form a nucleus for higher dissolved gas contents. This

work on the effects of dissolved gas on homogeneous

nucleation theory has been extended by Kwak and Oh

(2004) and Němec (2016). Unfortunately this theory

has not been extended to more practical liquids and

to nuclei size distributions but may provide potential

guidance in developing future investigations.

4 Conclusions

The natural nuclei population dynamics within the cav-

itation tunnel at the Australian Maritime College (AMC)

Cavitation Research Laboratory have been characterised

using a Cavitation Susceptibility Meter (CSM). This

population follows a power law and remains invariant at

a baseline level over short time scales. That is, provided

the water remains undersaturated in the low pressure

part of the tunnel circuit upstream of the test section

(plenum). For this undersaturated condition, the pop-

ulation also remains invariant throughout the tunnel

circuit such that it can be measured from any location.

However, at extreme operating conditions, the popula-

tion can increase when the water is oversaturated. This

indicates that this condition should be avoided unless

direct measurements are concurrently made. Although

little information is available on the nature of this pop-

ulation, it exhibits similar behaviour to microbubbles,

suggesting gaseous diffusion plays a role in the popu-

lation dynamics. The population was observed to de-

crease by approximately an order or magnitude during

a week-long test campaign and to fluctuate by a similar

amount over longer time scales. These historical trends

necessitate regular monitoring of the population when

investigating low cavitation number flows in which nat-

ural nuclei are active.

Natural nuclei populations were also measured in

the Japanese Acquisition, Technology & Logistics Agency

(ATLA) Flow Noise Simulator (FNS) using the AMC

CSM. Measured populations were found to compare

closely for undersaturated conditions suggesting a uni-

versal characteristic. However, the reference location in

the ATLA FNS at which the pressure may be used to

threshold whether the water is under or oversaturated

was not found to be the plenum, unlike for the AMC

tunnel. The pressure in the FNS test section, in which

high flow velocity occurs, appears to be a more suit-

able indicator. While the AMC tunnel features a down-

stream tank (and large resorber) for free gas removal,

such a tank is not part of the ATLA FNS architec-

ture, which may lead to the recirculation of nuclei. The

differences in natural nuclei population dynamics ob-

served between the two facilities may, at least partially,

be attributed to differences in tunnel design.

Measurements of natural populations in several tun-

nels of varying circuit architecture and volume using

different CSMs show similar behaviour further suggest-

ing the possibility of a universal characteristic. To con-

firm this possibility, at least in a relative sense, measure-

ments would need to be taken in different facilities with

the same CSM. Alternatively, newer technology such

as an optical-based CSM that would eliminate acoustic

ambiguities (yet still allow small nuclei to be measured)

needs to be developed.

Comparison of CSM measurements, using different

devices in test facilities and environmental waters show

similar populations in a general sense. However, this ob-

servation is based on few measurements demonstrating

the need for more data to be acquired and preferably,

as noted above, with newer CSM technologies.

Microbubble or nuclei measurements in environmen-

tal waters using optical or acoustic techniques show

populations in the 10 to 100 µm diameter range, as

typically modelled for cavitation nucleation. However,

CSM data show that smaller size populations, in the 0.5

to 5 µm equivalent bubble diameter range, as measured

in facilities are also present in the these waters.

To gain further insight into the nature of these nu-

clei populations, including whether they can form from

stabilisation of dissolving larger bubbles or from smaller

homogeneous nuclei, simpler experiments eliminating

many of the variables that apparently affect the popu-

lations in practical water volumes are required.
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Fig. 23: Comparison of nuclei distribution histograms from laboratory and environmental waters for a variety

of measurement techniques. −∂C∂d is the derivative of the cumulative histogram and is equivalent to the number

density distribution function in Katz (1982); Gates et al. (1979). d is the nucleus diameter at ambient pressure,

p∞. The solid, thin, grey lines come from the phenomenological model of Franklin (1992), with the numbers at the

top of the figure representing the minimum number of molecules required to form the smallest sustainable cluster

of free gas. The AMC data series are based on fits to cumulative histogram CSM data. Note that the holographic

and light scattering methods may detect solid, non-cavitating particles, which may result in the overestimation of

nuclei concentrations.
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Němec T (2016) Homogeneous bubble nucleation in bi-

nary systems of liquid solvent and dissolved gas. J

Chem Phys 467:26–37

Norris SJ, Brooks I, de Leeuw G, Sirevaag A, Leck C,

Brooks B, Birch C, Tjernstrom M (2011) Measure-

ments of bubble size spectra within leads in the arctic

summer pack ice. Ocean Science

Pascal RW, Yelland MJ, Srokosz MA, Moat BI, Waugh

EM, Comben DH, Cansdale AG, Hartman MC, Coles

DG, Chang Hsueh P (2011) A spar buoy for high-

frequency wave measurements and detection of wave

breaking in the open ocean. J Atmospheric Ocean

Technol 28(4):590–605

Peterson F, Danel F, Keller A, Lecoffre Y (1975) Com-

parative measurements of bubble and particulate

spectra by three optical methods. Report of Cavi-

tation Committee, 14th ITTC

Pham T, Michel J, Lecoffre Y (1997) Dynamical nuclei

measurement: On the development and the perfor-

mance evaluation of an optimized center-body meter.

J Fluids Eng 119(4):744–751

Randolph K, Dierssen HM, Twardowski M, Cifuentes-

Lorenzen A, Zappa CJ (2014) Optical measurements

of small deeply penetrating bubble populations gen-

erated by breaking waves in the Southern Ocean. J

Geophys Res: Oceans 119(2):757–776

Russell P, Giosio D, Venning J, Pearce B, Brandner

P, Ceccio S (2018) Microbubble disperse flow about

a lifting surface. In: 32nd Symp on Naval Hydrody-

namics, Hamburg, Germany

Russell P, Venning J, Pearce B, Brandner P (2019)

Calibration of Mie Scattering Imaging for microbub-

ble measurement in hydrodynamic test facilities.

Manuscript submitted for publication

Shen Y, Gowing S, Pierce R (1984) Cavitation suscep-

tibility measurements by a venturi. In: ASME Int
Symp on Cavitation Inception, New Orleans, LA

Shen YT, Gowing S, Eckstein B (1986) Cavitation sus-

ceptibility measurements of ocean lake and labora-

tory waters. Tech. rep., David W Taylor Naval Ship

Research and Development Center Bethesda MD

Stramski D, Boss E, Bogucki D, Voss KJ (2004) The

role of seawater constituents in light backscattering

in the ocean. Prog Oceanogr 61(1):27–56

Takahashi K, Arai J, Mori T (2019) Nuclei popula-

tion dynamics in NSRC/ATLA Flow Noise Simula-

tor. Tech. rep., Acquisition, Technology & Logistics

Agency, Japan

Venning J, Khoo M, Pearce B, Brandner P (2018)

Background nuclei measurements and implications

for cavitation inception in hydrodynamic test facil-

ities. Exp Fluids 59(4):71

Ward C, Balakrishnan A, Hooper F (1970) On the ther-

modynamics of nucleation in weak gas-liquid solu-

tions. J Basic Eng 92(4):695–701

Warneck P, Williams J (2012) The atmospheric

chemist’s companion: Numerical data for use in the
atmospheric sciences. Springer Science & Business

Media

Worch E (2015) Hydrochemistry: Basic Concepts and

Exercises. Walter de Gruyter GmbH & Co KG

Zhang X (2001) Influence of bubbles on the water-

leaving reflectance. PhD thesis, Dalhousie University


