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Abstract

Tip vortex cavitation (TVC) is detrimental to the acoustic stealth performance of naval

ship and submarine propellers and control surfaces. Nuclei, or microbubble, content can

vary in environmental waters, having implications for TVC inception and acoustic signa-

ture. While it is commonly known that TVC inception occurs earlier in flows abundant

with nuclei, further research is required to broaden understanding of nucleation effects

on TVC behaviour and its associated physics. This includes research in the interrelated

areas of natural nuclei population dynamics in test facilities, the statistical nature of

TVC inception in nuclei deplete flows, and the influence of different nuclei populations

on the physical characteristics of TVC inception and development. To address the lack

of published information in these areas, a series of experiments were conducted in vari-

able pressure water tunnels, also known as cavitation tunnels, which are typically used to

study TVC and nucleation effects under controlled conditions.

The natural nuclei population behaviour in different test facilities was measured using

a cavitation susceptibility meter (CSM). This informed the design of subsequent TVC

experiments concerning nucleation effects on TVC about lifting surfaces. The statistical

nature of TVC inception and desinence about an elliptical hydrofoil in flows deplete of

nuclei was quantified using the optical detection of a large number of cavitation events.

A nuclei abundant flow was then introduced to assess the effect of vastly different nuclei

populations on TVC behaviour about an elliptical hydrofoil. High-resolution photographs

and acoustic measurements were acquired at fixed Reynolds and cavitation numbers.

The deplete and abundant nuclei populations were quantified using the CSM and Mie

scattering imaging, respectively. The study was then extended to consider the effects of

different artificially-generated nuclei populations on TVC inception location and cavity

kinematics using synchronised video and acoustic measurements.

The natural nuclei population in the cavitation tunnel at the Australian Maritime

College Cavitation Research Laboratory is found to follow a power law, and remains

invariant at a baseline level over short timescales. The baseline level of the natural

nuclei population in the Japanese Acquisition, Technology & Logistics Agency’s Flow

Noise Simulator is similar to that of the Australian tunnel. The test section pressure

of the Japanese tunnel is a better indicator of whether the natural nuclei population

has increased above the baseline, which is in contrast to the dissolved oxygen saturation

x



condition in the plenum for the Australian facility. It is discovered that for undersaturated

conditions in the plenum of the Australian tunnel, the natural nuclei population remains

constant around the tunnel circuit. Therefore, the population in the test section can

measured by sampling water into the CSM from the lower-segment resorber, provided the

water is undersaturated in the plenum. This is a convenient way to monitor the natural

nuclei population during TVC experiments for which the presence of the CSM sampling

probe in the test section would be prohibitive. In one such experiment, TVC inception is

shown to be a stochastic process that requires a large number of repeated measurements

for characterisation. At a given test condition, the probability of inception increases

with waiting time. This is due to a larger volume of water, and thus higher number

of susceptible nuclei, passing through the streamtube of opportunity. Meanwhile, TVC

desinence exhibits much less statistical variation, suggesting it is less dependent on the

natural nuclei population. Comparisons of TVC inception behaviour in nuclei deplete and

abundant flows confirm that cavitation inception occurs at a higher incidence in a nuclei

deplete flow due to a lack of weaker nuclei. In both flows tested, the sound pressure level

reaches a local peak at or after inception, although the physics driving this behaviour are

different between the seeding cases. In a nuclei abundant flow, intermittent activations

occur before the formation of a continuous tip vortex cavity at higher tensions, which

results in a higher overall sound level. It is also found that both the nuclei population

and cavitation number have a significant impact on the inception location distribution

along the trailing vortex of an elliptical hydrofoil, and in particular, on inception event

rates. The cavitation number changes the flow volume subjected to tension, and hence

the shape of the inception location distribution as well. It is found that once ingested

nuclei are activated, cavity kinematic and acoustic properties are influenced by the local

pressure (i.e. inception location and cavitation number) rather than the initial nucleus

size, at least in the ∼50–100 µm diameter range activated in this study.

A greater understanding of the effects of nuclei content on TVC has been achieved.

Natural nuclei population dynamics in test facilities should be factored into experimental

design when testing in flows with low pressures. This was taken into account in the study

of TVC in nuclei deplete flows, which quantitatively shows inception to be stochastic

in nature and strongly dependent on the nuclei population, in contrast to desinence.

The extent to which nuclei content affects TVC behaviour increases as the difference

between the populations becomes greater. While the appearance and noise emissions of

TVC differ markedly between nuclei deplete and abundant flows, the differences in these

characteristics are less pronounced between flows with injected mono- and polydisperse

nuclei populations which are more similar with respect to bubble size and concentration

distributions. Nevertheless, variations in nuclei concentration between populations are

clearly reflected by changes in inception event rate. To further understanding about

nucleation effects on TVC, additional work is required on nuclei measurement and bubble

generation techniques, TVC behaviour across a wider range of nuclei populations and

validation of theoretical cavity dynamic and acoustic models using experimental data.
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Chapter 1

General introduction

Tip vortices are inherently generated from the tips of three-dimensional lifting surfaces

operating at non-zero lift. Low pressures exist in these regions of concentrated vorticity,

particularly in the vortex core, making the flow susceptible to tip vortex cavitation (TVC)

inception when the local pressure falls below vapour pressure, see Fig 1.1.

U∞

x

−Cp

Pressure in vortex core

Suction side

Trajectory of
trailing vortex

coreΓActivation

Bubble trajectory

Nuclei

Figure 1.1: Notional capture of a nucleus (red sphere) into the vortex trailing from a lifting surface.
The blue line denotes the nucleus trajectory. The freestream velocity is U∞ and the circulation is Γ.
The generic variation of the pressure coefficient, Cp, with streamwise location, x, similar to the trends
observed for elliptical foils (Chen et al., 2019; Asnaghi et al., 2020), is also shown with the minimum
pressure occurring close to the tip and pressure recovery downstream as the vortex diffuses.
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The influence of nuclei content on tip vortex cavitation inception 2

TVC is often the first type of cavitation to occur about marine propellers, control

surfaces and turbomachinery due to the low pressures generated in the core of tip vortices

(Brennen, 1995; Franc and Michel, 2006). It happens when fluid changes from liquid to

vapour phase due to pressure reduction. Cavitation nucleation in practical flows such as

laboratory and environmental waters is invariably heterogeneous, and weaknesses called

nuclei are activation sites for cavitation to occur. Cavitation nuclei can be free gas mi-

crobubbles, and potentially gas-containing biological organisms or solid particles with

trapped gas (Lecoffre, 1999). When they are exposed to a size-dependent critical pres-

sure, their equilibrium becomes unstable and they grow explosively, filling with vapour

and forming macroscopic cavities, see Fig. 1.2 for an example of a cavitating trailing

vortex.

Figure 1.2: Photograph of the tip of a hydrofoil with an unattached cavitating trailing vortex.

The stability of a spherical microbubble nucleus can be described using single bubble

equilibrium theory (Chahine and Shen, 1986; Franc and Michel, 2006). Assuming the

mass of gas in the bubble is constant and that it grows isothermally, the behaviour of a

bubble in equilibrium can be expressed by

p∞ =

(
p∞0 − pv +

4S

D0

)(
D0

D

)3

+ pv −
4S

D
, (1.1)

where p∞ is the freestream pressure, pv is the liquid vapour pressure, S is the surface

tension, D is the diameter and the ‘0’ subscript denotes initial conditions. The size

variation of bubbles with four different initial sizes with changing pressure is shown in

Fig. 1.3. The blue circles denote the critical pressure of each bubble, which is the lowest

pressure it can withstand while remaining in equilibrium on the left of the dotted line.

The equilibrium is unstable to the right of the dotted line. Nuclei with smaller initial

diameters have lower critical pressures.
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Figure 1.3: Spherical bubble equilibrium showing freestream pressure, p∞, against bubble diameter, D,
for four different initial diameters, D0. A temperature of T = 20°C and an initial freestream pressure of
p∞0 = 100 kPa are used. The blue circles represent the critical pressures of each bubble. A dashed line
is drawn between these critical pressures. Bubble equilibrium is stable to the left of the dashed line and
unstable to the right. The horizontal line represents vapour pressure.
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The streamwise pressure distribution in a tip vortex, and hence location of minimum

pressure, is dependent on hydrofoil planform, cross-section and tip geometry (Astolfi

et al., 1999). Cavitation inception may occur at streamwise locations along the vortex

away from the location of minimum pressure, as long as the local pressure is sufficiently

low to activate a captured nucleus. Nuclei can be captured into a vortex either axially or

radially, the latter being due to buoyancy forces exerted by the radial pressure gradient.

This capture is dependent on vortex strength, bubble size and the distance of the nucleus

from the vortex (Ligneul and Latorre, 1989, 1993; Chen et al., 2019). Vorticity tends to

decrease with increasing downstream distance due to viscous diffusion, causing a pressure

recovery in the vortex core and subsequent cavity collapse.

The noise generated by TVC is detrimental to the acoustic stealth performance of naval

platforms. Both TVC growth and collapse are known to generate noise due to complex

transients (Choi and Ceccio, 2007), oscillatory modes (Pennings et al., 2015a) and large

volumetric accelerations (Lamb, 1945; Fitzpatrick, 1958; Leighton, 2012). The following

formula for the natural frequency of spherical bubble oscillation, ωs, initially derived by

Minnaert (1933), was extended to account for surface tension (Brennen, 1995). Assuming

isothermal gas behaviour and zero damping, which is reasonable for larger bubbles, this

is described as

ωs =

√
1

ρ

(
12(p∞ − pv)

D2
+

32S

D3

)
, (1.2)

where ρ is the fluid density. Larger bubble diameters and lower external pressures result

in lower resonant frequencies, similarly to cylindrical cavities. The resonant frequency

(i.e. breathing mode) of a cylindrical bubble, ωc, is given by Neppiras (1980) as

ωc =

√
4p∞
ρDL

, (1.3)

where L is length. According to this theory, longer cavities resonate at lower frequencies.

Due to the very low critical pressures that stronger nuclei can sustain, water is ca-

pable of withstanding high tensions below vapour pressure without cavitating (Blake Jr,

1949). This property is also known as water tensile strength. According to single-bubble

equilibrium theory, a 1 µm diameter bubble can sustain about 1 atm of tension prior to

activation for standard temperature and pressure initial conditions. The present research

(Appendix C) shows that given ‘infinite’ sampling times, the natural nuclei population of

a body of water has no strength due to the presence of very low concentrations of large

nuclei. However, tensile strength is observable in many practical flows. Tensile strength

is probabilistic in nature, as nuclei spatial and temporal distributions can vary (Arndt

and Keller, 1992; Briançon-Marjollet and Merle, 1996; Mørch, 2000). The consequence is

that TVC inception is a complex probabilistic process.

It is widely accepted that nuclei content affects TVC inception behaviour, with the

earlier onset of cavitation measured in flows with ‘weak’ water, as opposed to ‘strong’
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water devoid of nuclei (Arndt and Keller, 1992; Boulon et al., 1997; Gindroz and Billet,

1998). Numerical simulations have also shown that fewer nuclei activations occur for

populations with smaller nuclei (Hsiao and Chahine, 2005). A range of different nuclei

populations can exist in practical flows. Depending on the type of flow, these populations

can vary over several orders of magnitude, thereby necessitating the use of a range of nuclei

generation and measurement techniques for experimental modelling and quantification,

as discussed below.

A number of these techniques have been developed in the Cavitation Research Lab-

oratory (CRL) at the Australian Maritime College (AMC) (Brandner, 2018). Sample

microbubble or nuclei population measurements in the AMC cavitation tunnel are shown

in Fig. 1.4. The weakest population with the highest concentrations of larger microbubbles

was measured using long-range microscopic shadowgraphy (LMS) and is typical of those

found in cavitating wakes at relatively high cavitation numbers (Russell et al., 2018b).

They have effectively no tensile strength and are the most susceptible to TVC inception.

The inflows to ship propulsors may contain such nuclei populations.

Figure 1.4: Nuclei distribution graph showing the bubble diameter, d, and concentration, C, ranges
(shaded regions) for which practical measurements can be made using the Cavitation Susceptibility Meter
(CSM), Interferometric Mie Imaging (IMI) and Long-range Microscopic Shadowgraphy (LMS). Optical
methods (e.g. IMI and LMS) are more suitable for higher concentrations of larger bubbles, while the
hydrodynamic method (CSM) is suitable for lower concentrations of smaller bubbles. The lines represent
recent nuclei measurements at the AMC cavitation tunnel.
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The intermediate population was measured using Mie scattering imaging (MSI) and

is representative of a test flow artificially seeded with a relatively high concentration of

microbubbles between 10 and 100 µm in diameter (Brandner, 2018; Russell et al., 2020a).

Such populations may be used for the experimental modelling of cavitation inception.

Only a limited number of test facilities currently exist which have depressurisation ca-

pabilities for cavitation studies as well as nuclei injection and dissolved gas management

systems that allow for strict control over free and dissolved gas contents (Lecoffre et al.,

1988; Brandner et al., 2007; Song et al., 2017). In other test facilities, nuclei, or free gas,

content may only be controlled indirectly via manipulation of the dissolved air content

(Arndt and Maines, 2000; Chang et al., 2011).

Finally, the strongest population with lower concentrations of stronger nuclei is rep-

resentative of the natural nuclei population in the AMC cavitation tunnel under typical

operating conditions. These nuclei may be activated at low pressures in vortical flows.

This population was measured via mechanical activation using a cavitation susceptibility

meter (CSM). This is necessary due to both the diffraction limit of optical techniques

(O(0.1) µm) and the excessive number of images required to quantify low nuclei concen-

trations.

Numerous measurements of natural nuclei populations have been made in both labo-

ratory and environmental waters since the mid-twentieth century using optical, acoustic

and hydrodynamic techniques (Gavrilov, 1969; Shen et al., 1984; O’Hern et al., 1988; Gin-

droz, 1995; Randolph et al., 2014). In nature, these populations are known to vary with

location and depth (Gindroz et al., 1995; Gowing and Shen, 2001), as well as sea state

(Johnson, 1986) and potentially biological activity (O’Hern et al., 1986). A phenomeno-

logical model proposed by Franklin (1992) describes the relationship between nuclei size

and concentration as a power law with an index of −4, which infers a universal character-

istic of natural nuclei populations in water. The experimental measurements presented in

this thesis (Chapter 2 and Appendix C) also show that the relationship between concen-

tration and critical tension is a power law. Natural nuclei populations play a role in TVC

inception and are therefore an important part of TVC testing in experimental facilities.

While these populations have been measured in several test facilities, detailed character-

isations of their dynamics are difficult to find in the literature. They are known to be

influenced by hydrodynamic configuration and operating condition of the facility which

affect the pressure history of the water (Gindroz et al., 1997; Atlar, 2002). Additional

work is required to acquire a deeper understanding of natural nuclei population dynamics

in cavitation tunnels to enable better-controlled TVC experiments. This is addressed in

Chapter 2.

An understanding of natural nuclei population dynamics in test facilities allows nu-

cleation effects on TVC to be studied with greater dependability through the modelling

of both strong and weak flows. As mentioned earlier, TVC inception is known to occur

earlier in weaker flows with higher nuclei populations, and this is supported by a number
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of experimental studies of propeller and hydrofoil models (Briançon-Marjollet and Merle,

1996; Boulon et al., 1997; Gindroz and Billet, 1998; Song et al., 2017). Boulon et al.

(1997) made the additional observation that the permanent attachment of the vapour

core to a hydrofoil tip occurs at practically the same incidence regardless of nuclei con-

tent. Meanwhile, McCormick (1962) noted that free gas influences TVC behaviour more

than dissolved gas. McCormick (1962) also observed lower repeatability of TVC incep-

tion measurements compared to desinence, and attributed it to the random distribution

of nuclei in the flow. This makes TVC desinence easier to study, but inception is likely to

be of greater relevance for practical applications. While some statistical approaches have

been made in numerical studies of TVC (Messino et al., 1963; Hsiao and Chahine, 2005,

2008), the small sample sizes typically used in TVC experiments are insufficient to prop-

erly characterise the phenomenon. An event rate approach was taken by Schiebe (1969)

for the study of travelling bubble cavitation about a headform, and it was concluded that

larger statistical samples were required for comparisons with event rates calculated based

on measured nuclei populations. This was achieved with greater success by Ceccio and

Brennen (1991) who used a large sample size of several thousand measurements. It is

evident that further studies are required to quantify TVC inception from a statistical

perspective using sufficiently large sample sizes. One such study is provided in Chapter 3.

Once tip vortex cavitation inception occurs, the cavity grows and emits noise. Some

observations of water quality effects on TVC dynamics and noise at inception have been

made during previous studies. Higher tip vortex cavity elongation rates (Arndt and

Maines, 2000) and higher acoustic pulses (Choi and Ceccio, 2007) have been measured

in stronger flows. In a numerical study, these behaviours were associated with explo-

sive growth at low pressures with the cavity overshooting its equilibrium diameter before

oscillating and generating noise (Choi et al., 2009). Furthermore, the relatively low con-

centrations of nuclei activated in stronger flows produces fewer acoustic pressure pulses,

as noted by Hsiao and Chahine (2005). As for noise emissions in weaker flows, nucleus

activation at high pressures close to vapour pressure produces quasi-steady cavity growth

and lower noise emissions (Choi et al., 2009). A study into the visual and acoustic charac-

teristics of TVC behaviour in flows with different water quality is presented in Chapter 4.

TVC inception location is of interest because the streamwise pressure distribution

may affect tip vortex cavity dynamics and acoustics. However, detailed quantitative data

is scarce with anecdotal evidence suggesting that in weak water TVC usually incepts

near the tip (Maines and Arndt, 1993; Arndt and Maines, 2000), but can occur between

−0.05 and about 1.5 chord lengths downstream of the tip (Higuchi et al., 1989; Maines and

Arndt, 1993). Meanwhile, in strong water TVC inception location has been observed to be

between 0.05 and 1.0 chord lengths downstream of the tip with equal probability (Arndt

and Maines, 2000), though quantitative distributions were not provided. Additionally,

water quality was set by saturating the flow with air, rather than by independent control

over both the free and dissolved gas contents.
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While the effect of water quality on TVC dynamics and acoustics has been noted in

previous studies, there exists an opportunity to gain further insight into the associated

physics, through quantitative spatial and acoustic measurements of TVC inception and

development in flows with strictly-controlled free and dissolved gas contents. Relating

these measurements to TVC inception location would provide a holistic understanding of

the phenomenon and greater knowledge of how cavity characteristics can vary along the

tip vortex. This is addressed in Chapter 5.

There is little doubt that nuclei content and the vortical pressure field about a lifting

surface control TVC inception. A review of the literature has revealed several areas for

further investigation to improve understanding about water quality and its effect on TVC

behaviour. The research questions are:

1. What are the natural nuclei population dynamics in different cavitation tunnels?

- The natural, or pre-existing, nuclei population in hydrodynamic test facilities

can play a role in TVC inception. As such, these populations and their dy-

namics must be measured and understood. Changes with tunnel operating

conditions such as pressure, velocity and dissolved oxygen content, as well as

temporal variations need to be quantified to achieve this. A study on this is

presented in Chapter 2.

2. How do natural nuclei populations affect TVC inception and desinence behaviour?

- As the natural nuclei population in test facilities may be activated in tip vortex

flows, it is important to understand the characteristics of TVC behaviour in

such flows deplete of nuclei. Large sample sizes are required to quantify the

probabilistic nature of inception and desinence, which can be achieved via the

use of automated cavity detection. This is addressed in Chapter 3.

3. How do natural and injected nuclei populations influence TVC inception behaviour?

- Nuclei populations in environmental waters can be higher than the natural

nuclei populations found in test facilities. Therefore, a comparison of TVC in-

ception behaviour in flows with vastly different nuclei populations is necessary

to properly assess nucleation effects on TVC. While it is generally agreed that

TVC inception occurs earlier in weaker water, the visual and acoustic charac-

teristics of TVC behaviour in flows deplete and abundant in nuclei need to be

measured to deepen understanding in this area, as described in Chapter 4.

4. How do different injected nuclei populations influence TVC kinematics and acous-

tics?

- To further understanding about nucleation effects on TVC behaviour, com-

parative measurements of tip vortex cavity kinematics and acoustics in flows

with different nuclei populations are required. Synchronised high speed video
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and acoustic measurements can be used to study the relationship between nu-

clei population, inception location, as well as cavity kinematics and acoustics.

Large sample sizes are useful for characterising inception location distributions

along the vortex. This research question is addressed in Chapter 5.

To address these research questions, a series of experiments were conducted at the

cavitation tunnel in the AMC CRL, taking advantage of its ancillaries for artificial nuclei

seeding and fast degassing. Experiments on nuclei population dynamics were also con-

ducted in the Japanese Acquisition, Technology & Logistics Agency’s Flow Noise Sim-

ulator as part of a collaborative research project with Australia’s Defence Science and

Technology Group. This enabled a comparison of natural nuclei population dynamics

between test facilities with different architectures. A deeper understanding about nuclei

and their effects on TVC behaviour will contribute to better TVC test, prediction and

management capabilities for practical applications.

The main body of this thesis, contained in Chapters 2 to 5, comprises peer-reviewed

journal and conference papers. Supplementary publications that support the main thesis

are provided in the appendices. At the beginning of each of the main body chapters,

publication details are provided, along with introductory text on the context of the work

and its contribution to the research objectives, as well as links with other chapters and

supplementary papers.
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Chapter 2

Natural nuclei population dynamics

in cavitation tunnels

There exists an ever-present natural nuclei population in all hydrodynamic test facilities.

Prior to TVC testing, an understanding of the behaviour of this population is neces-

sary. To this end, the natural nuclei population dynamics in the cavitation tunnel at

the Australian Maritime College Cavitation Research Laboratory and in the Japanese

Acquisition, Technology & Logistics Agency’s Flow Noise Simulator were investigated us-

ing a cavitation susceptibility meter (CSM). This research builds upon previous work to

develop and commission the CSM (Khoo et al. (2016) in Appendix A), preliminary mea-

surements in each facility (Khoo et al. (2017) in Appendix B) and detailed measurements

of the natural nuclei population at fixed operating conditions in the Australian test facil-

ity (Venning et al. (2018b) in Appendix C). Comparisons are also made with other test

facilities and environmental waters to better understand how natural nuclei populations

can vary with location and measurement technique. The results guide the design of the

TVC experiments presented in Chapters 3 to 5.

This chapter is a post-peer-review, pre-copyedit version of an article published in Exper-

iments in Fluids , modified following thesis examiners’ feedback. The final authenticated

version is available online at:

https://doi.org/10.1007/s00348-019-2843-x.

The citation for the paper is:

M. Khoo, J. Venning, B. Pearce, K. Takahashi, T. Mori, and P. Brandner. Natural nuclei

population dynamics in cavitation tunnels. Exp. Fluids, 61(2):34, 2020.
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2.1 Abstract

Nuclei, or microbubble, populations control the inception and dynamics of cavitation.

It is therefore 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 Cav-

itation Susceptibility Meter (CSM). A range of tunnel operating parameters, including

pressure, velocity and dissolved oxygen (DO) content, were investigated. The DO satura-

tion condition upstream of the test section is found to provide a threshold as to whether

the population is affected by DO in the Australian test facility. Historical trends in the

population are quantified, indicating that regular monitoring is required. Variation of the

population 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 resorber. Comparisons are made between test facilities in Australia, Japan and

other countries, as well as environmental 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 model cavitation nucleation. CSM measurements show varying distribu-

tions of nuclei with equivalent bubble diameters in the range of 0.5 to 5 µm but global

trends suggest a universal characteristic.

2.2 Introduction

Microbubble disperse flows are intrinsic to surface oceanography and naval hydro-

dynamics as they control, or interact with, many phenomena and processes of interest

including cavitation inception and dynamics, gaseous diffusion, noise generation, acous-

tic and shockwave propagation and turbulence. With regard to cavitation, microbubbles

provide nuclei that control the inception and dynamics of unsteady cavitation; but cavi-

tation 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 measuring microbubbles have been developed in the Cavitation Research Laboratory

(CRL) at the Australian Maritime College (AMC) (Brandner, 2018). Sample results from

these techniques for measuring microbubbles or nuclei populations in the AMC cavitation

tunnel are shown in Fig. 2.1. Overall concentrations and sizes range over 10 and 5 orders

of magnitude respectively. The population with the largest concentrations and sizes is

typical of that in the wake of a cavitating object at relatively high Reynolds numbers (Rus-

sell et al., 2018b). This population of relatively high concentration/larger microbubbles

has been measured using Long-range Microscopic Shadowgraphy (LMS). The intermedi-

ate 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)
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(Brandner, 2018; Russell et al., 2020a). The most sparse population shown in Fig. 2.1

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 impractical due to the low concentrations, requiring an excessive number of im-

ages. 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.

Figure 2.1: Nuclei distribution graph showing the bubble diameter, d, and concentration, C, ranges
(shaded regions) for which practical measurements can be made using the Cavitation Susceptibility Meter
(CSM), Interferometric Mie Imaging (IMI) and Long-range Microscopic Shadowgraphy (LMS). Optical
methods (e.g. IMI and LMS) are more suitable for higher concentrations of larger bubbles, while the
hydrodynamic method (CSM) is suitable for lower concentrations of smaller bubbles. The lines represent
recent nuclei measurements at the AMC cavitation tunnel.

Cavitation nucleation in practical flows is invariably heterogeneous. Such practical

flows in test facilities and oceans contain dissolved gas and gas free as microbubbles that

typically provide nuclei for cavitation inception. The equilibrium of a microbubble is

unstable below a size-dependent critical pressure, pc. This can be expressed as a tension,

pc−pv, where pv is vapour pressure. The following equation gives this tension as a function

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

pc − pv =
−2

3
√

3

√
(4S/d)3

p∞ − pv + 4S/d
(2.1)

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).
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A bubble undergoes explosive growth once exposed to the critical pressure subse-

quently 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, decreasing with decreasing size to several atmospheres of tension 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 pressure represents a state

of equilibrium, or more specifically dynamic equilibrium, between a liquid and its vapour

and does not provide absolute limits on phase change.

Microbubble nucleation has been investigated extensively and remains a major area of

research into the physics of cavitation inception and dynamics. Indeed, the literature is

abundant with theoretical and experimental work on single bubble dynamics from which

considerable insight has been gained and current understanding 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. (2018b) showed that the water

in the AMC cavitation tunnel, where no microbubbles generated 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 millimetre to micrometre scales have

been studied extensively. Arguments for observed power-law relationships between con-

centration and size have been based on dimensional considerations (Garrett et al., 2000;

Deane and Stokes, 2002). These involve larger bubble turbulent 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 competing effects of buoyancy and

dissolution. In a review of oceanography data by Zhang (2001) for bubble sizes ranging

from order 10 microns to millimetre diameters, indices ranged from −7 to −2 although it

was noted that −4 fits most results reasonably well. However, more recent near surface

measurements have been made in Arctic ice leads showing similar global microbubble

distributions in the absence of waves demonstrating that other mechanisms also produce

such typical 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 populations 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 concentration levels based on dissolved

gas and molecular considerations that goes some way to explaining experimental results.
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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 continuously eliminate injected or cavitation

generated microbubbles 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 permeable skin of organic impurities (Fox

and Herzfeld, 1954) or surface contamination (Brennen, 1995) and from cosmic radia-

tion (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 dynamics are lacking in the literature. Nuclei content can be influenced

by factors such as the hydrodynamic configuration 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 decreasing pressure and test section velocity(since a reduction in velocity

generally causes a reduction in static pressure throughout the rest of the tunnel circuit),

as well as increasing relative saturation level of dissolved gas and tunnel operating his-

tory (Arndt and Keller, 1976; Liu et al., 1993; Brennen, 1994; Gindroz et al., 1997; Atlar,

2002; Nagaya et al., 2011). Other researchers have found that nuclei distributions do not

change with pressure and velocity (Gates et al., 1979; Billet, 1984). However, this may

be due to the limited range of test parameters investigated. For example, Billet (1984)

mainly used relatively high test-section pressures and flow velocities. Although larger

changes in nuclei content were observed with varying air content.

Due to the low concentration and low critical pressures of the natural nuclei popu-

lation in the AMC tunnel they are not active in high cavitation number flows such as

sheet and cloud cavitation (Venning et al., 2018b). However, for low cavitation number

flows where cavitation occurs in vortices such as shear layers, structured turbulence or tip

vortices, it is vital that the natural population be measured to investigate inception and

dynamics. In the present work, the operating parameters of the AMC cavitation tunnel

are systematically varied in order to quantify their influence on natural nuclei popula-

tions. Venning et al. (2018b) observed 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 pop-

ulation are presented. Historical variations in the population are described. The natural

nuclei population dynamics in the AMC tunnel are compared with those in the Japanese

Acquisition, Technology & Logistics Agency (ATLA) Flow Noise Simulator (FNS), char-

acterised using the same measurement equipment. Finally, natural nuclei distributions are

compared across various test facilities and environmental waters using a range of nuclei

measurement techniques.
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2.3 Experimental setup

Nuclei measurements were acquired in the AMC cavitation tunnel and the ATLA

FNS using the same AMC CSM. The main characteristics of each cavitation tunnel are

provided in Tab. 2.1. Further details regarding the AMC and ATLA tunnel designs and

operation are described in Brandner et al. (2007) and Mori et al. (2007) respectively. The

experimental setup in each test facility is described below.

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 2.1: Specifications of the AMC and ATLA cavitation tunnels.
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2.3.1 AMC cavitation tunnel

A schematic of the AMC cavitation tunnel is shown in Fig. 2.2. 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.

34.9 m

8.8 m

Micron-size bubble elimination in circuit
and resorber via extended resi-
dence/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

Figure 2.2: 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.

The tunnel has ancilliaries for fast degassing and nuclei injection that enable strict

control of the dissolved gas and nuclei contents. Dissolved gas content is controlled by

injecting millimetre-size bubbles into the test section under low pressure, so the water

is oversaturated and dissolved gas molecules diffuse into the bubbles. A low test section

velocity is also used which increases the residence time of the bubbles in the test section

and therefore the opportunity for diffusion to occur. The bubbles are advected into the

downstream tank where larger ones (> 100 µm in diameter) are removed from the circuit

via gravity separation, thus reducing the dissolved gas content in the circuit. Smaller

bubbles dissolve in the lower limb resorber due to 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). These processes allow

for continuous separation of bubbles that have been generated by cavitation or injected

purposefully.

The tunnel is designed to operate at low dissolved oxygen (DO) levels of nominally 30%

of saturation at atmospheric pressure, which promotes microbubble dissolution around the

entire circuit. The natural nuclei population comprises any remaining nuclei. With the
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exception of one test to assess the effectiveness of free gas removal in the tunnel (Fig. 2.8),

the nuclei injection system was not used for the present study. Similarly, no cavitating

models generating microbubbles were present in the test section.

The degassing procedure described above is typically carried out prior to cavitation

measurements depending on the desired dissolved oxygen content. When cavitation test-

ing is conducted at higher test section pressures, undersaturation conditions may occur,

resulting in the dissolution of gas into the water and a gradual increase in the dissolved

gas content. The degassing procedure is then repeated. In this way, the dissolved oxy-

gen content is controlled within a range during experiments, such as 21–45% relative to

saturation at atmospheric pressure, as stated in Chapter 5.

Dissolved oxygen content is used as a proxy for total dissolved gas content and is

monitored using a sensor (Endress+Hauser Oxymax W COS41) installed in the lower-limb

resorber. It is calibrated onsite as per the manufacturer’s instructions (Endress+Hauser,

2004).

While the saturation conditions in the tunnel circuit are mostly undersaturated due to

the extended residence and high static pressure in the lower limb, the 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 below which the natural nuclei population is no longer

independent of operating conditions.

The tunnel main pump is designed to have available net positive suction head and

is located in the high pressure lower-limb such that cavitation is minimised. No main

pump cavitation has been heard during operation of the cavitation tunnel. Therefore, it

is unlikely to have affected the free and dissolved gas contents during testing.
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2.3.2 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. The Japanese FNS is situated at ATLA’s Naval

Systems Research Center in Nakameguro, Tokyo, Japan (Fig. 2.3). 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 municipal water and is operated over a range of DO contents, typically between

30% and 80% of saturation at atmospheric pressure. This is intended to reflect the

varying 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 duration 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 architecture between the AMC and ATLA tunnels represent alternative strategies

for nuclei management and control. For the ATLA tunnel, nuclei control is principally

achieved through variation of dissolved gas.

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 

Figure 2.3: Schematic of the ATLA Flow Noise Simulator. Test water for the CSM is sampled from the
test section (not shown).
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2.3.3 AMC cavitation susceptibility meter

The AMC CSM (Fig. 2.4) was designed by YLec Consultants (Grenoble, France) and

is also known as the ‘Venturix ’ (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 venturi is used to detect

nuclei activations and ultrasonic flow meters are used to measure the flow rate. The

combined measurement of activation rate and volumetric flow rate for a series of throat

pressures provides a cumulative distribution of concentration against critical tension.

U

Piezoceramic
sensor

Pressure taps

D

−1

−1.2

Cp

-1.22

0

Figure 2.4: Schematic showing venturi arrangement and location 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 coefficient (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.

The tension applied to the water in the venturi is derived 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

critical pressure of the strongest nucleus activated in the venturi. Sample calibration

measurements are given in Fig. 2.4 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
2
ρUVT

2 , where px is the pressure

at location x in the throat, p1 is the pressure at a reference location upstream of the

venturi, ρ is the density of water and UVT is the flow velocity in the venturi throat).

At the higher Reynolds number, the boundary layers are thinner, increasing the effective

cross-sectional area of the venturi, and thus the pressure drop is reduced. The solution for

one-dimensional inviscid theory demonstrating the upper bound with Reynolds number

is shown for reference. The calibration thus characterises how the pressure coefficient in

the venturi changes with Reynolds number. More detailed information on the calibration

of the CSM is described in Khoo et al. (2016).
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A mirror polish was specified for the manufacture of a smooth centrebody. In order to

assess the cavitation behaviour in the venturi, an acrylic sleeve was temporarily installed

for cavitation observation. Photographs were taken of vapour cavities downstream of

the venturi throat as the pressure was reduced. The location of inception was inferred

from the angular locations of these vapour cavities with no obvious trend being observed.

This suggests that parasitic cavitation was not occurring. Visual observations have been

made of the centrebody condition during equipment assembly and disassembly. These

observations were made several times over a couple of years, though no noticeable surface

alteration has been detected.

Cavitation events are counted by measuring the voltage, VP, across a piezoceramic

sensor (1 MHz resonant frequency). The signal is sampled at 2 MHz using an NI USB-

6366 data acquisition device. The analog input bandwidth of the device is 1 MHz (i.e.

measured amplitude 3 dB less than actual at this frequency), so it essentially acts as

an anti-aliasing filter. A four stage discriminator algorithm is implemented via digital

filtering to count individual nuclei activations:

1. High-pass filter with 100 kHz cut-off (to remove low frequency structural resonance)

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

3. Low-pass filter with 200 Hz cut-off (to smooth response to activations into single

peaks)

4. Log function (to homogenise response amplitudes to improve peak discrimination,

that is, a visual aid for threshold setting)

An example of raw and processed signals is shown in Fig. 2.5. The effect of discrim-

inator threshold level on the total nuclei count is shown in Fig. 2.6, for the complete

dataset from which the results shown in Fig. 2.5 were extracted. If the threshold is set

too high, nuclei events are missed. Conversely, if the threshold level is set too low, addi-

tional peaks due to unfiltered structural response 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. 2.6.
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Figure 2.5: Voltage output, VP, from CSM piezoceramic sensor: raw (top) and processed (bottom). A
threshold level of −1 (horizontal, dashed line) gives a count of 4. Vertical, dotted lines indicate detections.
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Figure 2.6: Effect of CSM discriminator threshold setting on measured nuclei concentration, C.

The CSM is suitable for measuring nuclei with critical pressures ranging to several

atmospheres of tension corresponding to micro- and nanometre equivalent bubble sizes,

in hydrodynamic test facilities. A particular advantage of the CSM for nuclei measure-

ments is that critical pressures of all viable nuclei that would be active 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 microbub-

bles greater than about 50 µm in diameter are counted, their size cannot be determined

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 spatial resolution which there-

fore makes it only suitable for measurements of natural nuclei populations. The maximum

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. Dilu-

tion 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 designed 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
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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 tunnel 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 populations during cavitation testing, as

discussed later in Sect. 2.4.5.

The natural nuclei population in the ATLA tunnel is known to be strongly depen-

dent on tunnel operating history (Takahashi et al., 2019). Therefore, the same pre-

pressurisation procedure was used prior to each nuclei distribution measurement to min-

imise these effects. The FNS test-section pressure was set to 200 kPa for at least 10 min-

utes (it has been observed that this combination of pressure and duration is effective

at resetting the natural nuclei population in the FNS to the baseline level (Takahashi,

2021)), then reduced to the value specified for the nuclei measurement. After the test-

section conditions were set in either facility (i.e. pressure, pTS, flow 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 system-

atically decreased by incrementally 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 pressure 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).

2.3.4 Data reduction and presentation

The nuclei populations reported in this paper, with the exception of Fig. 2.23, are

cumulative distributions representing the concentration of nuclei in the sampled volume

of water that have a critical pressure, pc, equal to or greater than the minimum venturi

throat pressure 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 percent-

age, γ, which describes 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 temperature can be calculated using the

following equations (Warneck and Williams, 2012; Worch, 2015):

csat = pgKHM (2.2)

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).
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It is also useful to calculate the saturation pressure, psat, corresponding to a particular

measured dissolved oxygen concentration, c:

psat = pv +
c

0.21KHM
(2.3)

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% (2.4)

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 undersaturated 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 water 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 reasoning for this is that the water spends about 20 times longer

in the plenum (O(1) s) compared to the test section (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

relative 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 (2.5)

where ρ is the density of water, and for the AMC cavitation tunnel, η = 9
64

is the con-

traction 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.

However, 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.
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2.4 Results

2.4.1 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 cavitation studies

were used (pTS = 50 kPa, UTS = 7 m/s and γ = 38%). Figure 2.7 shows a comparison

of data taken in 60 and 600 s blocks. The amount of scatter increases 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 scatter 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 pressure, as used by Venning et al. (2018b). However, the

long acquisition durations required to capture large sample sizes at such throat tensions

can become impractical 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.
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Figure 2.7: Cumulative nuclei distribution as nuclei concentration, C, against critical tension, Tc. The
corresponding equivalent bubble diameters, d, are also provided. The squares and red points represent
600 and 60 second acquisition periods (or blocks), respectively. Tunnel conditions were pTS = 50 kPa,
UTS = 7 m/s and γ = 38%.
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2.4.2 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. 2.8. 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 increased

within 10 s after nuclei injection was started and returned to its initial state within 20 s

after injection was halted. As bubble dissolution in the CSM circuit is possible (Gowing

et al., 1988), further microbubble 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.

Figure 2.8: 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).
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2.4.3 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. 2.9. The

same y-axis range is used as for later graphs (e.g. Fig. 2.11) 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 downstream tank. There

are several possible explanations for the decrease in concentration, including depletion of

nuclei due to activation and destruction during the CSM measurement process, long term

exposure to undersaturated conditions and natural variations in the potential populations

of gas-containing microorganisms.

Figure 2.9: CSM measurements showing a reduction in natural nuclei concentration in water subjected to
a tension 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.

Calculations were carried out to assess the viability of the depletion hypothesis. Know-

ing the nuclei activation rate in the CSM and flow rate through the device, the total num-

ber 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 final measured concentration of about 0.57 × 10−3 cm−3. That

is, the number of activations would only account for about 23% of the observed reduction

in concentration. 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.
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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 campaign. These data presented in Fig. 2.10

show the population 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 natural nuclei

population was remeasured and observed to return to close to its initial position. Similar

regeneration has also been observed after degassing using bubble injection. Furthermore,

monitoring over a two-year period has shown the natural nuclei population to fluctuate

within an order of magnitude, which indicates that although there is no single baseline

population, there do appear to be upper and lower bounds.

Figure 2.10: CSM measurements over a one-week test campaign (circles) showing a reduction in natural
nuclei population, then regeneration after several weeks (squares). Note that the tunnel conditions
were varied in between measurements, but each nuclei distribution was measured at the same nominal
conditions of γ = 30–39%, pTS = 50 kPa and UTS = 7 m/s.

As noted above, the natural nuclei population is potentially affected by several proper-

ties of the water or processes within the tunnel including gaseous diffusion between tunnel

water and the gas volume used to control the tunnel pressure, diffusion between nuclei and

tunnel water around the circuit driven by pressure and residence variations, although the

former has been developed to be a relatively slow process. Other possible influences are

contaminants of various origins and even cosmic radiation. Given the complexity of such

a system it is difficult to gain more understanding from the current investigation. Clearly,

further insights must be gained from systematic elimination of these factors including

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 entities, minimising pressure variations and shielding from radia-

tion. In such a setup the natural nuclei population could be continuously measured with
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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 dif-

ferences in cavitation inception results could occur from day to day. Ideally, the natural

nuclei population could be predicted using 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 ap-

proach. Until these factors are better understood, regular monitoring of the natural nuclei

population is necessary when investigating cavitation phenomena that are influenced by

nuclei content.

2.4.4 Effect of test-section conditions

The effect of test-section pressure on the natural nuclei population is presented in

Fig. 2.11, for a low DO content and a mid-range test-section flow velocity. No significant

differences between the measured distributions 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. 2.11 appear to follow a power law, consistent

with the findings of Venning et al. (2018b). Uncertainty bars are also provided in Fig. 2.11

for one of the data series. Further details on this uncertainty analysis can be found in

Khoo et al. (2016).

The effects of test-section flow velocity and DO content on the natural nuclei pop-

ulation are shown in Figs. 2.12 and 2.13, respectively. Over this range of conditions,

neither parameter has a measurable influence. This indicates 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 in the

plenum (rup > 100%), as shown in Fig. 2.14. 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.
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Figure 2.11: Effect of test-section pressure, pTS, on the natural 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 tunnel 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.

Figure 2.12: Effect of test-section velocity, UTS, 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 γ = 38–39% and pTS = 50 kPa.
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Figure 2.13: Effect of dissolved oxygen content, γ, on the natural nuclei population. The relative satu-
ration 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.

Figure 2.14: Effect of test-section pressure, pTS, on the natural nuclei population at low test-section
velocity. The relative saturation level of oxygen in the plenum, rup, is also provided. The nuclei popu-
lation increases noticeably when the test-section pressure is reduced to 10 kPa (oversaturated). Tunnel
conditions were γ = 38% and UTS = 2 m/s.
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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. 2.15.

Each data point represents a measured nuclei distribution. It should be noted that while

data in each of the Figs. 2.11 to 2.14 were taken over a maximum period of 12 hours

to minimise historical effects, this was not practical for the large dataset captured in

Fig. 2.15. Power-law trend lines were fitted to each nuclei distribution. Distributions that

show a consistent power-law trend indicating no effect of increasing relative saturation are

represented with hollow symbols. These indicate that the distributions were essentially

unchanged from those presented in Figs. 2.11 to 2.13, hereafter termed the baseline.

Distributions that depart from the power law as determined from the fitted parameters are

represented with solid symbols. These signify that the nuclei distribution had increased

above the baseline. The 10 kPa data series in Fig. 2.14, as indicated by the solid red

symbol in Fig. 2.15, is an example of this behaviour.

Figure 2.15: Baseline natural nuclei populations (hollow) and distributions above the baseline (solid) as a
function 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 populations remain at baseline if rup < 100%. The red dot represents the 10 kPa data in Fig. 2.14
which is above the baseline.

The red dashed line in Fig. 2.15 represents the conditions for which the water in the

plenum is saturated with DO (i.e. pup = psat, rup = 100%). The water upstream 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 available on the nature of the natural nuclei population,

however, this similarity in behaviour to microbubbles indicates that gaseous diffusion plays

a role in the population 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.
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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 undersaturated. 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 towards higher tensions (i.e.

more negative, according to the definition of tension in this paper).

2.4.5 Effect of sampling location

The historical trends discussed in the previous section necessitate regular monitoring of

the natural nuclei population when carrying out low cavitation number testing in unseeded

flows. Due to the relative size and positioning 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 conducting cavitation testing. If the sampling probe was positioned

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 natural 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 from either the test section or the resorber in the

lower limb of the tunnel (see Fig. 2.2). Measurements were repeated at the same nominal

test-section conditions for both sampling locations. For undersaturated conditions in

the plenum, no significant difference was observed regardless of whether the water was

sampled from the test section or resorber, as shown in Fig. 2.16 . 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. 2.15. This is also the

case for higher test-section velocities (not shown) for which the degree of oversaturation

increases with decreasing test-section pressure. 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).
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Figure 2.16: Effect of sampling location on natural nuclei population for a range of relative saturation
levels. The sampling location is denoted by the symbol shape. Measurements 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.
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2.4.6 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. 2.17.

The test-section pressure was approximately equal to the saturation pressure. The inde-

pendence of the natural nuclei population from the test-section velocity 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 somewhat coincidental. However, the close

comparison of slope and independence of velocity indicate a universality of this water

property.

Figure 2.17: 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 saturation 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 facilities of significantly differing
circuit architecture and dimensions. Tunnel conditions were γ =52–59% and pTS = 50 kPa.
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At certain oversaturated conditions, an initial increase in the natural nuclei popula-

tion followed by a reduction with decreasing throat pressure was observed in the ATLA

FNS (Fig. 2.18). Since CSM nuclei population measurements are inherently cumulative,

these results raise questions about the CSM behaviour. Simultaneous CSM and optical

measurements could be used to confirm how representative these CSM nuclei distribution

measurements are of the test-section water, however this would only be possible for a

limited range of microbubble sizes due to the diffraction limits of optical techniques, see

Fig. 2.1. 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 indicate Reynolds num-

ber effects such as laminar boundary layer separation and cavity detachment as observed

in a venturi tube diffuser by d’Agostino and Acosta (1991a). The Reynolds numbers

used for the venturi throat pressure 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. Furthermore, 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 conditions. Alternatively,

the behaviour may be related to the test facility or CSM circuit.

Figure 2.18: Anomalous behaviour in the measured distribution 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
relative saturation levels of oxygen in the test section, rTS, and the plenum, rup, are provided for each
tunnel respectively. Tunnel conditions were UTS = 4 m/s and γ = 50–58%.
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For the ATLA FNS, the natural nuclei population appears to be controlled by the test-

section relative saturation conditions, rather than the plenum. The variation of natural

nuclei population with plenum static pressure and water saturation pressure is shown in

Fig. 2.19, similar to the results presented in Fig. 2.15 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.

If the data presented in Fig. 2.19 are replotted to consider 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. 2.20. The natural nuclei pop-

ulation 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

accurate indicator of the threshold for natural nuclei population 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 oversaturated 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. 2.4.2 for the AMC tunnel, is warranted. Some of the baseline distribu-

tions appear in the oversaturated region, as was observed for the AMC cavitation tunnel

data in Fig. 2.15. It should also be noted that the ATLA FNS datasets with ‘local peak’

behaviour shown in Fig. 2.18 are categorised as being above the baseline, although they

appear to return to the baseline level at more negative tensions. Therefore, Fig. 2.20

should be interpreted with caution until the ‘local peak’ behaviour is better understood.
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Figure 2.19: Parameter map of all nuclei distributions measured 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 (hollow) and above the baseline
(solid) are differentiated, but for this facility, the criterion rup < 100% (as applicable to the AMC tunnel,
see Fig. 2.15) is not a suitable measure of whether the population departs from the baseline.

Figure 2.20: 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.
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2.4.7 Comparisons with other test facilities

Given the similarity between nuclei populations measured 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 comparison of natural populations measured using

a CSM in several cavitation tunnels all with water DO contents of about 30% is shown

Fig. 2.21. 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 (Gindroz, 1995), CEIMM

cavitation tunnel in Italy (Gindroz, 1995) 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 measured using a different

CSM device and associated signal processing procedure. While the flow rate calibration of

each venturi (and hence the pressure calibration of each venturi throat) is thought to be

reliable, there are potential differences between discriminator algorithms 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 concen-

tration over some two orders of magnitude, however this is not a definitive comparison as

many factors relating to CSM setup and operation, as well as facility operating history, are

unknown. However, these data do show global similarity 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 facilities. This would allow compar-

isons to be made with greater confidence, at least in relative terms. Ultimately an optical

device that counts every activation and eliminates any potential acoustic discriminator

ambiguities or errors could be developed.
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Figure 2.21: Baseline natural nuclei population comparison for a range of test facilities as measured
using different CSM devices. The data show quite reasonable agreement between the different facilities
noting the substantial variation in architecture and dimensions of the circuits 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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2.4.8 Comparisons with CSM measurements in environmental

waters

Given the similarities between natural nuclei populations in different cavitation tun-

nels, it is of interest to also compare these with populations measured in environmental

waters generally using a CSM. A comparison of the baseline population in the AMC tun-

nel with two measurements at two depths, taken in the Iroise Sea (Gindroz et al., 1995)

and in Lake Pend Oreille (Gowing and Shen, 2001), are shown in Fig. 2.22. For both

these studies measurements were taken at a range of depths showing increasing critical

tension with increasing depth. Two sample depths that bracket the range are shown in

Fig. 2.22 to demonstrate the trend. Whilst the shallow depth measurements show some

similarity in absolute terms, they have significantly different slopes. The populations at

deeper depths differ significantly with the ocean data at 60 m depth (Gindroz et al., 1995)

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. 2.22.

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. (1995) are taken with a similar experimen-

tal setup as used for the natural population taken in the French GTH shown in Fig. 2.21

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 environmental 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 measurements in facilities, mea-

surements using a definitive technique or at least a consistent technique are required to

gain greater insight.
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Figure 2.22: Comparison of nuclei distributions in a laboratory 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.
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2.4.9 Quantitative variations in measured populations and com-

parison with other experiments and theories

Extensive measurements of nuclei and microbubble populations in laboratory water,

and environmental waters, have been made using a range of optical and acoustic tech-

niques and it is of interest to compare these with 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., 2018b) are compared with a diversity of

measurements using several techniques, as shown in Fig. 2.23. One population measured

using a Coulter counter (an electromagnetic technique) is also included for comparison.

It should be noted that microbubble or nuclei distributions 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 refer-

ence pressure, p∞. All AMC populations measured using the CSM presented in Fig. 2.23

have been converted to non-cumulative concentration as a function of equivalent bubble

diameter, d, at ambient pressure, p∞. This diameter can be calculated numerically from

the critical pressure by rearranging Eq. 2.1 as:

(p∞ − pv)

(
d

4S

)3

+

(
d

4S

)2

=
4

27(pv − pc)2
(2.6)

where p∞ = pTS for AMC tunnel measurements. For the purposes of quantitative com-

parison all distributions can be represented as a power law:

∂C

∂d
= Adn (2.7)

where A is the constant of proportionality and n is the power-law index.

All AMC baseline natural nuclei measurements show a concentration variation of be-

tween one and two orders of magnitude for a fixed diameter or less than one order of

magnitude in diameter for a fixed concentration. 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 multi-

plier 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. (2018b) lies at about the mean

of this range. Whilst this variation in global terms may be considered to be relatively

small, for precise measurements of cavitation inception this range may be considered large

necessitating regular measurement. Although the results presented do suggest that only

one point may need to be measured to establish the entire distribution if it is assumed

that the power-law index remains nominally unchanged for undersaturated conditions as

defined above.
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Figure 2.23: 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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The populations measured using optical or acoustic 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 concentration range. Most of the populations are within

the 10 to 100 µm size range which is typically the range for modelling nucleation in rela-

tively high cavitation number flows, as noted in the introduction. There are several factors

that should be noted. Most of the measurements 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 potentially artificially increasing concentrations. On the

other hand, acoustic techniques should only respond to bubble dynamics. It can also be

observed in Fig. 2.23 that the older ocean nuclei measurements are comparable 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 compare reasonably closely implying universal behaviour.

Of all the populations measured using these techniques, it is only those by Shen

et al. (1984) and in particular by Gavrilov (1969) that show reduced concentrations/sizes

demonstrating the effects of degassing and standing over long periods respectively. Other

populations measured by Arndt and Keller (1976) and Keller and Weitendorf (1976) show

similar trends with reducing dissolved gas content but with initially higher concentrations

and larger sizes. These differences could be attributable to factors such as residence and

circuit pressure history, which are influenced by the tunnel 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. 2.23, 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 nat-

ural nuclei populations from these results. However, comparisons with other results and

theories can perhaps provide some additional insight into such complex and apparently

unpredictable phenomena. Apart from the long sample AMC tunnel natural population

from Venning et al. (2018b), 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 di-

ameter microbubbles generated in slightly degassed seawater under controlled conditions

would either quickly completely dissolve while others would reduce to finite sizes appar-

ently 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 dissolve

completely. This behaviour could explain the variation in tunnel natural nuclei popula-
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tions after tunnel operations involving large populations of bubbles such as filling and

emptying, or degassing, as well as the effects of time, pressure and dissolved gas content.

Beyond possible explanations for microbubble evolution 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 similar-

ity and that the population could be limited to a finite minimum size attributable to

homogeneous nucleation based on dissolved gas content. Franklin argued how the effect

of dissolved gas and standing time may affect the minimum number of molecules (num-

bered at the top of Fig. 2.23) required to form the smallest sustainable cluster of free gas.

This model is shown for comparison in Fig. 2.23, where the dissolved air concentration

is calculated assuming saturation at atmospheric conditions for each of the distributions

shown. Ward et al. (1970) showed how dissolved gas affected the minimum sustainable

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 ef-

fects 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.

At this point, a word of caution should be noted with regard to comparing nuclei

measurements between facilities as well as environmental waters. Although the DO levels,

γ, may be similar, they are defined relative to atmospheric pressure and variations in

temperature between measurements could lead to differences in the relative saturation

level of oxygen in water, r. This in turn affects nucleus resorption and growth rates,

as derived by Epstein and Plesset (1950) and discussed by Franc and Michel (2006).

Therefore, a constant r may be preferred across different test locations and campaigns for

comparative purposes, but this has its own challenges. The location in the tunnel which

most influences the nuclei population (and thus where r is defined) can differ between

test facilities, and it is impractical to control temperature and dissolved air content in

environmental waters.

These challenges mean that nuclei population comparisons between test facilities and

environmental waters should be made with care. For the latter, additional factors such

as weather, sea state and biological activity exist, further complicating comparisons. The

candidate has attempted to address the issue of nuclei population variability by providing

a range of distributions measured over two years in Fig. 2.23. Note that this may also

capture the effects of a range of factors such as temperature, saturation condition, bio-

logical activity and tunnel operation. Perhaps this approach is the most practical way to

make comparisons.
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2.5 Conclusions

The natural nuclei population dynamics within the cavitation 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 re-

mains 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 population also remains

invariant throughout the tunnel circuit such that it can be measured from any location.

However, at extreme operating conditions, the population can increase when the water

is oversaturated. This indicates that this condition should be avoided unless direct mea-

surements are concurrently made. Although little information is available on the nature

of this population, it exhibits similar behaviour to microbubbles, suggesting gaseous diffu-

sion plays a role in the population dynamics. The population was observed to decrease 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

natural nuclei are active.

Natural nuclei populations were also measured in the Japanese Acquisition, Tech-

nology & Logistics Agency (ATLA) Flow Noise Simulator (FNS) using the AMC CSM.

Measured populations were found to compare closely for undersaturated conditions sug-

gesting a universal 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 suitable indicator.

While the AMC tunnel features a downstream tank (and large resorber) for free gas re-

moval, such a tank is not part of the ATLA FNS architecture, which may lead to the

recirculation of nuclei. The differences in natural nuclei population dynamics observed

between the two facilities may, at least partially, be attributed to differences in tunnel

design.

Measurements of natural populations in several tunnels of varying circuit architecture

and volume using different CSMs show similar behaviour further suggesting the possibil-

ity of a universal characteristic. To confirm this possibility, at least in a relative sense,

measurements would need to be taken in different facilities with the same CSM. Alter-

natively, 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 envi-

ronmental waters show similar populations in a general sense. However, this observation

is based on few measurements demonstrating the need for more data to be acquired and

preferably, as noted above, with newer CSM technologies.
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Microbubble or nuclei measurements in environmental 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 nuclei 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

populations in practical water volumes are required.
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Chapter 3

Statistical aspects of tip vortex

cavitation inception and desinence in

a nuclei deplete flow

A detailed understanding of natural nuclei population dynamics in the cavitation tun-

nel at the Australian Maritime College Cavitation Research Laboratory was developed

in Chapter 2. These results make it possible to investigate TVC inception in unseeded

flows with greater confidence about the water quality and its behaviour during exper-

iments. In this chapter, the probabilistic nature of TVC inception about an elliptical

hydrofoil in nuclei deplete flows is characterised. A large sample of TVC inception events

is achieved through the use of automated cavity detection. Comparisons are drawn with

TVC desinence behaviour to reveal the statistical nature of TVC and the role of natural

nuclei populations.

This chapter is a post-peer-review, pre-copyedit version of an article published in Exper-

iments in Fluids , modified following thesis examiners’ feedback. The final authenticated

version is available online at:

https://doi.org/10.1007/s00348-020-02967-x.
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M. Khoo, J. Venning, B. Pearce, and P. Brandner. Statistical aspects of tip vortex

cavitation inception and desinence in a nuclei deplete flow. Exp. Fluids, 61(6):145, 2020.

51

https://doi.org/10.1007/s00348-020-02967-x


The influence of nuclei content on tip vortex cavitation inception 52

3.1 Abstract

Tip vortex cavitation (TVC) inception and desinence behaviour of a NACA 0012 cross-

section, elliptical hydrofoil is investigated from a statistical perspective in a cavitation

tunnel. Measurements were made for incidences from 4° to 16° and Reynolds numbers

from 1.0 × 106 to 2.1 × 106. The statistics of TVC inception were quantified by taking

repeated measurements of the time until the appearance of a tip vortex cavity for a range of

fixed incidences. In other experiments, the angle of attack was continuously increased until

inception then decreased until desinence for a range of fixed cavitation numbers. The data

were primarily acquired via an automated process using a laser and photodiode to detect

the presence of a cavity. Measurements show that TVC inception in a nuclei deplete flow

is a probabilistic process for which a large dataset is required for accurate characterisation.

The probability of ingesting and activating a nucleus increases with time at a given test

condition due to the increased volume of water exposed to low pressures. TVC desinence

exhibits far less statistical variation than inception and is largely independent of the

natural nuclei population. It does, however, exhibit hysteresis which is dependent on

the topology of the cavitating flow. For the desinence of unattached cavitation, there

is a small hysteresis between the inception and desinence indices. However, desinence is

delayed for attached cavitation.

3.2 Introduction

Trailing vortices are inherently generated from the tips of three-dimensional lifting sur-

faces. Low pressures exist in these regions of concentrated vorticity (Fig. 3.1), making the

flow susceptible to tip vortex cavitation (TVC) once the pressure reduces below vapour

pressure. However, water is capable of withstanding high tensions (Blake Jr, 1949), such

that cavitation does not incept at vapour pressure. The effective strength of the water is

dependent on the size, concentration and spatial distribution of nuclei, such as microbub-

bles, in the volume. The size of these inhomogeneities, their distance from the vortex,

and the flow field pressure gradients determine which nuclei are ingested into a vortex

and how quickly. If a nucleus is drawn towards the low-pressure vortex core (Fig. 3.1)

and exposed to its size-dependent critical pressure, its equilibrium becomes unstable and

it grows rapidly, filling with vapour. The tension in the vortex varies in the streamwise

direction, decreasing as the vortex diffuses downstream of the lifting surface. As the

pressure increases, the cavity can no longer be sustained and it collapses. TVC is gen-

erally undesirable as it can be detrimental to the hydrodynamic, acoustic and structural

performance of marine propellers and control surfaces, as well as turbomachinery.
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Figure 3.1: Notional capture of a nucleus (red sphere) into the trailing vortex of a lifting surface. The
blue line denotes the nucleus trajectory. The freestream velocity is U∞ and the circulation is Γ. The
generic variation of the core pressure coefficient, Cp, with streamwise location, x, is also shown with the
minimum pressure occurring close to the tip and pressure recovery downstream as the vortex diffuses.

Numerous TVC studies have been carried out in test facilities since the mid-twentieth

century. In a seminal study by McCormick (1962), the critical cavitation index for

desinence (the disappearance of cavitation) about a hydrofoil was found to depend on

Reynolds number and incidence. A power-law fit applied to these data yields a Reynolds

number power index of about 0.4, which can also be derived from boundary layer and

airfoil theory (Billet and Holl, 1979; Franc and Michel, 2006). This index has been

widely used for TVC scaling studies (Arndt and Dugue, 1992; Fruman and Dugue, 1994;

Briançon-Marjollet and Merle, 1996). However, upon closer inspection of McCormick’s

data, the index decreases with increasing incidence (0.4 for 4°, 0.3 for 8°) for a rectangular-

planform hydrofoil. Changes in incidence alter flow topology, in particular the boundary

layer condition, which will in turn affect the vortex core size and minimum pressure.

Therefore, the scaling of cavitation behaviour from model to full-scale is presumably only

accurate for the flow topology studied and is not universally applicable. Moreover, several

studies have indicated that the index varies with Reynolds number (Amromin, 2006; Shen

et al., 2009), which suggests that further work is required to understand viscous effects

on TVC.

In addition to flow topology, water quality, i.e. free and dissolved gas content, has also

been shown to influence cavitation inception behaviour. McCormick (1962) measured the

effect of dissolved air content on the critical cavitation index and deduced that undissolved

gas influences TVC desinence behaviour. This has been confirmed in subsequent studies,

in which the cavitation inception indices of propellers and hydrofoils were observed to scale

or increase with injected nuclei populations (Briançon-Marjollet and Merle, 1996; Gindroz

and Billet, 1998; Song et al., 2017). McCormick (1962) also noted the lower repeatability

of cavitation inception measurements compared to desinence, and attributed this to the

random distribution of nuclei in the flow which plays a role in the inception process. While

this makes desinence behaviour easier to study scientifically, inception is likely to be of

more interest for practical applications.
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Extensive measurements of nuclei in facility and environmental waters have been car-

ried out since the mid-twentieth century using optical, acoustic and hydrodynamic tech-

niques (Gavrilov, 1969; O’Hern et al., 1988; Shen et al., 1984; Gindroz, 1995; Randolph

et al., 2014). Hydrodynamic measurements typically report lower populations, partly be-

cause optical techniques may also detect non-cavitating particles and also due to the qual-

ity of the water itself. However, the power-law trends observed across all measurements

are generally comparable (Khoo et al., 2020c) with a phenomenological model proposed

by Franklin (1992) which describes the relationship between nuclei size and concentration

as a power law with an index of −4. While this indicates a universal characteristic of

water, Khoo et al. (2020c) noted temporal variations in the nuclei population which nat-

urally occurs in a cavitation tunnel, also known as the natural nuclei population, which

may be described as a nuclei deplete population. This is in contrast to those populations

found in cavitating wakes or flows deliberately injected with microbubbles, whose nuclei

concentrations are several orders of magnitude higher, as discussed by Brandner (2018)

and Khoo et al. (2020c). Temporal variations in natural nuclei populations in cavita-

tion tunnels highlight the importance of understanding nuclei population dynamics and

of monitoring. This is a necessary consideration for TVC experiments in nuclei deplete

flows.

Water tensile strength describes the ability of a body of water to withstand pressures

below vapour pressure without cavitating. Venning et al. (2018b) showed that for ‘infi-

nite’ sampling times, water has no strength due to the presence of large nuclei, albeit in

low concentrations. However, for finite durations, there is general agreement that water

tensile strength is statistical in nature due to the spatial distribution and temporal vari-

ation of nuclei in the flow (Arndt and Keller, 1992; Briançon-Marjollet and Merle, 1996;

Mørch, 2000). Different definitions of water tensile strength can be found in TVC incep-

tion studies, with some using an event rate approach to account for the randomness of

the nuclei distribution (Gindroz, 1995; Briançon-Marjollet and Merle, 1996), and others

making multiple water tensile strength measurements at each test condition and consid-

ering the strength of the weakest nuclei found to be representative of the strength of the

water (Arndt and Keller, 1992). Arndt and Maines (1994) extrapolated the relationship

between test section pressure and velocity at inception to zero velocity to determine a

critical pressure at inception. These definitions of tension have been applied to TVC in-

ception scaling laws to account for nuclei effects, providing reasonable correlations (Arndt

and Dugue, 1992; Arndt and Maines, 1994; Briançon-Marjollet and Merle, 1996). Given

these considerations, TVC inception should be studied from a statistical perspective, with

previous studies having done this with varying degrees of fidelity.

TVC inception is influenced not only by the random distribution of nuclei in the flow,

but also by nuclei or bubble dynamics, which determine their motion and growth in a

pressure field. A bubble typically follows a spiral trajectory as it is drawn towards the

vortex core by the radial pressure gradient. Drag, lift and added mass forces serve to

retard the motion of the bubble, affecting the number of orbits the bubble performs prior
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to capture in the core (Oweis et al., 2005). It has been found that larger bubbles have

shorter capture times in vortical flows as the force induced by the radial pressure gradient

increases with R3, where R is the bubble radius (Oweis et al., 2005). Zhang et al. (2017)

suggested that a critical nucleus size for inception exists, defined as the largest bubble

with a capture time less than a critical capture time (dependent on hydrofoil size and flow

velocity). Therefore, larger, weaker bubbles may be present in the flow but will not be

activated if they are in sufficiently low concentrations, passing the location of minimum

pressure without ingestion into the vortex core. This work has provided the basis for

the development of a TVC prediction model (Chen et al., 2019). In addition, pressure

fluctuations in the vortex (Green, 1991; Arndt and Maines, 1994; Sinding et al., 2018)

and vortex core wandering (Baker et al., 1974; Pennings et al., 2015b) are statistical in

nature and further complicate the process of nuclei capture and activation. It is evident

that bubble dynamics and behaviour of the vortical flow play an important role in TVC

inception.

Only a limited number of TVC inception studies have been conducted in a statistical

manner. Statistical models have been used to characterise nuclei distributions (Messino

et al., 1963) which were coupled with computational fluid dynamics and bubble dynamics

models to predict TVC event rates for hydrofoils and propellers (Hsiao and Chahine, 2005,

2008). The majority of TVC inception studies are based on small sample sizes, and hence

do not adequately address the statistical nature of inception. Six or more TVC inception

and water tensile strength measurements were made at each test condition by Arndt

and Keller (1992), but this is a relatively small sample size in the context of statistical

investigations. Several studies on travelling bubble cavitation about headforms using an

event rate approach have been carried out. Schiebe (1969) calculated a probable cavitation

occurrence rate based on measured nuclei distributions and compared it with experimental

measurements of cavitation event rates with mixed success, citing a lack of accuracy in the

nuclei measurement and recommending the use of larger statistical samples. Meyer et al.

(1992) used Monte Carlo simulations to model the random processes in an experiment

and while there was good agreement with experimental results, the lack of a quantitative

definition of inception made it difficult to be sure about the validity of the results. Ceccio

and Brennen (1991) measured several thousand cavitation events about headforms and

successfully correlated these with measured nuclei distributions. While some statistical

studies of cavitation inception exist, they are concerned with other types of cavitation

than TVC and have produced mixed results.

TVC inception is an inherently statistical process for which the availability of detailed

statistical studies is limited. The present work seeks to gain insight into the probabilistic

nature of TVC inception by using larger datasets to more accurately characterise the

phenomenon compared to event rate approaches used in past studies. This will con-

tribute to the improvement of TVC prediction and management capabilities for practical

applications.
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3.3 Experimental overview

3.3.1 Test facility

Hydrofoil TVC measurements were made in the cavitation tunnel at the Australian

Maritime College Cavitation Research Laboratory (AMC CRL). A schematic of the tunnel

is shown in Fig. 3.2. The variable-pressure, closed-circuit water tunnel has a volume of

365 m3. The test section has a 0.6 m × 0.6 m cross section and is 2.6 m in length. The

working fluid is demineralised water. The test section centreline pressure can be varied

between 4–400 kPa and the nominal flow velocity range is 2–12 m/s.

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 m×0.6 m×2.6 m
Tunnel test section

Microbubble
injection
arrays

Microbubble
degasser

Honeycomb

Main pump

CSM

Flow meter

Figure 3.2: Schematic of the AMC cavitation tunnel. The circuit architecture allows for continuous re-
moval of microbubbles or large volumes of injected incondensable gas. Ancillaries for microbubble seeding
and for degassing of water are shown. Microbubbles may be either injected for modelling cavitation nucle-
ation or generated by the cavitation itself. For the present study, water was sampled from the lower-limb
resorber through the cavitation susceptibility meter (CSM) for natural nuclei population measurements.

The nuclei (free gas) and dissolved gas contents in the working fluid can be controlled

in the tunnel. This enables reliable and repeatable cavitation experiments to be per-

formed. A large downstream tank allows bubbles to be removed from the bulk flow via

gravity separation. The resorber in the lower limb of the tunnel circuit promotes bubble

dissolution by means of long exposure to high static pressure. A microbubble degassing

system is used to lower the dissolved oxygen content of the water via the injection of

bubbles into the test section at low pressures and velocities. Dissolved gas molecules are

drawn out of solution, resulting in the growth of the injected bubbles which are removed

in the downstream tank. A microbubble injection system enables the free gas content

to be controlled during cavitation studies. An ever-present natural nuclei population has

been shown to exist in the tunnel water, regardless of whether microbubble injection is

used (Khoo et al., 2020c). Further details on this test facility can be found in Brandner

et al. (2007).
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3.3.2 Nuclei and dissolved gas contents

The natural nuclei population in the tunnel water was used for this study. No addi-

tional nuclei were injected into the flow. The population was monitored using a cavitation

susceptibility meter (CSM). This is a hydrodynamic measurement technique whereby wa-

ter is sampled from the circuit and passed through a centrebody venturi. The water is

subjected to a tension in the venturi and a nucleus will cavitate if exposed to a tension

which exceeds its size-dependent critical pressure, pc. Cavitation events are counted us-

ing a piezoceramic sensor and an event rate is determined. A nuclei distribution can

be characterised by conducting a tension sweep, where each tension has a corresponding

cumulative nuclei concentration. Further details on the CSM operation can be found

in Khoo et al. (2016).

A typical natural nuclei distribution in the AMC cavitation tunnel is provided in

Fig. 3.3. The cumulative concentration increases as the tension applied to the water in

the venturi increases (i.e. with increasing magnitude of tension, Tc = pc − pv, where pv
is vapour pressure). The cumulative distribution in Fig. 3.3 is consistent with previous

measurements for which a power-law trend was observed (Venning et al., 2018b; Khoo

et al., 2020c).
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Figure 3.3: A typical natural nuclei population in the AMC cavitation tunnel measured using a cavitation
susceptibility meter. Nuclei concentration, C, is plotted against the critical pressure of a nucleus, Tc.
The distribution follows a power-law trend.

The dissolved oxygen content was maintained between 2.6 and 5.0 mg/L (i.e. 28%–61%

relative to saturation at atmospheric pressure) throughout the experiment. The relative

saturation level of dissolved oxygen in the water, rup, using the plenum upstream of

the test section as the reference location, was maintained between 12%–83% during the

present study which ensured that the natural nuclei population remained at the baseline,

as described in Khoo et al. (2020c). The definition of this relative saturation parameter

and rationale for its use are provided in Khoo et al. (2020c).
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3.3.3 Experimental setup

A schematic of the experimental setup is given in Fig. 3.4. A stainless steel, elliptical

planform, NACA 0012 hydrofoil with a 150 mm root chord length and an aspect ratio of

1.5 was used for this study. It was mounted to a force balance with integrated angular

encoder and stepper motor, allowing for computer-controlled angular positioning and a

rate of change of about 0.14°/s. The assembly was installed at the test section mid-span

in the ceiling. The mid-chord of the hydrofoil was 1.3 m from the test section entrance

and was also the axis of rotation.

64:9 contraction

Test section

DiffuserHoneycomb

U∞ Hydrofoil

Force balancePlenum

Figure 3.4: Schematic of the experimental setup in the upper limb of the AMC cavitation tunnel, showing
the hydrofoil located within the test section. The force balance allows for angular positioning of the
hydrofoil. The test section velocity is U∞.

A laser and photodiode setup similar to that used by Yakushiji (2009) was the primary

method for the detection of the presence of a tip vortex cavity. The laser was located on

one side of the test section and aimed about 0.15c downstream of the hydrofoil tip, where

c is the root chord length. This position was determined in part by prior observations

of the inception location, and in part by optical access constraints. The photodiode was

positioned on the opposite side of the test section. The appearance of a tip vortex cavity

in the laser beam scatters the light and reduces the intensity detected by the photodiode.

TVC inception and desinence were indicated by a decrease and increase in the diode output

voltage, respectively. Note that this method cannot be used to detect cavities downstream

of the laser beam. Arndt and Maines (2000) commented that inception can occur further

downstream from the tip in ‘strong’ water (nuclei deplete flows). Several requirements

need to be satisfied for this to occur, including a sufficiently low local cavitation number

such that the vortex is under tension at this location, and the arrival of a sufficiently weak

nucleus at the downstream location before cavitation occurs near the tip. Given that

pressures are much lower near the tip, a far higher number of sufficiently weak nuclei are

available to incept here in a nuclei deplete flow, which makes inception further downstream

unlikely. In consideration of this, the present study is concerned with cavitation inception

behaviour in the tip region.

High resolution photographs were taken of different cavity topologies in the vicinity

of the hydrofoil tip using a digital single-lens reflex camera and stroboscopic lighting.
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Two main methodologies were used to investigate TVC behaviour. Either the incidence

or the cavitation number was varied. The Reynolds number (Re = U∞c
ν

, where ν is the

fluid kinematic viscosity) and cavitation number (σ = p∞−pv
1
2
ρU∞2 , where p∞ is the freestream

pressure in the test section at the same height as the hydrofoil tip and ρ is the fluid density)

were maintained as constant where possible. The water temperature remained between

17.4°C and 28.2°C for the data presented in this paper. This is due to data acquisition

at different times of the year. Since temperature changes minimally from day to day,

there will be minimal changes in water properties and air solubility and thus cavitation

inception behaviour for data acquired within the same day (i.e. data with each figure in

the results). However, between figures, there may be a slight offset as higher tensions or

incidence would be required to activate a nucleus of a given size at lower temperatures.

It should be noted that the main intention of this paper is to demonstrate the trends in

cavitation inception behaviour within the data presented in each figure rather than to

assure identical test conditions across all data in all figures.

3.4 Results and discussion

A series of different experiments were performed to investigate different aspects of tip

vortex cavitation inception in nuclei deplete flows. As such, the definition of cavitation

inception varied slightly with test methodology. The definition associated with each

dataset is provided in the following discussion.

3.4.1 Statistics of cavitation inception and desinence

The variation of time until inception for a range of incidences at fixed Reynolds and

cavitation numbers is shown in Fig. 3.5. The incidence was continuously increased from

a non-cavitating condition at 5.0° to a prescribed incidence between 5.5° to 6.2°, at which

point timing began. The time until TVC inception, as detected by the photodiode, was

recorded and the test was repeated 25 times across the range of incidences. A time

of zero was recorded if inception occurred prior to reaching the prescribed incidence.

Measurements were repeated at 6.0°, producing a large data set of 455 points from which

the statistical distribution of TVC inception can be quantified. Time has been non-

dimensionalised by the time scale U∞/c, which enables comparisons with flows at different

scales. If the nuclei population is appropriately scaled, then for the same dimensionless

time, the rate of nuclei capture and activation is equivalent regardless of model size, flow

velocity and pressure field (Lecoffre, 1999).
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Figure 3.5: Variation of time until inception across a range of incidences, α (blue squares, left). Dimen-
sional, t, and non-dimensional, t′ = tU∞/c, time are shown, where U∞ is the flow velocity and c is the
maximum chord length. Inception is detected when a cavity breaks a laser beam about 0.15c downstream
of the tip. Hydrofoil incidence was changed from 5.0° (non-cavitating state) to the prescribed value, at
which point timing began. The vertical scatter represents the random nature of nuclei ingestion. The
cavity generally incepted sooner at higher incidences. The vertical, red line denotes the incidence (6.0°) at
which 455 repeated measurements were made. The corresponding probability distribution function (PDF)
(right) shows that the probability of inception increases with decreasing time spent at each test condition.
Measurements were taken at constant tunnel operating conditions (Re = 2.1× 106 and σ = 0.87).
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The time until inception tends to decrease with increasing incidence. This is not

unexpected given that the minimum vortex pressure decreases with increasing incidence,

and more nuclei become susceptible to cavitation. Of greater interest is the high degree

of scatter, particularly for incidences of 5.9° and smaller. This is most likely due to

the spatial and size distributions of the nuclei, rather than pressure fluctuations in the

vortex core. The concentration of susceptible nuclei decreases with decreasing incidence,

as less tension is applied in the vortex core. This results in less frequent cavitation events,

resulting in greater scatter in the inception data. Unsteady pressure fluctuations in the

vortex core are not expected to vary significantly across pre-stall incidences and therefore

do not appear to contribute as much to the observed scatter.

Vortex strength decreases with decreasing incidence, leaving only weaker nuclei suscep-

tible to cavitation, which are present in lower concentrations and thus sparsely distributed

in the flow. The probability of capture and activation of a susceptible nucleus is reduced,

resulting in times until inception of up to 240 s (at 5.51°). It should be noted that a

threshold incidence exists, below which inception is not physically possible as the vortex

does not have sufficient strength to activate even the weakest nucleus. This presumably

occurs when the minimum pressure in the vortex core, pmin, is higher than the vapour

pressure.

A probability density function (PDF) is also provided in Fig. 3.5 for the time until

inception at 6.0°. Measurements were repeated 455 times at this condition to quantify

the probabilistic nature of TVC inception. Inception is most likely to occur within 0–20 s

than in any other time interval. However, times until inception of over 300 s were also

observed. These occurrences were rare, but are again indicative of the probabilistic nature

of the tensile strength of a body of water and its effect on TVC behaviour.

Some consideration should be given as to how these results would differ for a nuclei

abundant flow. With higher concentrations of susceptible nuclei, the time until inception

is expected to approach zero across all incidences at and above the threshold incidence

(pmin < pv), as opportunities for capture and activation become more frequent. The scat-

ter in the data would disappear as a consequence. In this way, smaller sample sizes would

be required to accurately characterise TVC inception behaviour as the concentration of

susceptible nuclei increases.

Likewise at higher Reynolds numbers, the time until inception is also expected to

approach zero across all incidences at and above the threshold incidence. A thinner

boundary layer results in a smaller vortex core radius and hence lower minimum pressure

for a constant circulation (McCormick, 1962; Franc and Michel, 2006). This results in a

higher concentration of susceptible nuclei in the flow, a higher probability of capture and

thus shorter times until inception.
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The dependence of the incipient cavitation number on the spatial distribution of sus-

ceptible nuclei was not limited to the test approach, inception definition and operating

conditions presented in Fig. 3.5. The incipient and desinent incidences are given in Fig. 3.6

for 58 different cavitation numbers. The effects of Reynolds number and relative satu-

ration level of dissolved oxygen in the plenum are also provided. The incidence was

continuously increased until TVC inception was detected, then continuously decreased

until TVC desinence occurred. Inception is defined here as when a persistent cavity over-

laps with the hydrofoil planform, when viewed from the side of the test section. Desinence

is defined by the disappearance of the cavity from the test section.

The inception and desinence numbers trend with incidence due to pressure reduction in

the vortex as the lift increases. The inception results exhibit similar scatter as presented

earlier in Fig. 3.5, again due to variations in the time until inception of a susceptible

nucleus. Meanwhile, the desinence data exhibit less variability and a linear trend can be

observed between the desinent cavitation number and incidence for cavitation indices less

than three. The lower scatter suggests that the random spatial distribution of the natural

nuclei population does not play a significant role in TVC desinence. The pressure in the

vortex core relative to vapour pressure is likely to control the disappearance of a tip vortex

cavity, and the desinence data appear to represent the conditions at which the minimum

vortex core pressure increases above vapour pressure. Experimental measurements or

numerical simulations of the vortex core pressure at these conditions may be used to

confirm this hypothesis.

Supplementary tests were performed by measuring the inception angle and spending

60 s at each 0.1° interval (triangles in Fig. 3.6). This enabled an assessment of how the

inception angle is affected by exposure of a larger volume of water to the low-pressure

vortex core. In general, smaller inception angles were measured, approaching the pre-

viously measured desinence angles. This is not surprising, as a larger volume of water

passes through the streamtube of opportunity (i.e. the low pressure volume in which

nucleus activation is possible), which increases the probability of nuclei capture and ac-

tivation. The scatter in the inception data decreases for the longer time spent at each

test condition, indicating that the incipient cavitation number, when determined in this

manner, is less sensitive to the random spatial distribution of nuclei in the flow. Given

the results in Fig. 3.5, which show that cavitation inception may not occur for over 300 s,

a further increase in the time spent at each test condition should reduce the inception

angles further.
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Figure 3.6: Variation of inception and desinence angles, α, with cavitation number, σ. Inception is
defined as when a persistent cavity overlaps with the hydrofoil planform. Greater variability is observed
in the measured inception angles than the desinence. This suggests that the randomness of natural
nuclei capture in vortical flows plays a greater role in the inception process. By spending 60 s at each
test condition, lower inception angles were generally measured for a given cavitation number. Reynolds
numbers at the upper end of the range tested (1.1×106–2.1×106) tend to correspond to lower cavitation
numbers. The relative saturation of dissolved oxygen does not significantly affect the results across the
range tested, however, additional data are required to confirm this. The vertical line corresponds to the
conditions of Fig. 3.7.
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Regardless of the time spent at each test condition, the desinence angles provide

a lower bound on the inception angles, i.e. a desinence angle is always smaller than

its corresponding inception angle. These angles would be expected to be the same if

vapour pressure was the only controlling factor. This hysteretical nature has been recently

investigated by Amini et al. (2019). An increase in the desinent cavitation index was

observed with increasing dissolved gas content, due to diffusion of gas into the cavity in the

presence of a laminar separation bubble which protects the vortex core. Arndt et al. (1991)

attributed gaseous diffusion into the laminar separation zone to long residence times, while

Green (1988) proposed three possible explanations for the hysteretical behaviour:

1. the recirculation of nuclei generated during the cavitation process,

2. the propagation of pressure waves from collapsing bubbles resulting in the activation

of unstable nuclei, and

3. the effect of strong cavitation on the underlying single phase flow which could in-

crease the chances of further cavitation.

It may also be due to differences in the energy required to move from one state to another

(i.e. condensation during the desinence process as opposed to vaporisation during incep-

tion). The observation of this lower bound may also have implications for the cavitation

characterisation of components from a practical perspective. That is, the desinence values

could be used as a conservative predictor of the inception threshold, as noted by Chang

et al. (2009).

The data in Fig. 3.6 were taken across a range of Reynolds numbers. It is shown in

Fig. 3.6(a) that higher Reynolds numbers tend to correspond to lower cavitation numbers,

as the two non-dimensional parameters vary inversely with flow velocity. As explained

earlier, tip vortex strength is expected to increase with increasing Reynolds number,

resulting in cavitation inception at lower incidences or higher cavitation numbers. This

is indeed the case for the ‘Inception’ data. Furthermore, an increase in flow velocity

increases the rate of nuclei capture by the tip vortex, which could also result in lower

inception incidences or higher inception indices.

In Fig. 3.6(b), inception data appear to be unaffected by the relative saturation of

dissolved oxygen in the plenum, which would suggest that the nuclei population did not

change, as found by Khoo et al. (2020c). While dissolved gas and diffusion effects are

known to influence desinent (Amini et al., 2019) and general (Holl, 1960; Arndt et al.,

1991) cavitation behaviour, this was not the primary focus of the present study and

there are limited data points upon which to draw conclusions. This area warrants further

research.
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A histogram of inception and desinence angle measurements, as detected by the pho-

todiode, repeated 72 times at constant Reynolds and cavitation numbers is provided

in Fig. 3.7. The incidence was continuously increased until TVC inception was detected,

then continuously decreased until TVC desinence occurred. This is equivalent to repeated

measurements at σ = 0.99 in Fig. 3.6, at a fixed Reynolds number.
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Figure 3.7: Histograms of desinent (orange, left axis) and incipient (blue, right axis) cavitation angles.
Inception is detected when a cavity breaks a laser beam about 0.15 chord lengths downstream of the tip.
Hydrofoil incidence, α, was continuously increased from 5.0° until inception, then continuously decreased
until desinence. The measured inception angles exhibit greater variability than desinence angles, for which
several outliers can be observed at lower incidences (purple). Measurements were taken at constant tunnel
operating conditions (Re = 1.7× 106 and σ = 0.99), which corresponds to the vertical line in Fig. 3.6.

The lower scatter in the desinence data relative to the inception data is consistent

with observations in Fig. 3.6. All of the desinence data lie within the 5.8°–6.0° interval

with the exception of several outliers at lower incidences, where cavities sustained even

with weaker tip vortices. This behaviour is considered in further detail in Sect. 3.4.2.

The distribution of the inception data does not yet appear converged. This indicates

that a larger sample size (e.g. O(100− 1000)) is required to fully describe the statistical

distribution of the inception angle in a nuclei deplete flow. Alternatively, an idea of the

spread of the distribution could be found with as few as ten observations.

It is commonly known that Reynolds number and lift coefficient affect vortex strength

and thus tip vortex cavitation inception behaviour. Furthermore, the tensile strength of a

body of water determines how much tension the liquid can sustain prior to rupture. The

results presented thus far demonstrate that the effective tensile strength is probabilistic

in nature, and is influenced by test methodology which controls the volume of water,

and hence number of nuclei, exposed to low pressures. This volume changes with not

only the freestream velocity and the model scale, but also the time spent at each test

condition and the increments in the variables of interest. This in turn affects the measured

incipient cavitation number. When conducting TVC inception measurements for practical

applications, consideration should be given to the relevant time scales and suitable waiting
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times should be employed. The observation that the inception angle tends to increase with

decreasing exposure time may have implications for cavitation inception management for

practical applications.

3.4.2 Cavitation desinence hysteresis

In order to explain the existence of the outlying desinence data in Fig. 3.7, the same

data set was plotted as desinence angle, αd, against inception angle, αi (Fig. 3.8). Two

main modes of behaviour are evident. One colour represents desinence angles that remain

relatively constant when the inception angle is 7.3° or smaller. For the other, smaller

desinence angles are observed when the inception angle is 7.4° or larger. The data cor-

responding to the latter mode comprise the outliers in Fig. 3.7. A transition region lies

between 7.3°–7.4° where both behaviours are observed.

The differences between the two modes were investigated by taking photographs of

cavity topologies at varying stages of development, as shown in Fig. 3.9. The cavity

topology can appear as an unattached tip vortex cavity at smaller incidences, or a cavity

attached to the hydrofoil tip at larger incidences. It is evident that topological differ-

ences prior to desinence are responsible for the existence of two desinence modes. Similar

observations were made in qualitative terms by Green (1988), who stated that the attach-

ment of a trailing vortex cavity to the hydrofoil tip significantly influences the flow field.

As a result, a higher cavitation number, sometimes higher than the incipient cavitation

number, is required to detach the cavity from the hydrofoil.
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Figure 3.8: Desinence angle, αd, as a function of inception angle, αi, using the same data as in Fig. 3.7.
Two modes are evident: large desinence angles correspond to smaller inception angles (orange), while
small desinence angles occur for large inception angles (purple). The data points for the latter mode
correspond to the outliers in Fig. 3.7. Measurements were taken at constant tunnel operating conditions
(Re = 1.7× 106 and σ = 0.99).
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(a) α = 6.8°, Unattached TVC

(b) α = 7.9°, Attached TVC

(c) α = 8.1°, Attached TVC (with sheet cavitation)

Figure 3.9: Photographs of different stages of tip vortex cavitation (TVC) development. The flow is from
left to right. The cavity is sometimes unattached (a) and sometimes attached (b, c). With more tension,
leading-edge sheet cavitation appears simultaneously with TVC (c). The change in cavity topology is
responsible for the lower desinence angles observed in Figs. 3.7 and 3.8 (purple data). Test conditions
were Re = 1.9× 106 and σ = 1.4.
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A photographic comparison was also conducted for the changing cavitation number

approach, as presented in Fig. 3.10. Two inception-desinence runs are shown. For the

first, the cavitation number was lowered well below the incipient value to a minimum

value of σmin = 1.31, with the appearance of simultaneous leading-edge sheet and tip

vortex cavitation. The consequent desinent cavitation number of 2.32 for the desinence

of attached cavitation is significantly higher than the 1.94 observed for the second run

(i.e. desinence of unattached cavitation) where only an unattached tip vortex cavity was

observed at the minimum cavitation number of 1.85. This hysteretical observation further

supports the theory that cavity topology at the minimum cavitation number affects TVC

desinence behaviour. Gaseous diffusion is known to delay the disappearance of tip vortex

cavities at higher cavitation numbers (Amini et al., 2019). Multiple observations of a

tip vortex cavity in the ‘attached’ state without a sheet cavity (Fig. 3.9(b)), prior to

desinence, suggest that cavity attachment affects or controls desinence behaviour.

Stable, attached cavities are often associated with laminar separation bubbles which

can stabilise the local flow and shelter the tip vortex core (Amini et al., 2019). Experimentally-

measured lift and drag curves have been plotted for a range of Reynolds numbers in

Fig. 3.11. Laminar separation appears to influence the measured lift and drag force at

about 8°. This influence decreases with increasing Reynolds number. Furthermore, the

local Reynolds number at the tip is relatively low and therefore laminar flow and separa-

tion can be expected even at higher Reynolds numbers that are based on the root chord

length. In fact, the observed attached cavities can occur due to the sheltering effect of a

separated laminar boundary layer, whereas an attached turbulent boundary layer would

sweep cavities downstream and prevent them from attaching to the foil (Franc and Michel,

2006). Laberteaux and Ceccio (2001) observed the steady closure of a vapour-filled cavity

due to an oblique re-entrant jet. Adhesive forces due to interfacial phenomena at the gas-

solid-liquid interface may also play a role in desinence hysteresis behaviour (Danov et al.,

2016). This raises an interesting question about the influence of material and surface

finish on cavity detachment behaviour. Alternatively, this phenomenon may be related

to the supply of water vapour from the leading-edge cavity into the vortex.
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Figure 3.10: Schematic of different cavitation desinence tests for identical tunnel conditions (α = 8.0° and
Re = 1.7×106). Different topologies (as shown in photographs) were generated by reducing the cavitation
number to two different minimum values (σmin). The desinent cavitation number, σd, is dependent on
the cavity topology.
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Figure 3.11: Hydrofoil lift (top) and drag (bottom) curves over a range of Reynolds numbers.
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The effect of the different cavity topologies at the minimum cavitation number on the

relationship between desinent cavitation number and incidence was investigated by vary-

ing the cavitation number at fixed incidences for a constant Reynolds number (Fig. 3.12).

The test section pressure was reduced in 5 kPa steps from a non-cavitating condition,

with 60 s spent at each test condition to monitor for inception. This was repeated until

TVC inception was detected visually, then either:

1. the test section pressure was continuously increased until TVC desinence occurred,

or

2. the test section pressure was decreased further until a leading-edge sheet cavity

appeared then continually increased until desinence.

The minimum cavitation numbers reached during the tests are indicated by the circles,

and the colour corresponds to the cavity state at this minimum cavitation number. The

‘attached’ condition required a lower cavitation number. A total of 38 tests were carried

out, at 21 unique incidences between 3.5° and 10.0°.
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Figure 3.12: Variation of desinent cavitation number, σd in squares, with incidence, α, and cavity state
(attached in purple and unattached in orange). Above 5.5°, two distinct desinence modes exist according
to the topology. The mode with higher σd values corresponds to the attached cavity state. Below 5.5°,
the influence of the leading-edge pressure distribution is indicated by the change in slope of the data.
The minimum cavitation numbers, σmin, for the tests are shown as circles and determine whether the
cavity attaches to the hydrofoil. The Reynolds number was 1.8× 106.
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Below 4.9°, the cavity always manifests as simultaneous leading-edge sheet and tip

vortex cavitation, i.e. an isolated tip vortex cavity is not observed. The desinent cavitation

number is linearly dependent on the incidence, with a slope of 0.17/°, and is indicated by

the dotted line. In this regime, the minimum pressure in the flow is at the leading-edge

of the hydrofoil.

For α ≥ 4.9°, different desinence modes are again evident. The unattached mode,

shown in orange, is linear across the range of incidences with a slope of 0.42/°. The

minimum cavitation numbers required to induce this mode are close to the desinent val-

ues. That is, only a small hysteresis exists between the incipient and desinent cavitation

numbers for the desinence of unattached cavitation. This may be because the cavity is

not sheltered by the stabilised flow about the tip, or no additional energy is required

to detach the cavity from the hydrofoil to overcome interfacial phenomena. The mode

with higher desinent cavitation numbers, which corresponds to cavity attachment, has

a steeper slope of 0.53/° for α ≥ 5.5°. The cavitation number hysteresis is much larger

for the desinence of attached cavitation, as observed in Fig. 3.12. Below α = 5.5°, the

attached mode manifests with a lower slope, which appears to be an extension of the

regime for which simultaneous leading-edge sheet and tip vortex cavitation occur at in-

ception (dotted line). This suggests that desinence values here may correspond to vapour

pressure at the leading edge.

The desinent cavitation numbers for the unattached regime show excellent linearity

(R2 = 0.999) with incidence. This supports the findings of Fruman and Dugue (1994), but

others have observed different relationships (e.g. ‘nearly linearly’ by McCormick (1962),

lift coefficient exponents of 1.4 and 2 by Arndt and Keller (1992)). The desinence data

series for the attached regime may be interpreted as a polynomial with an index higher

than 1 due to the ‘kink’ at 5.5°, which could explain the higher indices noted in other

work. Additionally, if a set of desinence values from mixed cavitation modes was used, a

non-linear relationship may be found.

Finally, the close agreement observed between the desinence data in Figs. 3.6 and 3.12

suggests that the test methodology (i.e. changing incidence or cavitation number) has no

significant effect.
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3.5 Conclusions

Tip Vortex Cavitation (TVC) behaviour about an elliptical planform hydrofoil has

been studied in a nuclei deplete flow. Significant scatter in the inception data indicates

that the tensile strength of a body of water is not constant, but rather varies throughout

and is thus probabilistic in nature. At a given test condition, a cavity may not incept

for a long time if the water is sufficiently deplete of nuclei. However, the volume of

water exposed to low pressures in the vortical flow increases with time spent at each test

condition, thereby increasing the probability of nuclei capture and activation. For nuclei

deplete flows in particular, multiple measurements (e.g. O(100 − 1000)) are required to

accurately quantify the probabilistic nature of TVC inception. It can be reasoned that

a smaller sample size will be required for nuclei abundant flows due to the higher nuclei

flux through the low pressure region and increased probability of inception. To confirm

this, further tests are required using flows injected with higher concentrations of larger

microbubbles compared to the population studied here.

Different TVC desinence behaviours are observed, dependent on the topology of the

cavitating flow. For the desinence of attached cavitation, the desinent cavitation num-

ber is higher and larger hysteresis is observed compared to the desinence of unattached

cavitation. A number of possible reasons for this are proposed, including stabilisation

of the cavity flow by a laminar separation bubble, and adhesive forces present at the

gas-liquid-solid interface due to interfacial phenomena. Desinence measurements are not

affected by nuclei, resulting in lower scatter in the observed cavitation numbers. While

the repeatability of desinence simplifies cavitation measurements, inception is often of

greater practical interest.

Further work is required to correlate vortex pressure and the tensile strength of a

body of water, taking into account factors such as bubble dynamics during capture and

unsteady pressure fluctuations in the vortex core. This would assist in the development

of a TVC inception prediction model which takes a known nuclei population and pressure

field, and computes the probability of inception for a given operating condition.
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Chapter 4

Nucleation effects on hydrofoil tip

vortex cavitation

In this chapter, a nuclei abundant flow is introduced to assess the effect of two vastly

different nuclei populations on TVC inception behaviour. This injected, polydisperse

nuclei population is measured using an optical technique termed Mie scattering imaging

(Russell et al., 2020b,a). The natural nuclei population is measured using a CSM. The

appearance and noise emission of tip vortex cavities about an elliptical hydrofoil are

compared for the two nuclei populations. The high resolution photography and acoustic

measurements taken in this study are used in a related study to quantify the effect of

hydrofoil incidence, and thus vortex strength, on cavity diameter and acoustic spectral

content in flows deplete of nuclei (Venning et al. (2019) in Appendix D).

This chapter is an author accepted manuscript of an article published in the proceedings
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4.1 Abstract

Tip vortex cavitation inception about an elliptical planform, NACA 0012 hydrofoil is

investigated in cavitation tunnel flows in which cavitation nuclei are deplete and abun-

dant. Tests were conducted at fixed Reynolds and cavitation numbers. The onset, or

inception, of cavitation was induced by increasing the angle of incidence and behaviour

was recorded photographically and acoustically. Cavitation inception occurred at a higher

incidence in the deplete case compared with the abundant due to fewer weaker nuclei. It

also occurred within a small incidence change for the deplete case, with the appearance of

a continuous, cavitating vortical flow structure. Whereas for the abundant case, inception

was intermittent, occurring across a larger incidence range. This was associated with in-

dividual nuclei activation events increasing in frequency with increasing incidence. Sound

pressure levels increased with inception and cavity development but reduced to a local

minimum once the cavity attached to the hydrofoil, increasing thereafter with incidence.

Overall sound levels were higher for the abundant case than for the deplete case.

4.2 Introduction

Cavitation occurs when a fluid changes from liquid to vapour phase due to pressure

reduction. Tip Vortex Cavitation (TVC) is often the first form of cavitation to occur due

to the low pressure generated in the vortex core (Brennen, 1995; Franc and Michel, 2006).

A tip vortex is generated at the tip of a lifting surface operating at non-zero lift.

Microbubbles, and potentially gas-containing biological organisms or solid particles

with trapped gas (Lecoffre, 1999), provide nuclei for cavitation inception. Nuclei are

captured in vortical flows due to buoyancy created by the radial pressure gradient. A

captured microbubble will trigger inception if the core pressure is below a size-dependent

critical pressure less than vapour pressure. Microbubble equilibrium then becomes un-

stable—it will grow explosively and fill with vapour leading to macroscopic cavitation

formation. TVC inception and development generates noise due to complex transients

(Choi and Ceccio, 2007) and modes of oscillation (Pennings et al., 2015a).

Typically, practical flows contain a range of nuclei sizes at differing concentrations

making TVC inception a complex probabilistic process. The nuclei deplete and abundant

flows that are possible in the AMC cavitation tunnel allow the effects of nuclei content

on TVC inception to be quantified, the results of which have implications for ship and

submarine operations.
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The definition of TVC inception is not entirely clear. The challenge of visually detect-

ing inception is related to the difficulty of distinguishing a vaporous cavity from migration

of nuclei into the vortex core with high nuclei concentration flows (Boulon et al., 1997).

Two definitions of inception have been proposed: 1) the first appearance of a cavitation

bubble and 2) the persistent attachment of a vapour core to the foil tip. Similar defini-

tions were used for visual detection in Gowing et al. (1995), with the exception that a

coalesced, persistent cavity within 0.2 chord lengths downstream of the hydrofoil tip was

also considered to be ‘attached’.

Criteria for TVC inception using acoustic measurements have also been proposed. An

event rate threshold of one per second was used as an inception criterion in Briançon-

Marjollet and Merle (1996), the results of which correlated well with those for visual

detection using the same event rate threshold. In a separate study, a detection threshold of

3 dB above the background level was used for propeller cavitation inception (Gindroz and

Billet, 1994). Using this approach, inception numbers from acoustic measurements were

approximately 5–10% higher than for visual detection, regardless of nuclei population.

TVC behaviour at inception has also been documented in several studies (Boulon

et al., 1997). Using visual observations and increasing the angle of incidence, the first

appearance of a cavitation bubble occurred at lower incidence in a flow seeded with

microbubbles compared with an unseeded flow. In contrast, permanent attachment of the

vapour core to the foil tip occurred at practically the same incidence regardless of seeding

conditions.

The sound level of propeller cavitation during cavity development was observed to

increase monotonically with decreasing cavitation number (Gindroz and Billet, 1994). In

contrast, a local peak was observed when cavitation desinence of a hydrofoil was studied by

increasing the cavitation number (Song et al., 2017). It was also found that the maximum

sound level increased with nuclei concentration.

A literature review reveals little published data on nucleation effects on hydrofoil TVC

inception using correlated acoustic and visual measurements. To gain further insight into

the effects of nuclei on TVC inception, flow physics and sound levels, experiments were

carried out at the Australian Maritime College Cavitation Research Laboratory (AMC

CRL) using an elliptical planform, NACA 0012 hydrofoil to address this gap. Only a

limited number of cavitation test facilities currently exist which allow strict control over

nuclei content in the water (Brandner et al., 2007; Lecoffre et al., 1988; Song et al.,

2017). Two extreme cases of flows with a low concentration of small nuclei (referred to

as ‘deplete’) and a high concentration of large nuclei (‘abundant’) were considered, with

TVC inception behaviour measured both photographically and acoustically.
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4.3 Experimental overview

TVC inception measurements were carried out in the cavitation tunnel at the AMC

CRL. The test section is 0.6×0.6 m in cross section and 2.6 m long. The circuit volume

is 365 m3 and demineralised water is used as the working fluid. The absolute pressure

at the centreline of the test section can be set between 4–400 kPa and the flow velocity

can be varied between 2–12 m/s. The tunnel has ancilliaries for fast degassing and nuclei

injection, and flow conditioning for continuous elimination of microbubbles enabling strict

control of nuclei content. Further details on tunnel design and operation are described in

(Brandner et al., 2007).

The model hydrofoil is of elliptical planform, NACA 0012 section profile, 150 mm base

chord and aspect ratio of 1.5 (defined as A = b2/A, where b is the span and A is the

planform area). It was ceiling-mounted nominally midway along the tunnel test section,

as shown in figure 4.1. All experiments were conducted at a fixed Reynolds number, Re,

of 2× 106 (using base chord as the characteristic length) and cavitation number, σ of 1.0,

where Re = U∞c/ν and σ = (p∞ − pv)/q, where U∞ is the freestream velocity, c the base

chord, ν the kinematic viscosity, p∞ the freestream pressure, pv the vapour pressure and

q the dynamic pressure. The model incidence was set using an automated force balance

via closed loop control.

64:9 contraction

Test section

Diffuser
Honeycomb Injected nucleiNuclei injectors

U∞

Hydrofoil
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Figure 4.1: Schematic of the hydrofoil TVC experimental setup. Hydrophone and cameras are not
shown. For the seeded case, microbubbles are injected from upstream of the test section through an
array of injectors.

Cumulative histograms of nuclei concentration as a function of critical pressure relative

to vapour pressure (Tc = pc − pv), for the nuclei deplete and abundant cases are shown

in figure 4.2. The nuclei deplete case is the naturally occurring background population in

the tunnel which is not active for many forms of cavitation (Venning et al., 2018b) but

may be so for TVC given the high tensions developed in vortex cores. This background

population is too sparse and small for practical measurement with optical techniques and

have been measured with a Cavitation Susceptibility Meter (CSM) (Khoo et al., 2016).

Water is sampled from the tunnel resorber and passed through a venturi at different throat

pressures, resulting in a cumulative histogram of concentration against Tc. The abundant

nuclei case is created using a 3 × 10 rectangular array of microbubble generators each
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directly injecting about 106 bubbles per second. The array is located upstream of the

contraction, as shown in figure 4.1. This population was measured in the test section

upstream of the hydrofoil using Interferometric Mie Imaging (IMI) (Russell et al., 2018b).

The CSM measurement produces a cumulative histogram whereas the IMI provides a

histogram of concentration per unit size increment. These can be compared through

numerical integration of the cumulative histogram:

C(Tc) =

∫ Tc

Tcmin

c(Tc
∗) dTc

∗ (4.1)

where C is the concentration of all nuclei with critical tensions between the lowest critical

tension of measured nuclei, Tcmin
, and a given critical tension, Tc, and the concentration

density, c, is a function of the critical tension, Tc
∗. The initial bubble diameter, D∞,

corresponding to Tc can be found numerically from single bubble equilibrium theory (Franc

and Michel, 2006):

4

27Tc
2 =

(
D∞
4S

)3

(p∞ − pv) +

(
D∞
4S

)2

(4.2)

where S is the surface tension.
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Figure 4.2: Deplete and abundant nuclei distributions measured using CSM and IMI methods respectively.
For CSM measurements, water was sampled from the tunnel resorber. IMI measurements were taken in
the test section.
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Two approaches were used to detect TVC. Firstly, a digital single-lens reflex camera

was used to take photographs near the hydrofoil tip at each test condition prior to and

after inception. Acoustic measurements were taken for the corresponding test conditions

using an in-ceiling hydrophone (Doolan et al., 2013) (Brüel&Kjær Type 8103, sample rate

204.8 kHz) located 2.5c downstream of the hydrofoil. The Sound Pressure Level (SPL) was

calculated from the integral of the power spectral density (Hanning window in 1 s blocks,

shifted by 1/8 s with one-third octave bands) across the range of measured frequencies

(Glegg and Devenport, 2017). A lower cutoff frequency of 400 Hz was used to exclude

frequencies not directly associated with the tip vortex cavity. The SPL is calculated by

SPL = 10 log10

(
1

p2ref

∫ f
(n)
u

f
(n)
l

Gpp(f) df

)
dB re pref (4.3)

where pref is the reference pressure (1 µPa), f
(n)
l and f

(n)
u are the lower and upper frequency

of the nth band respectively, Gpp is the single-sided spectrum and f is the frequency.

The angle of incidence of the hydrofoil was increased while σ and Re were held con-

stant. This enabled the injector settings to be maintained as constant. Starting from

α = 0°, preliminary runs were conducted by continuously increasing α to identify the

approximate inception angles, αi. Photographs and acoustic measurements were taken at

α = 0°, then α was increased with coarse resolution (0.5–1°). Finer resolution (0.1°) was

used just prior to and just after αi. The hydrofoil remained at each α for approximately

50 s, including 20 s of acoustic measurements.

4.4 Results

The changes in SPL with increasing α for the nuclei deplete and abundant cases are

shown in figure 4.3. The red, dotted line represents a SPL of 3 dB above the background

level measured at α = 0°. TVC photographs are provided for α values corresponding to

salient features on the SPL graph.
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Figure 4.3: Change of Sound Pressure Level, SPL, with angle of incidence, α, without (top) and with
(bottom) seeding for σ = 1.0 and Re = 2 × 106. Red, dotted lines represent thresholds 3 dB above the
background levels measured at α = 0°. Photographs of the cavity are provided for angles of interest.
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For the deplete case, inception occurs at α = 5.9° with the appearance of a continuous

tip vortex cavity, the leading edge of which is just downstream of the hydrofoil tip. With

inception, the SPL rises by about 5 dB. The cavity has a bulbous leading edge with a

necked region immediately downstream suggesting the presence of re-entrant flow. Per-

turbations or waves can be seen on the cavity due to various cavity deformation modes

(Pennings et al., 2015a). Both the re-entrant flow and cavity volumetric variations ap-

pear to be noise sources. The TVC moves upstream with increasing α accompanied by

a decrease in SPL. The TVC reaches the hydrofoil outline by 6.1° and moves within the

outline by 6.5°. At this α the leading edge flow appears suppressed which may be associ-

ated with the drop in SPL and the reduction of re-entrant flow noise. It is unlikely the

SPL reduction is due to the change in cavity leading edge position as it only moved about

10 mm upstream and was measured with a hydrophone located at least 300 mm away.

The SPL increases again with α, with a large increase occurring at 6.8° associated with

TVC attachment and the formation of hydrofoil leading edge sheet cavitation. At this

stage, the SPL remains significantly higher than the baseline non-cavitating noise. Pos-

sible noise sources include cavity volumetric variations and vapour packet shedding from

the attached cavity. The SPL increases further with α due to sheet cavitation growth.

For the abundant case the pre-inception SPL is about 2 dB greater than the nuclei

deplete case. This may be attributable to nuclei injector operation upstream, but perhaps

more likely, excitation or deformation of nuclei in the flow. Inception in this case does not

occur with a 0.1° change in α, as with the deplete case, but is a process that starts with

intermittent nuclei capture and activation events which progress with increasing event

rate to a sustained continuous cavity. This process starts at a much smaller α than for

the deplete case due to the greater concentration of larger, weaker nuclei. Intermittent

capture events are visible at about 2° but the SPL only begins to rise at about 3.9°.
The cavity remains discontinuous with increasing α to 4.5° where it extends upstream to

within the hydrofoil planform, and to 4.6° where the SPL reaches a local maximum. The

extent of the intermittency decreases with increasing α and the cavity becomes continuous

downstream of the hydrofoil planform at about α = 5.0° but is unsteady upstream of this

point.

The increase in SPL with α up to 4.6° is presumably due to the increasing nuclei

capture/activation rate and the local maximum is due to this rate also reaching a maxi-

mum. That is, for higher α this rate reduces with greater sustained cavity length, hence

the reduction in SPL. The SPL reaches a local minimum at α = 5.1° where the cavity

increases in diameter and becomes attached to the hydrofoil. For further α increase, the

SPL increases with the formation of sheet cavitation as occurred for the nuclei deplete

case.

The local SPL maximum that occurs after inception with TVC development is much

higher for the abundant case than for the deplete case showing that intermittent nuclei

activations generate higher SPL than local flow features or continuous cavity modes. The
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cavity diameter during initial development is much less than for the deplete case which

may be attributable to the lower incidence, and hence vortex strength, at inception, and

possibly intermittency reducing the volume of dissolved gas diffusing from the liquid to

the cavity. The latter is driven by the concentration gradient between the vapour/gaseous

cavity and the liquid. This is evidenced by the similar cavity diameters and volumes that

form once the cavity becomes persistent. Another possible reason for the smaller cavity

diameter is reduced boundary layer thickness at lower α.

4.5 Conclusion

Tip vortex cavitation inception has been investigated about an elliptical hydrofoil in

nuclei deplete and abundant flows using photographic and acoustic measurements. For

the deplete case, inception occurred within a 0.1° angle of incidence change resulting in

the sudden appearance of a continuous cavity and step change in sound pressure level. For

the abundant case, inception occurred at lower incidence due to a higher concentration of

weaker nuclei. For this case, inception involved intermittency associated with individual

activation events increasing in frequency with incidence until a continuous cavity was

sustained. This process occurred over a range of incidences and was accompanied by

increasing sound levels to a local maximum possibly associated with a maximum cavitation

rate.

Both cases exhibit local maxima in sound pressure level associated with inception

or development although each appears associated with different cavity physics. Overall

sound levels are much higher in the abundant case. These levels reached local minima

with cavity hydrofoil attachment before increasing with incidence due to sheet cavity

formation.
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Chapter 5

Nucleation and cavitation number

effects on tip vortex cavitation

dynamics and noise

In Chapter 4, high resolution photography and acoustic measurements were used to exam-

ine the effects of nuclei content on TVC about an elliptical hydrofoil. In this chapter, high

speed video and acoustic measurements of TVC behaviour about an elliptical hydrofoil

with a higher aspect ratio are made synchronously. They reveal the effects of different

injected nuclei populations on the location of TVC inception, as well as kinematics and

acoustics along a range of streamwise locations. Large sample sizes of O(1000) are used to

characterise the phenomenon. One population is monodisperse, which makes modelling

and prediction easier as the flow is seeded with nuclei of nominally a single size. The

other population is polydisperse, which is more representative of nuclei populations found

in environmental waters, as seen in Chapter 2. Both populations are measured using Mie

scattering imaging. The influence of cavitation number on the spatial and acoustic char-

acteristics of tip vortex cavities is also investigated. Preliminary TVC inception location

distributions published in Khoo et al. (2020b) (Appendix E) differ somewhat from those

presented in this chapter, though some differences in the data acquisition approach and

monodisperse nuclei size were noted.

This chapter is a post-peer-review, pre-copyedit version of an article published in Exper-

iments in Fluids , modified following thesis examiners’ feedback. The final authenticated

version is available online at:

https://doi.org/10.1007/s00348-021-03308-2.

The citation for the paper is:

M. Khoo, J. Venning, B. Pearce, and P. Brandner. Nucleation and cavitation number

effects on tip vortex cavitation dynamics and noise. Exp. Fluids, 62(10):216, 2021.
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5.1 Abstract

The spatial and acoustic characteristics of tip vortex cavitation (TVC) inception were

measured in a cavitation tunnel. Numerous cavitation events were recorded to reveal

the influence of different nuclei populations and cavitation numbers on nuclei capture

and activation physics, and the role of the streamwise pressure distribution in a vortex.

Synchronised high speed video and hydrophone measurements of cavitation events were

taken in the trailing vortex of an elliptical hydrofoil at an incidence of 6° and a Reynolds

number of 1.5× 106. The injected nuclei population in the tunnel test section was varied

by using different microbubble generators mounted upstream of the test section. Both

the nuclei population and cavitation number have a significant effect on the inception

location distribution along the trailing vortex, and in particular, inception event rates.

The cavitation number alters the flow volume subjected to tension, thereby also affecting

the shape of the inception location distribution. Once the nuclei are activated, cavity

kinematic and acoustic properties are influenced by the local pressure (i.e. inception loca-

tion and cavitation number) more so than initial nucleus size, at least in the ∼50–100 µm

diameter range considered in this study. Inception events that occur near the tip generate

stronger acoustic pulses. At these inception locations, the frequency of the tonal peak

associated with inception remains relatively constant for the two nuclei populations, but

increases with cavitation number. This study provides insights into the roles of nucleation

and cavitation number in TVC, and informs future measurements and predictions of TVC

dynamics and noise.

5.2 Introduction

Cavitation inception in practical flows is typically heterogeneous in nature and occurs

when a nucleus, such as a microbubble, is exposed to its size-dependent critical pressure,

resulting in explosive growth. The vortex trailing from a three-dimensional lifting surface

is characterised by a low-pressure core in which cavitation is most likely to appear (see

Fig 5.1). Nuclei within its streamtube may be activated, as well as nuclei drawn into the

vortex by its radial pressure gradient. This phenomenon is known as tip vortex cavitation

(TVC). It is often the first type of cavitation to occur about marine propellers and is

detrimental to acoustic stealth performance.
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Figure 5.1: Notional capture of a nucleus (red sphere) into the vortex trailing from a lifting surface.
The blue line denotes the nucleus trajectory. The freestream velocity is U∞ and the circulation is Γ.
The generic variation of the pressure coefficient, Cp, with streamwise location, x, similar to the trends
observed for elliptical foils (Chen et al., 2019; Asnaghi et al., 2020), is also shown with the minimum
pressure occurring close to the tip and pressure recovery downstream as the vortex diffuses.

Nuclei populations are known to vary within and between environmental and labora-

tory waters (Khoo et al., 2020c). They can influence TVC inception behaviour, with the

earlier onset of cavitation measured in flows with higher concentrations of larger nuclei,

also known as ‘weak’ water, as opposed to ‘strong’ water devoid of nuclei (Arndt and

Keller, 1992; Gindroz and Billet, 1998; Khoo et al., 2018). Numerical simulations of TVC

in flows with different nuclei populations have shown that fewer nuclei activations occur

for populations with smaller nuclei (Hsiao and Chahine, 2005). In nature, these popu-

lations vary with location and depth (Gindroz et al., 1995; Gowing and Shen, 2001), as

well as sea state (Johnson, 1986) and potentially biological activity (O’Hern et al., 1986).

During experimental studies of TVC in cavitation tunnels, nuclei populations have been

controlled by manipulation of the dissolved air content (Arndt and Maines, 2000; Chang

et al., 2011) and by microbubble injection into the test flow (Briançon-Marjollet and

Merle, 1996; Peng et al., 2017), the latter enabling more independent control over free

and dissolved gas and thus their effects on cavitation behaviour. Nuclei populations have

size and concentration distributions (Khoo et al., 2020c; Russell et al., 2020b), as well as

spatial distributions. The arrival of a nucleus at a particular location, the low pressure

vortex core in this case, is stochastic in nature. Therefore TVC inception is a stochas-

tic process and large datasets may be required for accurate characterisation. For a flow

deplete of nuclei, Khoo et al. (2020a) found that some hundreds of events are required

to characterise the probability of TVC inception in a trailing vortex subjected to a given

tension due to variability in the waiting time associated with nuclei capture. A flow

abundant with nuclei is expected to require short waiting times with less variability.

The cavitation number is a non-dimensional quantity which controls the likelihood

and scale of cavitation in a flow. In natural environments, it varies with the operational

depth and velocity of the component, as well as the properties of the liquid. In cavitation
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tunnels, it is typically set via tunnel pressure or flow velocity, or some combination of the

pair. Maines and Arndt (1993) investigated TVC about an elliptical hydrofoil, and found

that at higher cavitation numbers, TVC appears as unsteady, isolated events. A reduction

in the cavitation number results in the development of a fully-cavitating vortex core with

a characteristic bulbous head at the upstream extent of the cavity. This cavity moves

upstream and attaches to the tip at even lower cavitation numbers. The appearance of

TVC at inception is also dependent on the nuclei population. In strong water, TVC does

not appear until high tensions are applied, in which case it manifests as a steady cavity,

rather than isolated events (Khoo et al., 2018).

TVC inception location is of interest because the streamwise pressure distribution may

affect tip vortex cavity dynamics and acoustics. The pressure distribution within a tip

vortex, and hence the location of minimum pressure, close to the tip is dependent on

hydrofoil planform, cross-section and tip geometry (Astolfi et al., 1999). The location of

minimum pressure has been measured to be between 0.075 and 0.125 chord lengths down-

stream of the tip for elliptical hydrofoils in experimental (Fruman and Dugue, 1994) and

numerical (Hsiao and Chahine, 2005; Asnaghi et al., 2020) studies. Cavitation inception

may occur at streamwise locations along the vortex away from the location of minimum

pressure, as long as the local pressure is sufficiently low to activate a captured nucleus.

The capture of a nucleus is dependent on vortex strength, bubble size and its distance

from the vortex (Ligneul and Latorre, 1989, 1993; Chen et al., 2019).

Quantitative data on TVC inception location is scarce. Anecdotal observations indi-

cate that inception usually happens near the tip in weak water (Maines and Arndt, 1993;

Arndt and Maines, 2000), but can occur between −0.05 and about 1.5 chord lengths

downstream of the tip (Maines and Arndt, 1993; Higuchi et al., 1989). Arndt and Maines

(2000) reported that in strong water, inception is equally likely between 0.05 and 1.0

chord length downstream of the tip, but quantitative distributions were not provided. In

contrast, a more uniform distribution of inception locations was observed in a weaker flow

seeded with larger monodisperse bubbles, compared to a stronger flow with a polydisperse

distribution of smaller bubbles (Khoo et al., 2020b). In that study, the water quality was

controlled by varying the free gas content (i.e. the nuclei population), rather than the

dissolved or total gas content as done by Arndt and Maines (2000). More detailed studies

are required to characterise nucleation and cavitation number effects on TVC inception

location distribution, with a view to understanding cavity dynamics and acoustics.

A number of studies on TVC bubble dynamics can be found in the literature. Inception

was observed to comprise of four phases by Maines and Arndt (1993):

1. Spherical nucleus entrainment.

2. Spheroidal bubble growth.

3. Transitional phase.

4. Cylindrical bubble growth.
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Spheroidal growth is followed by axial stretching, with the cavity observed to initially

elongate at a relatively constant rate. The elongation rate, which has been found to vary

between one and almost five times the freestream velocity, is dependent on nucleus capture

location and is higher when entrainment occurs closer to the tip (Arndt and Maines, 2000).

For lower elongation rates, the cavity grows as it is advected downstream, but for higher

elongation rates, the head of the cavity remains stationary as the tail extends downstream.

The elongation rate decreases downstream in the pressure recovery region (Choi and

Ceccio, 2007). A relationship between the elongation rate and theoretical vortex tension

was proposed by Arndt and Maines (2000), but poor correlation was observed, suggesting

the need for more detailed analytical models. High speed video measurements of TVC in

a flow saturated with air showed that the maximum cavity elongation rate occurs when

the bubble centre is between approximately 0.2 and 0.25 chord lengths downstream of the

tip, although a significant degree of scatter was present in the dataset (Maines and Arndt,

1993). Based on the complexity of tip vortex cavity development from nucleus capture to

cylindrical cavity elongation, Maines and Arndt (1993) concluded that spherical bubble

dynamics do not adequately describe inception.

The theory of bubble acoustics has been studied in depth. The acoustic pressure

generated by a bubble is dependent on its radius and the first and second time derivatives

of the radius, and therefore its volumetric acceleration (Lamb, 1945; Fitzpatrick, 1958;

Leighton, 2012). The natural frequency of spherical bubble oscillation was initially derived

by Minnaert (1933), then extended by others, including Brennen (1995), to account for

surface tension. Larger bubble radii and lower external pressures result in lower resonant

frequencies. This is similar to the resonant frequencies of cylindrical cavities given by

Neppiras (1980), for which longer cavities resonate at lower frequencies.

Some observations of water quality effects on tip vortex cavity dynamics and noise

can be found in the literature. Higher cavity elongation rates have been observed in flows

with stronger nuclei (Arndt and Maines, 2000), although these results may also be affected

by the different tensions in the vortex required to activate nuclei with different critical

pressures, which complicates the analysis. Choi et al. (2009) found numerically that larger

nuclei with critical pressures close to vapour pressure grow in a quasi-steady manner

subjected to slowly-applied tension, while nuclei under high tension grow explosively to

a diameter larger than the equilibrium diameter before oscillating and generating noise.

By varying the nuclei size distribution, Hsiao and Chahine (2005) observed fewer acoustic

pressure pulses in flows with stronger, smaller nuclei. Although similar trends in acoustic

magnitude were measured in strong and weak flows during the onset and development

of TVC, higher sound pressure levels and different cavity appearances were observed for

the latter (Khoo et al., 2018). The experiments of Higuchi et al. (1989) suggest that

dissolved gas content does not influence TVC acoustics. Moreover, the cavitation number

was found to have a moderate effect on simulated peak pressures of microbubbles during

initial growth (Choi and Chahine, 2003). Depending on the bubble model employed, the

highest acoustic pressures occurred during bubble collapse (spherical model) or splitting
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(non-spherical model), rather than initial growth. Hsiao and Chahine (2005) showed

numerically that bubble collapse noise increases in magnitude with decreasing cavitation

number.

It is evident that the nuclei population, along with the pressure field, control TVC

inception. While numerous studies have been carried out into TVC kinematics and acous-

tics, there is a lack of experimental studies on nucleation and cavitation number effects

using strictly controlled nuclei populations. To quantify the influence of nucleation and

cavitation number on TVC behaviour and its associated physics, the spatial and acous-

tic characteristics of hydrofoil TVC were studied in a cavitation tunnel, and related to

inception locations along the vortex. Synchronised high speed video and acoustics mea-

surements of O(1000) intermittent cavitation events were made. Nucleation effects were

studied by varying the microbubble population in the tunnel test section. The influence

of cavitation number was also investigated by changing the test section static pressure.

This work provides greater insight into the effect of the vortex streamwise pressure dis-

tribution on nuclei capture and TVC development. Indeed for the monodisperse case

discussed later, this pressure distribution can be inferred from the distribution of incep-

tion locations. Further insights are also gained into the importance of nuclei content and

cavitation number for the measurement and prediction of TVC dynamics and noise.

5.3 Experimental overview

5.3.1 Test facility

The cavitation tunnel in the Australian Maritime College (AMC) Cavitation Research

Laboratory is located in Launceston, Australia. It is a medium-sized, variable pressure

water tunnel constructed of stainless steel (wetted areas). The tunnel volume is 365 m3

and the working fluid is demineralised water. The test section cross section measures

0.6 m × 0.6 m, with a length of 2.6 m. The test section pressure, p∞, can be varied

between 4–400 kPa absolute, while the test section velocity, U∞, range is nominally 2–

12 m/s.

The tunnel design and ancillaries enable strict control over both free and dissolved

gas contents. Millimetre-sized bubbles are removed in a large tank downstream of the

test section via coalescence and gravity separation. Smaller bubbles dissolve in the lower

segment resorber due to extended residence at high static pressure. This avoids the

recirculation of free gas bubbles that are either injected or generated by cavitation about

a test component. The tunnel also features a fast degassing facility, by which the dissolved

gas content can be reduced. Further details on the facility are provided in Brandner et al.

(2007).
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5.3.2 Experimental setup

The stainless steel hydrofoil used for this study has an elliptical planform and a

NACA 0012 cross section. The root chord length is 150 mm and the span is 300 mm. The

hydrofoil was mounted to the test section ceiling, 1.45 m from the test section entrance,

as shown in Fig. 5.2. The incidence was set to 6°.

64:9 contraction

Test section

DiffuserHoneycomb

Polydisperse
nuclei generators

Monodisperse
nuclei generator

U∞

Hydrophone

Hydrofoil

Plenum

Cavity

Camera

Figure 5.2: Schematic of the experimental setup in the upper segment of the cavitation tunnel, showing
the hydrofoil located in the test section. The test section velocity is U∞. Mono- and polydisperse nuclei
populations were injected upstream of the test section for different test runs. They are shown as red and
white dots, respectively. The locations of the high speed video camera and hydrophone used for TVC
inception observations are also denoted.

Optical measurements were acquired with a Phantom v2640 high speed camera mounted

beneath the test section. A 24 mm Nikkor lens was used, providing a magnification of

3.57 pixels/mm. Images were acquired at 2048×200 pixels (574×56 mm) at a frame rate

of 16,000 fps. Constellation LED lights were used for illumination. Acoustic measure-

ments were taken using a hydrophone (Brüel & Kjær Type 8103, sample rate 200 kHz)

mounted in a side window at test section mid-height, 0.2 chord lengths downstream of the

hydrofoil tip. Details of the hydrophone mounting arrangement can be found in Doolan

et al. (2013). The hydrophone signal was conditioned using a Brüel & Kjær Type 2692-A

charge amplifier and recorded using a 24-bit data acquisition card (National Instruments

PXIe-4497).

Nucleation effects on TVC inception behaviour were investigated using two injected

nuclei populations. An injected monodisperse microbubble population (hereinafter termed

‘monodisperse’) with a dominant bubble diameter of 91 µm in the test section was gen-

erated using a stainless steel ‘T’-junction with 100 µm bore from Valco Instruments Co.

Inc.. This is based on a device designed by YLec Consultants as described in Russell

et al. (2018a). A single nuclei generator was mounted upstream of the contraction, at the

mid-span and mid-height of the plenum, as shown in Fig. 5.2.

An injected polydisperse microbubble population (hereinafter termed ‘polydisperse’)

featuring bubbles with a range of diameters was also used. These microbubbles are gen-

erated in devices via the depressurisation of supersaturated water (Giosio et al., 2016).

An array of these devices is mounted in the plenum (Russell et al., 2020b). They are

typically arranged in a triangular grid, 80 mm apart (an equivalent spacing of 30 mm

in the test section), mounted across three columns of a supporting strut. In the present

study, a lower concentration of polydisperse nuclei was generated by only using the two
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outer columns. This results in spanwise and vertical spacing between generators of 139

and 80 mm, respectively.

The mono- and polydisperse nuclei generators each produce a plume with a diam-

eter of about 80 mm in the test section. Each plume is presumed to have a spatial

concentration profile that follows a Gaussian distribution due to turbulent mixing in the

plenum. The monodisperse plume and the centre of four overlapping plumes generated

by the polydisperse array were observed to be centred on the foil tip. The close spacing

of the polydisperse generators relative to the plume size resulted in a near homogenous

distribution within the nuclei capture streamtube which is O(10) mm in diameter.

An optical measurement technique called Mie scattering imaging (MSI) was used to

quantify the injected nuclei populations within the test section (Russell et al., 2020a,b).

Measurements were taken 2.2c upstream of the hydrofoil tip such that the measured

populations were representative of those captured by the vortex. Microbubbles were

illuminated with a 532 nm laser (Ekspla, Lithuania) and defocussed photographs were

acquired using a 48 megapixel camera (IO Industries, Canada). Bubble diameters are

calculated using the spatial frequency of the interference fringes in the defocussed images

(Russell et al., 2020a,b).

5.3.3 Test conditions

Two types of tests were conducted. Firstly, a cavitation number, σ, of 1.6 was used

to compare the effects of mono- and polydisperse nuclei populations on TVC inception

dynamics and acoustics. The cavitation number is defined as σ = p∞−pv
q

, where p∞ is the

freestream pressure upstream of the hydrofoil tip, pv is the vapour pressure, q = 1
2
ρU∞2 is

the freestream dynamic pressure and ρ is the fluid density. Secondly, cavitation number

effects were studied by varying p∞. A cavitation number range between 1.6 and 2.4 was

investigated with the monodisperse population. For each type of test, synchronous optical

and acoustic measurements were made in multiple 30.6 s blocks.

The Reynolds number, Re, was fixed at 1.5× 106. It is defined as Re = U∞c
ν

, where c

is the hydrofoil root chord length and ν is the kinematic viscosity of the water.

The polydisperse nuclei population was controlled by maintaining a constant generator

cavitation number, σgen, of 0.7. This is defined as σgen = pdown−pv
pup−pdown

, where pup is the

pressure upstream of the generator orifice and pdown is the generator outlet pressure. The

pressure upstream of the orifice was adjusted to maintain a constant generator cavitation

number for the different test section conditions. For a cavitation number of 1.6, the

monodisperse nuclei population was controlled by setting the inlet air and water pressures

of the generator, as described in Russell et al. (2018a). For the study of cavitation

number effects, the inlet pressures were adjusted to maintain a constant pressure difference

between the supply pressures and the plenum pressure at the outlet of the generator.
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The two injected microbubble populations are shown in Fig. 5.3. Both cumulative and

non-cumulative forms are provided. Measurements were acquired at the same nominal

test section operating conditions as those used to study nucleation effects. The monodis-

perse and polydisperse nuclei distributions are constructed from 271 and 15 bubble detec-

tions, respectively. Larger sample sizes would be preferred, especially for the polydisperse

population. However, very long acquisition times are required to measure lower bubble

concentrations due to the relatively small field of view for MSI measurements. In this

instance, an extrapolation of the measured nuclei distributions in Russell et al. (2020b) to

higher generator cavitation numbers indicates that the polydisperse population measured

in this study is reasonable and the sample size used is adequate.

The monodisperse population has a dominant bubble diameter of 91 µm. The critical

pressure, pc, of such bubbles is effectively vapour pressure (Khoo et al., 2020c). The

polydisperse nuclei distribution features bubbles with a range of smaller diameters, in

concentrations lower than that of the peak concentration for the monodisperse case. The

diameter of the largest bubble detected was 88 µm, with a concentration more than two

orders of magnitude less than for the monodisperse population. The total measured

concentrations are similar between the mono- and polydisperse populations, at 5 × 103

and 4× 103 m−3, respectively.

The dissolved oxygen content was maintained between 1.9 and 4.0 mg/L (i.e. 21–45%

relative to saturation at atmospheric pressure) throughout the experiment. The relative

saturation level of dissolved oxygen in the water, rup, using the plenum upstream of the

test section as the reference location, was maintained between 13 and 27% during the

present study which ensured that the natural nuclei population (i.e. the existing nuclei in

the tunnel water without nuclei injection) remained at the baseline, as described in Khoo

et al. (2020c). In flows with injected nuclei, the total population comprises of both the

natural and injected nuclei. As shown in Fig. 5.3(a), the natural nuclei population is

much stronger than the injected populations, and can be shown to be inactive during

these experiments.

5.3.4 Data processing

Optical and acoustic data corresponding to an example cavitation event are shown in

Fig. 5.4. The composite photograph on the left shows the development of the cavity over

time and is constructed from sections of multiple exposures stitched together.
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Figure 5.3: Injected nuclei populations as measured using Mie scattering imaging (MSI). The natural,
or pre-existing, nuclei distribution is also provided, as measured using a cavitation susceptibility meter
(CSM). Both (a) cumulative and (b) non-cumulative forms are shown. In (a) the cumulative nuclei
concentration, C, is plotted against the measured or equivalent bubble diameter, d, in the test section.
The critical tension required to activate a nucleus, Tc = pc − pv, is also shown. In (b), the number
density distribution function, −dC

dd , is plotted against bubble diameter. The monodisperse population
has a dominant bubble diameter of 91 µm. The polydisperse population comprises of bubbles with a
wider range of smaller diameters. Test section conditions were σ = 1.6 and Re = 1.5× 106.
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Figure 5.4: Spatial and acoustic measurements of a single cavitation event (σ = 1.6, monodisperse). The
(a) multiple-exposure composite photograph shows different stages of cavity development: (1) inception,
(2) highest pressure pulse, (3) maximum length, (4) contraction, and (5) remnant bubble. The red dot
denotes the hydrofoil tip. Data were extracted from within the bounds denoted by the burgundy lines
either side of the trajectory. The distance along the cavity trajectory, s, is plotted in the (b) space-time
graph, which shows cavity development over time, t. The blue and orange lines denote the positions of
the cavity head and tail, respectively. Inception occurs at si/c = 0.62, where si is the distance along
the cavity trajectory, downstream of the tip, that inception occurs. The cavity advection velocity, Uc,
is the gradient of the dashed line. Enlarged images of the cavity at the different stages are inset. The
evolution of the (c) cavity length, L, and (d) cavity elongation rate, L̇, are provided. The (e) time series
of the acoustic pressure measurement, P , is high-pass filtered with a cut-off frequency of 1 kHz. The grey
region denotes the duration of hydrophone data used for acoustics processing. The left and right vertical
dotted lines are drawn at the time of inception and the highest pressure pulse, respectively.
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5.3.4.1 Optical data processing

Image processing was carried out using MATLAB software. The cavity trajectory

was measured from a photograph of a developed tip vortex cavity. Bounds were set to

±10 pixels (i.e. ±2.8 mm) of the trajectory and are denoted by the burgundy lines on the

composite photograph in Fig. 5.4a. The distance along the cavity trajectory downstream

of the tip, s, is normalised by c in this analysis (i.e. s/c). The maximum pixel intensity

within the bounds at each spanwise location along the vortex trajectory was extracted

from each video frame, and used to construct space-time datasets that show cavity de-

velopment. A binary image was generated using an intensity filter to distinguish bright

pixels from the background (i.e. non-cavitating conditions). Pixel intensity distributions

for non-cavitating conditions were used to set the intensity threshold. Morphological im-

age processing was used to minimise noise in the image, then an area filter was applied to

identify each cavity and exclude spurious detections. The locations of the upstream and

downstream extents of the cavity were extracted and analysed to obtain the cavity kine-

matics. The cavity length, L, is the distance between these extents, while the elongation

rate, L̇, is the first time derivative of the length.

The temporal evolution of the cavity length and elongation rate are shown in Figs. 5.4c

and 5.4d, respectively. The location of TVC inception downstream of the hydrofoil tip,

si/c, was defined as the position of the cavity at its earliest appearance and is labelled

‘1’ in Fig. 5.4b. In a check of 10% of the high speed video runs, 9 cavities were detected

with lengths between 0.28 (the optical resolution) and 3.0 mm. Of these, two-thirds were

categorised as other entities such as out-of-focus bubbles or solid particles. The few TVC

events detected in this size range account for only a very small proportion of the O(1000)

cavities longer than 3 mm detected across these runs. Therefore, only cavities which

grow to a maximum length, Lmax, of over 0.02c (3 mm) were used for the analysis. The

maximum elongation rate, L̇max, usually occurs within 1 ms of the optical detection of

inception (i.e. 16 high speed video frames).

The cavity grows axially to a maximum length of about 0.4c at the point indicated

‘3’ in Fig. 5.4b, when the cavity head, or upstream extent, is about one chord length

downstream of the tip, before contracting axially to a remnant bubble that is transported

downstream, annotated ‘5’. Dissolved air can diffuse into the cavity in the low pressure

zone, and while vapour condenses in the pressure recovery region, the air may not dissolve,

resulting in a remnant bubble (Brennen, 1995).

The cavity advection velocity, Uc, is the gradient of a line connecting the start and

the end of the cavity in the space-time data, as shown in Fig. 5.4b with a black, dashed

line. It represents the mean advection velocity of the cavity head. It will be shown later

that the advection velocities of the main cavity and remnant bubble can differ.

The merging and splitting of isolated cavities is common at lower cavitation numbers.

Cavity splitting during the later stages of cavity development has been studied (Choi



The influence of nuclei content on tip vortex cavitation inception 97

and Chahine, 2004), with the downstream segment travelling faster than the main cavity

(Arndt and Maines, 2000). The cavity advection velocities presented in the results include

cavities that split into multiple cavities downstream. In order to quantify the kinematic

properties of isolated events, merged events are not included in the cavity kinematics

results. Note that the maximum elongation rate is extracted from kinematic data prior

to the merge or split, if either occurs.

5.3.4.2 Acoustic data processing

The pressure, P , time series measured using the hydrophone was high-pass filtered

with a cut-off frequency of 1 kHz (to exclude tunnel-related noise) and is provided in

Fig. 5.4e. The highest acoustic pressure pulse typically occurs within 5 ms of the optical

detection, after the cavity has entered the cylindrical growth phase. As such, the acoustic

properties of inception events were analysed using a slightly wider window of hydrophone

data. The acoustic data comprised 9.8 ms (1950 samples), starting 0.8 ms prior to the

optical detection of a cavity. The starting offset was corrected for the propagation delay

based on the measured inception location and the sound speed. Power spectral densities

(PSDs) were calculated by applying a single Hanning window to the unfiltered acoustic

data for each inception event and normalising the signal power as described by Welch

(1967). Non-cavitating noise was extracted from the same acquisition run using the

same 9.8 ms window length and Hanning window. The PSDs of multiple sequences of

non-cavitating noise data were averaged to generate representative spectra. The sound

pressure levels (SPLs) of individual cavitation events were determined by integrating the

PSD between 1 and 100 kHz, the Nyquist frequency. A reference pressure of 1 µPa was

used to express the SPL in decibels.

The temporal separation between some cavities was so small that the acoustic pulses

they generated could not be distinguished. For the monodisperse nuclei population, about

38% of cavitation events fell into this category at the lowest cavitation number of 1.6,

decreasing to 5% at the highest cavitation number of 2.4. Acoustics data for such events

have been omitted from the acoustic analysis.
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5.4 Results and discussion

5.4.1 Optical measurements

5.4.1.1 Event rates and estimates of vortex properties

The number of cavitation events detected using high speed photography, and acquisi-

tion duration are provided in Table 5.1 for each test condition. For the nuclei population

comparison at a cavitation number of 1.6, O(1000) events were recorded in multiple 30.6 s

blocks of video data. Single 30.6 s blocks were used for each of the higher cavitation num-

bers for the cavitation number comparison, resulting in O(100) events being recorded at

each of those test conditions. The cavitation event rate for each test condition is shown

in Fig. 5.5. For the monodisperse case, the event rate increases with decreasing cavita-

tion number. This is unsurprising as the cavitation number was lowered by reducing the

test section pressure. This in turn lowered the vortex core pressure resulting in a longer

streamwise length along which the pressure was below vapour pressure, as will be shown

in Sect. 5.4.1.2. Extrapolation of these data suggests that the incipient cavitation number

is at least 2.5. The minimum pressure coefficient in the vortex, Cp,min, can be defined as

Cp,min =
pmin − p∞

q
, (5.1)

where pmin is the minimum pressure in the vortex.

As the critical pressures of the monodisperse nuclei are essentially vapour pressure,

then assuming the pressure in the core is vapour pressure (for the incipient case of σ = 2.5),

a minimum pressure coefficient in the vortex core can be obtained by

Cp,min =
pv − p∞

q

= −σ
= −2.5.

(5.2)

For cavitation numbers less than 2.5, the highest tension, T , generated by the vortex

may then be inferred as

T = pmin − pv
= Cp,minq + p∞ − pv.

(5.3)

And since

p∞ = σq + pv, (5.4)
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the tension is

T = Cp,minq + σq + pv − pv
= q (Cp,min + σ) ,

(5.5)

which, for the lowest freestream cavitation number presented in this paper, σ = 1.6,

corresponds to −0.9q, or −50 kPa (absolute).

With the estimated minimum vortex pressure of pmin = −48 kPa and the lift coefficient,

CL = 0.44 from force measurements, it is possible to estimate the vortex core radius for

σ = 1.6. Firstly, the mid-span bound circulation, Γ0, is defined as

Γ0 =
1

2
CLU∞c. (5.6)

Assuming the circulation in the tip vortex flow, Γtip, is 0.3Γ0, and a Rankine vortex

model (Franc and Michel, 2006), the core radius at the location of minimum pressure, a,

is estimated to be 1.2 mm using

a =
Γtip

2π
√

p∞−pmin

ρ

. (5.7)

The core diameter is then about 10–100 times larger than those of the injected nuclei.

Two-dimensional simulations of a Rankine vortex using the approach of Paul et al. (2021)

show the diameter of the streamtube of ingested nuclei to be O(10) mm, which is an order

of magnitude larger than the core size.

The cumulative nuclei populations presented in Fig. 5.3(a) suggest there are as many

nuclei in the polydisperse population compared to the monodisperse. However, Fig. 5.5

shows that the rate of nuclei activations are some eight times greater in the monodisperse

case. This indicates that radial ingestion and activation of nuclei along the vortex is

biased towards the larger bubbles. This filtering of the polydisperse bubble population is

due to the increase in the radial ingestion force with the cube of the bubble radius (Oweis

et al., 2005), such that the larger monodisperse microbubbles are more readily drawn into

the vortex.
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Table 5.1: Cavitation event count and acquisition duration for each test condition.

Nuclei population σ Event count Duration (s)

Monodisperse 2.4 126 30.6

Monodisperse 2.2 233 30.6

Monodisperse 2.0 418 30.6

Monodisperse 1.8 614 30.6

Monodisperse 1.6 6621 275.4

Polydisperse 1.6 1662 550.8
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Figure 5.5: Effect of cavitation number, σ, and nuclei population on inception event rate, E, for test
conditions investigated in this study. The event rate decreases with increasing cavitation number for the
monodisperse nuclei population. The rate corresponding to the monodisperse case is eight times higher
than that of the polydisperse for the same test section conditions.
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5.4.1.2 Inception location

Spatial distributions of the event rate along the vortex trajectory are given in Fig. 5.6(a)

for different nuclei populations. The event rates corresponding to the monodisperse pop-

ulation are higher than for the polydisperse case across the range of inception locations

observed. This is attributed to the higher concentration of nuclei that are captured. The

distributions trend similarly. The highest event rates occur between the tip and 0.2c

downstream, which is consistent with the location of the minimum pressure, as discussed

in Sect. 5.2. The event rate gradually decreases till about 1c downstream, from which

point the rate decreases steeply. For both nuclei populations, the most upstream inception

location was about 0.05c upstream of the tip. The most downstream inception locations

were 2.4c and 3.1c downstream of the tip for the monodisperse and polydisperse popula-

tions, respectively. However, the four most downstream non-zero bins of each distribution

represent only 12 out of the 8283 total recorded events, so the most downstream locations

quoted are only indicative. Overall, 95% of all inception events occurred less than 1.04

and 0.96c downstream of the tip for the mono- and polydisperse cases, respectively.

Some notable differences were observed in the results when compared to those of a

similar experiment conducted by Khoo et al. (2020b). In that study, the inception lo-

cation histogram corresponding to the monodisperse population was relatively uniform

between the tip and 0.6c downstream, while a prominent peak between the tip and 0.2c

downstream was observed for the polydisperse case. For the current dataset, there is

greater similarity between the shapes of the distributions. While there is no clear expla-

nation for this, the earlier study differed with respect to a number of aspects. Although

sample sizes were similar, the data acquisition method (image-based trigger instead of

block recording) and monodisperse nuclei size (75 µm dominant bubble diameter instead

of 91 µm) used, were not. It should also be noted that the image-based trigger used for

the earlier investigation was positioned at 2.4c, which precluded the detection of inception

events further downstream.

The effect of cavitation number on inception location is illustrated in Fig. 5.6(b).

The monodisperse population was used for this investigation and the cavitation number

was changed via the test section pressure. Inception occurs further downstream with

decreasing cavitation number, with an increasing length of vortex along which the local

pressure is sufficiently low to activate captured nuclei. Meanwhile, the event rate near

the tip remains relatively unchanged with cavitation number. These trends are shown

with greater clarity in Fig. 5.7. This indicates that even at the highest cavitation number

tested, the local pressure near the tip is sufficiently low to activate all monodisperse nuclei

captured here. A reduction in the cavitation number does not lead to the cavitation of

any additional nuclei at this location as all monodisperse nuclei were also activated at

the highest cavitation number. It does, however, result in a longer portion of the trailing

vortex being under tension, and thus additional activations occur downstream.



The influence of nuclei content on tip vortex cavitation inception 102

-0.5 0 0.5 1 1.5 2 2.5 3 3.5
10-4

10-3

10-2

10-1

100

(a) Nuclei population effect, σ = 1.6
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Figure 5.6: Effect of inception location, si/c, on inception event rate density, dE
ds , for different (a) nu-

clei populations and (b) cavitation numbers. A bin width of 0.1c is used to construct the histograms
and markers are located at the middle of each non-zero bin. Higher event rates are observed for the
monodisperse nuclei population compared to the polydisperse. In both cases, the event rate peaks just
downstream of the hydrofoil tip and decreases with increasing inception distance from the tip. The range
of locations downstream of the tip at which inception occurs increases with decreasing cavitation number.
Inception happens most often just downstream of the tip for all cavitation numbers tested.
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Figure 5.7: Effect of cavitation number, σ, on inception event rate, E, at different inception locations in
a flow with an injected monodisperse nuclei population. The event rate between the tip and 0.1 chord
lengths downstream is independent of cavitation number. Away from the tip, the rate decreases with
increasing cavitation number.

5.4.1.3 Effect of inception location on maximum cavity length

The influence of inception location on maximum cavity length is shown for the two

nuclei populations (see Fig. 5.8(a)). From Fig. 5.8, a bin width of 3.8×10−3c, or 0.57 mm,

is used for inception location data. Merged cavities form when two or more isolated

cavities join, resulting in a longer cavity. Many were observed at the lowest cavitation

number. However, only isolated cavities are included in Fig. 5.8. The highest maximum

lengths ranging between 1 and 2c occur between −0.05c and 0.28c. The inclusion of

merged cavities increases the peak by only 5%, which shows that the longest incipient

cavity that can be sustained in the tip vortex is about 2c in length. The scatter in the

maximum length data is highest near the location of the peak. The maximum length then

decreases with increasing downstream distance. In general, the nuclei population does not

affect the behaviour of the maximum cavity length. The mono- and polydisperse data

sets exhibit similar degrees of scatter, noting that the sample size is about four times

larger for the former.

In contrast, cavitation number has a significant effect on maximum cavity length (see

Fig. 5.8(b)). The maximum length increases with decreasing cavitation number. For

the cavitation numbers above 1.6, the peak maximum lengths occur across a smaller

range of inception locations (i.e. between −0.04c and the tip). The maximum length

decreases with increasing inception distance downstream and at a higher rate at lower

cavitation numbers. It is evident that the local pressure, rather than the initial bubble

size, determines the maximum length of the cavity.
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Figure 5.8: Effect of inception location, si/c, on maximum cavity length, Lmax/c, for different (a) nuclei
populations and (b) cavitation numbers. The maximum cavity length decreases with increasing inception
distance downstream from the tip and increasing cavitation number. The trend is independent of nuclei
population. The dotted line in (b) corresponds to the mean Lmax/c for σ = 2.4 and is used to infer the
streamwise pressure distribution in Fig. 5.10.
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5.4.1.4 Effect of streamwise location on maximum cavity elongation rate

The effect of streamwise location on maximum cavity elongation rate is illustrated

in Fig. 5.9(a) for different nuclei populations. The highest maximum elongation rates

ranging from 2.4 to 2.6U∞ occur between −0.01 and 0.1c downstream of the tip. It

decreases linearly to about 1.2c and subsequently asymptotes to about 0.16U∞. The rate

tends to decrease upstream of 0.02c.

There are a group of inception events with lower elongation rates labelled ‘Data 1’

in Fig. 5.9(a) that sit below the main band of data. Inspection of these outlying events

reveals that they incept upstream of existing cavities and grow to a maximum length of

about 0.4c. This appears to be a consequence of cavity interaction effects and illustrates

how existing cavities can suppress the elongation rate of new ones. The initial nucleus

size has no significant effect on the maximum elongation rate.

The effect of cavitation number on maximum cavity elongation rate is shown in

Fig. 5.9(b). Again, the cavitation number is shown to have a greater effect on cavity

dynamics than the initial nucleus size. The maximum elongation rate increases with de-

creasing cavitation number. For all cavitation numbers, the maximum elongation rate

tends to decrease with increasing distance downstream, reflecting the effect of the change

of local pressure in the vortex on cavity dynamics. The slope of the reduction of the max-

imum elongation rate with increasing inception distance downstream of the tip increases

with increasing cavitation number. This is in contrast with the maximum length data.

For all cavitation numbers tested, the highest maximum elongation rate occurs between

the tip and 0.04c downstream. The downstream asymptotic behaviour observed for the

cavitation numbers of 1.6 and 1.8 cannot be observed for higher cavitation numbers of

2.0 and above.
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(a) Nuclei population effect, σ = 1.6
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Figure 5.9: Effect of streamwise location, s/c, on maximum cavity elongation rate, L̇max/U∞, for different
(a) nuclei populations and (b) cavitation numbers. The highest maximum elongation rates occur near the
tip. The rate decreases with increasing distance from the tip and increasing cavitation number. Nuclei
population has no significant effect on the maximum elongation rate. The dotted line in (b) corresponds
to the mean L̇max/U∞ for σ = 2.4 and is used to infer the streamwise pressure distribution in Fig. 5.10.
Data labelled ‘Data 1’ represent shorter cavities that incept upstream of existing cavities.
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5.4.1.5 Streamwise pressure distribution

The streamwise pressure distribution was inferred from the maximum cavity length

and elongation rate data (see Fig. 5.10). The average inception or streamwise location

corresponding to the mean maximum length and elongation rate was determined for the

σ = 2.4 data in Figs. 5.8(b) and 5.9(b). It is assumed that the local pressure here is

vapour pressure, and is sufficient to activate the monodisperse nuclei population. Then

the streamwise location corresponding to the same maximum length and elongation rate

was identified for each of the lower cavitation numbers. The local pressures at these

locations are also assumed to be vapour pressure. Therefore, the local pressure coefficient

at each streamwise location is simply the negative of the corresponding cavitation number.

It was inferred from the event rate data in Fig. 5.5 that the minimum pressure co-

efficient is −2.5, and the streamwise pressure distribution in Fig. 5.10 shows that the

minimum pressure coefficient occurs near the tip and recovers to −1.6 at about 0.8 chord

lengths downstream. The rate of pressure recovery decreases with increasing distance

downstream. The pressure distribution changes slightly depending on the kinematic prop-

erty used, although the overall trends are similar and comparable to those observed in

simulations (Chen et al., 2019; Asnaghi et al., 2020) and inferred from experimental mea-

surements (Fruman and Dugue, 1994) of elliptical hydrofoils. Additional direct measure-

ments of the vortex core pressure using an identical foil geometry and operating conditions

would be useful to validate the inferred pressure distributions in Fig. 5.10.
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Figure 5.10: Pressure coefficient, Cp, as a function of location along the vortex, s/c, inferred from

maximum cavity length, Lmax, and maximum elongation rate, L̇max, data in Figs. 5.8(b) and 5.9(b),
respectively. The pressure is lowest near the tip, and the rate of recovery decreases with distance down-
stream.
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5.4.1.6 Effect of inception location on cavity advection velocity

The influence of inception location on cavity advection velocity is shown in Fig. 5.11.

As described in Sect. 5.3.4.1, this parameter represents the mean advection velocity of

the cavity head along the vortex trajectory. Nuclei population has no significant effect

on cavity advection velocity. Tip vortex cavities tend to have higher advection velocities

when inception occurs further downstream. The outliers with advection velocities between

0.8 and 1U∞ and inception locations between 0.5 and 1c downstream of the tip, denoted

‘Data 2’, are mainly associated with relatively short cavities that incept downstream

of existing longer cavities. This suggests that existing cavities alter the flow field such

that new ones that incept downstream travel at higher advection velocities compared to

isolated cavities. Inception events near the tip with advection velocities lower than 0.6U∞,

denoted ‘Data 3’, correspond to long, isolated cavities for which the cavity head initially

migrates downstream at a much slower rate than the cavity tail.

The effect of cavitation number on the cavity advection velocity behaviour is shown

in Fig. 5.11(b). Again, the cavitation number is found to influence the cavity dynamic

properties more than the initial nucleus size. Higher advection velocities occur with

increasing cavitation number and increasing inception distance downstream of the tip.

For the highest cavitation number, the cavity advection velocity can exceed that of the

freestream. It is deduced from Figs. 5.8(b) and 5.11(b) that the size or inertia of a smaller

cavity allows it to travel at a higher velocity. Cavity length is determined by the local

pressure which is controlled by the cavitation number and the streamwise position at

inception, as demonstrated in Sect. 5.4.1.3.

Given that tip vortex cavity development is comprised of multiple stages, as demon-

strated in Fig. 5.4, cavity advection velocity was investigated in additional detail. Rather

than calculating the cavity advection velocity based on the entire cavity region identified

in the space-time plot, two velocities were calculated for an event: one for the main body

of the cavity comprising both growth and contraction phases, Uc1, and one for the rem-

nant bubble, Uc2. The spatial histories of some example cavities are given in Fig. 5.12,

showing typical cavities that incepted near the tip for each of the cavitation numbers, as

well as two downstream inception events for a cavitation number of 1.6. Cavity regions

for a number of example events are plotted, annotated with corresponding advection ve-

locities. If the remnant bubble was not detected by the image processing method, its

location was determined by inspection, and is shown by a dashed line drawn between it

and the cavity.
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Figure 5.11: Effect of inception location, si/c, on cavity advection velocity, Uc/U∞, for different (a)
nuclei populations and (b) cavitation numbers. The advection velocity tends to increase with increasing
inception distance from the tip and increasing cavitation number. The trend is generally independent of
nuclei population. Data labelled ‘Data 2’ represent shorter cavities that incept downstream of existing
longer cavities, and ‘Data 3’ denotes long cavities.
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Figure 5.12: Space-time plot of example cavities showing the effects of cavitation number and inception
location on the main cavity body advection velocity, Uc1, and remnant bubble advection velocity, Uc2.
Cavity advection velocities, Uc, defined using the entire cavity region are also provided for each cavity. All
velocities are expressed as a proportion of the freestream velocity, U∞. Nondimensional time, t′ = t/U∞c,
is shown on the x-axis. The freestream velocity is represented by the solid, grey lines. The black dots are
the coordinates used to derive the advection velocities, as explained in the text. The main body advection
velocity increases with increasing cavitation number and increasing inception distance downstream of the
tip, and thus decreasing maximum length. The remnant bubble advection velocity is about 0.7U∞,
independent of cavitation number and inception location.

The advection velocity of the main body trends in the same way with cavitation

number and inception location as illustrated in Fig. 5.11(b). Higher main body advection

velocities are found for cavities with shorter maximum lengths. These maximum lengths

vary with cavitation number and inception location in the same manner as presented

in Fig. 5.8(b). The advection velocity of the remnant bubble is about 0.7U∞ and is

independent of cavitation number and inception location, suggesting it is not cavitation-

related. It may, however, indicate a constant axial velocity deficit in the vortex core,

although the effect of the cavity on the axial velocity distribution in the vortex core has

not been quantified.
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5.4.2 Acoustic measurements

5.4.2.1 Sound pressure levels

The effect of inception location on the sound pressure level (SPL) of inception events

is shown in Fig. 5.13(a) for different nuclei populations. The hydrophone was located

0.2c downstream of the tip and is marked with a vertical, dotted line in the figure. The

nuclei population has no significant effect on the SPL behaviour. The highest pressure

pulses occur when inception is near the tip and decrease in amplitude with increasing

inception distance downstream. The maximum SPLs ranging from 152 to 153 dB occur

when inception occurs between 0.05 and 0.14c downstream, which is similar to where the

highest cavity elongation rates were observed in Sect. 5.4.1.4, albeit delayed by about

0.05c. Given this similarity, the SPL and maximum elongation rate were plotted against

each other to examine their relationship (see Fig. 5.13(b)). For maximum elongation

rates up to about 1.7U∞, the SPL increases with increasing maximum elongation rate.

This is consistent with the theory that higher growth rates contribute to higher pressure

pulse amplitudes (Lamb, 1945). Beyond 1.7U∞, there is a higher degree of scatter. In

this range, 90% of the events with lower SPL comprised of cavities that incept upstream

of the tip, with the remainder incepting up to 0.25c downstream of the tip. Meanwhile,

higher SPLs were measured for other cavities with similar maximum elongation rates

that incept downstream of the tip. The lower SPLs might be explained in part by the

relative positions of the hydrophone, hydrofoil and cavity. The hydrofoil may attenuate

the acoustic pressure pulse generated for events that incept near the tip.

The effect of cavitation number on SPL is shown in Fig. 5.14(a). Inception events

become quieter with increasing cavitation number and increasing distance downstream

of the tip. The higher maximum elongation rates observed at lower cavitation numbers

produce higher SPLs, as seen in Fig. 5.14(b). Only data for cavities with inception

locations between the tip and 0.15c downstream are shown in this figure as it is a region

of interest given the higher event rates, cavity elongation rates and SPLs associated with

cavities that incept here. This indicates that SPL is controlled by the elongation rate,

which is a function of the local pressure.
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Figure 5.13: Effect of (a) inception location and (b) maximum cavity elongation rate on the sound
pressure level (SPL) of inception events (σ = 1.6). The SPL is calculated using the integral of the power
spectral density between 1 and 100 kHz and includes background noise. The hydrophone location is 0.2
chord lengths downstream of the tip, and is denoted by the dotted line in (a). The maximum SPL occurs
between 0.05 and 0.14c downstream of the tip, with a sharp reduction further upstream and gradual
decrease with increasing inception distance downstream. Nuclei population has no significant effect on
SPL.
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Figure 5.14: Effect of (a) inception location and (b) maximum cavity elongation rate on the sound
pressure level (SPL) of inception events (monodisperse). The SPL is calculated using the integral of the
power spectral density between 1 and 100 kHz and includes background noise. The hydrophone location
is 0.2 chord lengths downstream of the tip, and is denoted by the dotted line in (a). Only inception events
that occur between the tip and 0.15 chord lengths downstream are shown in (b). The SPL is higher at
lower cavitation numbers and for higher maximum elongation rates.
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5.4.2.2 Acoustic frequency spectra

Power spectral densities of non-cavitating noise in flows with different nuclei popula-

tions are shown in Fig. 5.15. The polydisperse nuclei generators produce high frequency,

broadband noise between 10 and 100 kHz, as well as some noise in the 5 to 6.5 kHz range.
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Figure 5.15: Single-phase noise for different nuclei populations (σ = 1.6). Broadband noise above 10 kHz,
and between 5 and 6.5 kHz is present for the polydisperse case due to the operation of the polydisperse
nuclei generators. Neither flows with monodisperse nor natural nuclei populations exhibit such noise.

The influence of inception location on TVC noise frequency spectra for the two nuclei

populations is presented in Fig. 5.16. The difference between power spectral densities

(PSDs) of cavitating and non-cavitating noise, ∆PSD, is shown to depict only the contri-

bution from cavitation. As mentioned earlier, a bin width of 3.8× 10−3c, or 0.57 mm, is

used, and data for cavities that incept in the same bin are averaged. Two strong narrow-

band peaks centred at 2.27 and 2.76 kHz can be observed when inception occurs near the

tip, regardless of nuclei population. The lower-frequency peak is associated with cavita-

tion inception, and weakens by 0.6c. The peak also narrows downstream of 0.2c and its

centre increases slightly to 2.36 kHz.

The peak centred at 2.76 kHz also narrows downstream of 0.6c, with its frequency

shifting slightly higher to 2.82 kHz. The signal power remains relatively constant from

the tip until 0.8c, at which point it decreases and disappears by 1c. Based on the results

presented later in Fig. 5.17, it is suggested that this is a tunnel-related resonant frequency

excited by TVC inception events.

High frequency, broadband noise between 10 and 100 kHz can be observed for cavi-

tation events that incept near the tip for the monodisperse case (see Fig. 5.16(a)). This

noise subsides with increasing inception distance downstream and disappears at about

0.5c. Such noise is difficult to distinguish for the polydisperse case in Fig. 5.16(b), being

masked by the noise of the nuclei generators as seen in Fig. 5.15.



The influence of nuclei content on tip vortex cavitation inception 115

(a) Monodisperse

(b) Polydisperse

Figure 5.16: Effect of inception location, si/c, on power spectral densities (PSDs) of inception events (σ =
1.6), in flows with (a) monodisperse and (b) polydisperse nuclei populations. The difference of cavitating
and non-cavitating PSDs, ∆PSD, is presented in order to isolate cavitation noise. Data for events
incepting at the same streamwise location are averaged. Two narrow-band peaks are present between
the tip and 0.6 chord lengths downstream, independent of nuclei population. The higher-frequency peak
persists until si/c = 1. This peak may be a tunnel-related resonant frequency. Broadband noise above
10 kHz exists for the monodisperse case, decreasing with increasing inception distance downstream from
the tip.
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The effect of cavitation number on the PSDs of inception events for the monodisperse

case is presented in Fig. 5.17. The mean ∆PSD of inception events occurring between the

tip and 0.15c downstream is shown for each cavitation number. Similarly to Fig. 5.14(b),

only upstream inception locations are considered for this comparison as this is a region of

interest given the higher event rates, cavity elongation rates and SPLs discussed earlier.
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Figure 5.17: Effect of cavitation number, σ, on the mean power spectral densities (PSDs) of inception
events that occur between the tip and 0.15 chord lengths downstream, in a flow with monodisperse nuclei.
The difference of cavitating and non-cavitating PSDs, ∆PSD, is shown in order to isolate cavitation noise.
The peak frequencies of narrow-band noise are annotated either above or below the corresponding spectral
bands. The peak at 2.76 kHz may be tunnel-related. The peak frequency associated with cavitation noise
increases with increasing cavitation number. The broadband noise between 10 and 100 kHz reduces with
increasing cavitation number.

TVC acoustic characteristics are dependent on cavitation number. As discussed above,

the peak at 2.76 kHz observed for a cavitation number of 1.6 may be tunnel-related. A

peak at 2.81 kHz appears for a cavitation number of 1.8. This is difficult to distinguish

from the potential tunnel-related peak. The peak frequency increases to 3.71, 5.05 and

6.00 kHz for cavitation numbers of 2.0, 2.2 and 2.4, respectively. The peak frequency

trends with the square of the external pressure. Spherical and non-spherical bubble theory

states the resonant frequency goes with the square root of the pressure (Brennen, 1995;

Neppiras, 1980), however the squared relationship may be expected once bubble length,

which is inversely proportional to external pressure, is taken into account. Additionally,

high spatial and temporal resolution imaging of cavity surface deformations may extend

existing knowledge on the relationship between cavity dynamics and acoustics. Such

imaging could be used to assess the performance of cavity dynamic (Pennings et al.,

2015a) and acoustic (Ffowcs Williams and Hawkings, 1969; Testa et al., 2018) models.

Finally, the broadband noise between 10 and 100 kHz observed for a cavitation number

of 1.6 decreases with increasing cavitation number. This behaviour is similar to that of

the spectral peaks at frequencies lower than 10 kHz, as discussed above.
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5.4.2.3 Summary of results

The results presented show that the tip region plays a dominant role with respect to

TVC event rate, kinematics and acoustics. This is where the longest and loudest cavities

incept, and also where the highest elongation rates occur. It is inferred that the minimum

pressure is located here, causing more explosive cavity growth and higher noise emission

compared to when inception occurs further downstream. Changes in local pressure due

to cavitation number and with inception location influence tip vortex cavity kinematics

and acoustics more than nuclei population and initial nucleus size, at least across the

size ranges investigated in this study. While a clear difference between inception event

rates for each population was observed, it is possible that the microbubbles activated in

each population are so similar in size and critical pressure that the dynamic and acoustic

characteristics of individual inception events are effectively invariant. Further insight into

the effects of nucleation on TVC could be gained by studying two monodisperse nuclei

populations, with different dominant bubble sizes and thus critical pressures. In this way,

correlations of TVC inception number and nuclei population could be quantified using

water tensile strength. Finally, it was assumed in this analysis that for the monodisperse

case, TVC inception occurred at vapour pressure. In theory, this would be sufficient to

activate the monodisperse microbubbles and produce vaporous cavitation. This could be

confirmed via direct pressure measurements.

5.5 Conclusions

High speed video and synchronous hydrophone measurements allow the study of the

spatial and acoustic characteristics of tip vortex cavitation inception. Quantitative in-

sights were made into inception location, cavity dynamics and acoustic behaviour. Nuclei

populations can substantially affect TVC inception behaviour, and were investigated using

mono- and polydisperse nuclei populations, in addition to different cavitation numbers.

Nuclei population affects inception event rates due to differences in nuclei size distri-

butions and therefore capture physics and activation rates. The shapes and ranges of the

inception location distributions were observed to be similar for each nuclei population,

with the highest event rate occurring near the tip. At lower cavitation numbers, the

lower test section pressure results in lower vortex core pressure and a longer length of the

vortex under tension, such that nuclei ingested downstream are also activated. This in-

creases the length of the activation zone and the event rate. In a flow with relatively weak

monodisperse nuclei, the event rate near the tip remains constant since all available nuclei

captured in this region are also activated at higher cavitation numbers. The minimum

pressure coefficient of about −2.5 occurs near the tip according to the streamwise vortex

pressure distribution inferred from the cavity kinematic data. Based on the kinematic

and acoustic measurements, it is concluded that the lower pressure in this region causes

more explosive cavity growth and higher noise emissions.
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Following activation, cavity kinematic properties are determined more by the local

pressure than initial nucleus size, at least for the ∼50–100 µm diameter range considered

in this study. Cavities that incept at higher tensions, whether at lower cavitation numbers

or closer to the tip, grow into longer cavities. Such cavities have lower advection velocities,

usually lower than the freestream velocity. Remnant bubbles are transported at about

70% of the freestream velocity independent of inception location and cavitation number.

Cavity acoustic properties are affected more by the local pressure than initial nucleus

size. The sound pressure levels of inception events are highest when inception occurs

near the tip and are higher at lower cavitation numbers. Further work is required to

accurately measure volumetric changes during cavity growth to explain observed acoustic

magnitudes.

Similar tonal peaks were measured in flows with mono- and polydisperse nuclei popu-

lations indicating the spectral content is independent of initial nucleus size. The frequency

of the tonal peak increases with cavitation number. At a fixed cavitation number, the

frequency remains relatively constant when inception occurs in the vicinity of the tip,

but the peak decreases in power and disappears further downstream. Broadband spectral

content at higher frequencies was measured for the monodisperse case when inception

occurred near the tip. High spatial and temporal resolution imaging of cavity surface de-

formations could allow the performance of theoretical cavity dynamic and acoustic models

to be assessed. It may also reveal the role of different deformation modes in tip vortex

cavity noise generation.

Although the cavity kinematics and acoustics discussed above appear to be relatively

independent of nuclei size, the results should be qualified by the fact that the critical

pressures of bubbles in the diameter range 50–100 µm only differ by several hundred

pascals. Furthermore, the two injected populations are not too dissimilar in a global

sense when compared with the natural nuclei population, as shown in Fig. 5.3(a), which

can withstand tensions beyond −100 kPa. Therefore, the similarities in the kinematic

and acoustic characteristics of TVC for each nuclei population are perhaps not surprising.

Further work is required to generate nuclei populations with higher tensile strengths

between those of the 50–100 µm and the natural populations to better understand the

influence of nuclei populations on TVC.
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Chapter 6

General discussion and conclusions

Nuclei population dynamics and nucleation effects on TVC inception and desinence

were investigated through a series of experiments in cavitation test facilities. The effect

of natural and injected nuclei populations on TVC behaviour about elliptical hydrofoils

was studied using optical, spatial and acoustic measurements.

Natural nuclei population dynamics in different cavitation test facilities were char-

acterised to improve understanding of water quality during TVC experiments in nuclei

deplete flows. The natural nuclei population in the cavitation tunnel at the Australian

Maritime College Cavitation Research Laboratory was measured using a cavitation sus-

ceptibility meter as optical measurements are impractical. The population exhibits similar

behaviour to microbubbles, follows a power law and remains invariant at a baseline level

over short timescales. The baseline was observed to decrease by an order of magnitude

over a week-long test campaign, and to vary by a similar amount over longer timescales.

These historical trends necessitate regular monitoring of the population when investigat-

ing flows in which natural nuclei are active. For undersaturated conditions, the natural

nuclei population remains invariant around the tunnel circuit. Therefore, the population

in the test section can be determined from measurements of water sampled from a dif-

ferent part of the circuit (e.g. the lower-segment resorber). This finding is useful as it

enables both water quality and TVC measurements to be made without interference of

the CSM sampling probe with the TVC experiment in the test section.

The baseline level of the natural nuclei population in the larger Japanese cavitation

tunnel is similar to that of the Australian facility. This enables comparative TVC exper-

iments to be conducted with minimal difference between the water quality used for each

measurement. However, the pressure in the test section of the Japanese tunnel is a bet-

ter indicator of whether the natural nuclei population has increased above the baseline,

rather than the dissolved oxygen saturation condition in the plenum for the Australian

tunnel. This is attributed to differences in the tunnel architecture. The test section of

119
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the Japanese tunnel is much longer, resulting in higher residence times here compared

to in the Australian facility. Furthermore, the Australian facility has a large tank down-

stream of the test section and a large resorber for free gas removal, neither of which

feature in the Japanese tunnel design. This may lead to the recirculation of nuclei. A

comparison of natural nuclei populations in different cavitation tunnels, measured using

a range of CSMs, show similar populations, indicating a possible universal characteristic

of natural nuclei populations in water. This is further supported by comparisons with

nuclei population measurements made in environmental waters using optical and acous-

tic measurement techniques. Similar power law indices are observed for the distributions

compared, although the concentrations can differ in magnitude. Larger size (10 to 100 µm

diameter) populations were previously measured with optical and acoustic techniques in

environmental waters. However, the CSM results demonstrate that smaller size popula-

tions (0.5 to 5 µm equivalent bubble diameter), as measured in test facilities, are also

present in environmental waters.

An improved understanding of natural nuclei population dynamics in cavitation tun-

nels allows TVC experiments to be better-designed to account for these dynamics. This

knowledge was applied to the design of experiments to study TVC inception and desinence

about an elliptical hydrofoil in a nuclei deplete flow at the Australian test facility. Test

conditions were chosen such that water in the plenum was undersaturated with dissolved

oxygen, meaning the natural nuclei population remained at the baseline level for all tests.

To avoid any interference effects of the CSM sampling probe with the flow about the test

component, the nuclei population in the test section was measured by sampling water

from the lower-segment resorber, as discussed earlier.

Incipient and desinent cavitation indices exhibit different characteristics in nuclei de-

plete flows. Significant scatter in the measured TVC inception indices reveals that the

tensile strength of a nuclei deplete flow is stochastic in nature and can only be sufficiently

characterised with a large number of measurements. The probability of inception at a

given test condition increases with waiting time as the volume of water, and thus the

number of nuclei exposed to low pressures, increases. Conversely, the desinent cavitation

number exhibits higher repeatability and less scatter, indicating that desinence is less de-

pendent on the nuclei population. Furthermore, different cavitating flow topologies result

in different desinent behaviour. Desinence of an attached cavity features greater hystere-

sis effects compared to that of a cavity which has not attached to the tip. This may be

due to factors such as stabilisation of the cavity flow by a laminar separation bubble, and

adhesive forces present at the gas-liquid-solid interface due to interfacial phenomena.

Equipped with a deeper understanding of TVC behaviour in nuclei deplete flows, the

study was extended to consider two vastly different nuclei populations and their effects on

TVC behaviour. The appearance of TVC, particularly at inception, changes with nuclei

population. For the deplete case, a continuous cavity appears suddenly with increasing

hydrofoil incidence, accompanied by a step change in the sound pressure level. For the
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abundant case, TVC appears at lower incidence due to the higher concentration of weaker

nuclei in the flow. Intermittent cavities appear, increasing in frequency with incidence

and eventually forming a continuous, attached cavity. TVC noise in the nuclei abundant

flow is louder compared to that in the deplete flow. The sound pressure level increases

gradually with incidence and thus vortex strength, reaching a local maximum possibly

associated with the maximum activation rate. The sound pressure levels measured in the

nuclei deplete flow also exhibit a local maximum, but due to different cavity physics. For

both nuclei populations, the sound pressure level exhibits a local minimum with increasing

incidence, as the cavity attaches to the hydrofoil tip. This may be due to suppression of

the leading edge flow about the cavity, a reduction in the frequency of intermittent events

(for the nuclei abundant case), or the presence of more stable cavities fixed in space.

The investigation of nucleation effects on TVC behaviour was extended to TVC kine-

matics and acoustics, using mono- and polydisperse nuclei populations. These artificially-

generated populations are more comparable in size and concentration than those popula-

tions used in the previous set of experiments in nuclei deplete and abundant flows. The

monodisperse nuclei had sufficiently large diameters to produce a weaker flow with effec-

tively no tensile strength. Meanwhile, the polydisperse nuclei comprised bubbles with a

range of smaller diameters in lower concentrations, resulting in a theoretically stronger

flow. Cavity inception and development across a range of streamwise vortex locations were

measured at a fixed incidence and Reynolds number for each of these nuclei populations.

The nuclei population influences the inception event rate due to differences in the

availability of susceptible nuclei between the two populations. However, the shapes of the

inception location distributions were observed to be similar between nuclei populations,

with the highest event rate occurring near the tip. It is inferred that this is also the lo-

cation of the minimum pressure in the vortex, given that the longest and loudest cavities

incept here, and the highest cavity elongation rates occur here. As expected, the cavita-

tion number influences TVC inception and development. For lower cavitation numbers,

nuclei can be captured and activated across a longer streamwise length as more of the

vortex is under tension. This also results in a higher event rate. For the monodisperse

nuclei population, the event rate near the tip remains constant with decreasing cavitation

number as all available nuclei captured here are also activated at higher cavitation num-

bers. After activation, cavity kinematics are determined more by the local pressure (i.e.

cavitation number and streamwise location) than the initial nucleus size, at least for the

∼50–100 µm diameter range considered. The velocity of the upstream extent of the cavity

is lower for longer cavities and is typically less than the freestream velocity. Meanwhile,

the remnant bubble that appears after cavity contraction is transported at about 70% of

the freestream velocity, independent of cavitation number and inception location.

Similarly, the acoustic emissions generated by tip vortex cavities are influenced more

by the local pressure than initial nucleus size. As mentioned above, the loudest cavities

incept near the tip, becoming louder with decreasing cavitation number. The tonal peaks
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observed in frequency spectra for the different injected nuclei populations are similar.

The peak frequency increases with cavitation number. For a given cavitation number,

the frequency associated with TVC remains relatively constant with streamwise inception

location, while the sound pressure level decreases downstream. Broadband, high frequency

noise is also present in TVC acoustics for the monodisperse nuclei population, but is

difficult to observe for the polydisperse population due to background noise from the

nuclei generators. This highlights one of the challenges of measuring TVC acoustics in a

complex laboratory environment.

While it is commonly known that TVC inception occurs earlier in flows with weaker

nuclei populations, this research reveals more about other important aspects of nucleation

effects on TVC. An improved understanding of nuclei population dynamics and nucleation

effects on TVC inception, desinence, kinematics and noise has been achieved. Natural nu-

clei population dynamics in test facilities need to be taken into account when designing

experiments in flows with low pressures. This knowledge was applied to the study of TVC

in nuclei deplete flows, which demonstrated the stochastic nature of TVC inception and

its dependence on the nuclei population, in contrast with desinence. Comparisons of TVC

behaviour in flows with a range of natural and artificially-generated nuclei populations

showed that nuclei content influences TVC behaviour to varying degrees, dependent on

the variation in water quality. The appearance and noise emissions of TVC significantly

differ between nuclei deplete and abundant flows, but the differences in these charac-

teristics are less pronounced between flows with injected mono- and polydisperse nuclei

populations which are more similar with respect to bubble size and concentration distribu-

tions. Nevertheless, variations in nuclei concentrations clearly affect inception event rates,

even when both populations are artificially-seeded. This body of work lays the foundation

for further studies discussed below. This will lead to an even deeper understanding of

nucleation effects on TVC and the associated physics, as well as the improvement of TVC

experimental design and TVC prediction capabilities.
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6.1 Future work

1. Different-sized monodisperse nuclei populations

(a) In Chapter 5, both mono- and polydisperse nuclei populations were used to

study TVC spatial and acoustic characteristics. Both the nuclei size range and

concentration were varied between the populations. It was also explained that

the minimum size of the activated nuclei in the polydisperse flow can only be

estimated due to the complex nature of the flow. The use of monodisperse

populations with different dominant sizes would enable a more accurate as-

sessment of the size of nuclei activated in the vortex, and thus a more detailed

understanding of TVC physics.

(b) Although the nuclei size range and concentration were varied between pop-

ulations in Chapter 5, it was noted that they are not too dissimilar when

compared to the natural nuclei population. This may explain similarities be-

tween the cavity kinematic and acoustic characteristics observed for the two

nuclei populations. Further work is required on the generation of monodis-

perse nuclei populations with higher tensile strengths between those of the

50–100 µm and the natural populations to better understand the influence of

nuclei populations on TVC.

2. Injected nuclei population control and dynamics in cavitation tunnels

(a) While polydisperse nuclei population dynamics have been characterised by Rus-

sell et al. (2020b), a similar study is required for injected, monodisperse nuclei

populations. This will provide a better understanding of how these populations

vary with tunnel operating conditions and how they can be controlled in spite

of changing tunnel operating conditions. This will lead to better-controlled

TVC experiments.

3. Statistical behaviour of TVC inception in nuclei abundant flows

(a) In Chapter 3, it was reasoned that fewer samples would be required to char-

acterise TVC inception in nuclei abundant flows compared to deplete ones.

Additional experiments are required to confirm this and to thus assess the

repeatability of measurements in abundant flows. This would improve quanti-

tative understanding about the characteristics of TVC inception in such flows

and guide experimental design.

4. Direct measurements of tip vortex pressures

(a) In Chapter 5, inferences about the local pressure in the tip vortex were made

on the assumption that the large, monodisperse nuclei were activated at vapour

pressure. Direct pressure measurements of the tip vortex would confirm whether

this is the case and if the cavitation observed was vaporous in nature.
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5. Validation of theoretical models using experimental measurements

(a) Higher spatial and temporal resolution measurements of geometric changes

during cavity growth, and corresponding acoustic magnitudes and frequen-

cies could be used to validate theoretical cavity dynamic and acoustic models,

leading to an improved prediction capability. They may also reveal the role of

different deformation modes in tip vortex cavity noise generation.

(b) A more detailed understanding of acoustic noise sources in cavitation test fa-

cilities is required to better design acoustic TVC experiments. This will help

to avoid or minimise the overlap of tunnel-related resonances and TVC-related

frequencies, and thus avoid unwanted excitations. Further consideration should

also be given to the influence of nuclei generator noise and hydrophone posi-

tioning on TVC acoustic measurements.

6. Natural nuclei populations

(a) The development of an optical-based CSM would eliminate acoustic ambigu-

ities in the current design and allow for the measurement of higher nuclei

concentrations with greater accuracy.

(b) To better understand the nature of these nuclei populations, additional studies

should be carried out using benchtop experiments rather than complex test

facilities such as cavitation tunnels. These studies could provide insight into

whether natural nuclei form from the stabilisation of dissolving larger bubbles,

or from smaller, homogeneous nuclei.

7. Merged and split cavities

(a) Both merged and split cavities were observed during the study of tip vortex cav-

ity kinematics and acoustics but were not the focus of the investigation. Addi-

tional analysis could be carried out to understand and compare their kinematic

and acoustic properties with isolated cavities. This would provide a broader

understanding of the characteristics of different tip vortex cavity topologies

that are possible.
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T. Němec. Homogeneous bubble nucleation in binary systems of liquid solvent and dis-

solved gas. J. Chem. Phys., 467:26–37, 2016.

E. A. Neppiras. Acoustic cavitation. Phys. Rep., 61(3):159–251, 1980.

S. J. Norris, I. Brooks, G. de Leeuw, A. Sirevaag, C. Leck, B. Brooks, C. Birch, and

M. Tjernstrom. Measurements of bubble size spectra within leads in the arctic summer

pack ice. Ocean Sci., 2011.

T. O’Hern, S. Green, and E. Morss. Measurements of oceanic nuclei distributions. In

Proc. ASME Cavitation and Multiphase Flow Forum, pages 23–26, 1986.

T. O’Hern, L. d’Agostino, and A. Acosta. Comparison of holographic and Coulter counter

measurements of cavitation nuclei in the ocean. J. Fluids Eng., 110(2):200–207, 1988.

T. J. O’Hern. Cavitation inception scale effects: Nuclei distributions in natural waters,

Cavitation inception in a turbulent shear flow. PhD thesis, Caltech, 1987.

D. Oldenziel. A new instrument in cavitation research: the cavitation susceptibility meter.

J. Fluids Eng., 104(2):136–141, 1982.

G. Oweis, I. van der Hout, C. Iyer, G. Tryggvason, and S. Ceccio. Capture and inception

of bubbles near line vortices. Phys. Fluids, 17(2):022105, 2005.

G. F. Oweis, J. Choi, and S. L. Ceccio. Dynamics and noise emission of laser induced

cavitation bubbles in a vortical flow field. J. Acoust. Soc. Am., 115(3):1049–1058, 2004.

R. W. Pascal, M. J. Yelland, M. A. Srokosz, B. I. Moat, E. M. Waugh, D. H. Comben,

A. G. Cansdale, M. C. Hartman, D. G. Coles, and P. Chang Hsueh. A spar buoy for

high-frequency wave measurements and detection of wave breaking in the open ocean.

J. Atmos. Ocean. Technol., 28(4):590–605, 2011.

R. Paul, J. Venning, B. Pearce, and P. Brandner. Nuclei transport about a sphere. In

11th Int Symp on Cavitation (CAV2021), Daejon, Korea, 2021.

X. Peng, L. Xu, and Y. Cao. The study of tip vortex flow and cavitation inception on an

elliptical hydrofoil. In Proc. 5th Int. Symp. Marine Propulsion, Espoo, Finland, 2017.

P. Pennings, J. Bosschers, J. Westerweel, and T. Van Terwisga. Dynamics of isolated

vortex cavitation. J. Fluid Mech., 778:288–313, 2015a.

P. Pennings, J. Westerweel, and T. Van Terwisga. Flow field measurement around vortex

cavitation. Exp. Fluids, 56(11):206, 2015b.

F. Peterson, F. Danel, A. Keller, and Y. Lecoffre. Comparative measurements of bubble

and particulate spectra by three optical methods. Report of Cavitation Committee,

14th ITTC, 1975.

T. Pham, J. Michel, and Y. Lecoffre. Dynamical nuclei measurement: On the development

and the performance evaluation of an optimized center-body meter. J. Fluids Eng., 119

(4):744–751, 1997.

K. Randolph, H. M. Dierssen, M. Twardowski, A. Cifuentes-Lorenzen, and C. J. Zappa.



The influence of nuclei content on tip vortex cavitation inception 132

Optical measurements of small deeply penetrating bubble populations generated by

breaking waves in the Southern Ocean. J. Geophys. Res. Oceans, 119(2):757–776, 2014.

P. Russell, D. Giosio, J. Venning, B. Pearce, P. Brandner, and S. Ceccio. Microbubble

generation from condensation and turbulent breakup of sheet cavitation. In Proc. 31st

Symp. Naval Hydrodynamics, Monterey, California, 2016.

P. Russell, D. Giosio, J. Venning, B. Pearce, P. Brandner, V. Aumelas, and G. Maj.

Towards real-time optical measurement of microbubble content in hydrodynamic test

facilities. In Proc. 10th Int. Symp. Cavitation (CAV2018), pages 1056–1061, 2018a.

P. Russell, D. Giosio, J. Venning, B. Pearce, P. Brandner, and S. Ceccio. Microbub-

ble disperse flow about a lifting surface. In Proc. 32nd Symp. Naval Hydrodynamics,

Hamburg, Germany, 2018b.

P. Russell, J. Venning, B. Pearce, and P. Brandner. Calibration of Mie Scattering Imaging

for microbubble measurement in hydrodynamic test facilities. Exp. Fluids, 61(4):93,

2020a.

P. S. Russell, L. Barbaca, J. A. Venning, B. W. Pearce, and P. A. Brandner. Measurement

of nuclei seeding in hydrodynamic test facilities. Exp. Fluids, 61(3):79, 2020b.

F. R. Schiebe. The influence of gas nuclei size distribution on transient cavitation near

inception. Technical report, St. Anthony Falls Laboratory, 1969.

Y. Shen and S. Gowing. Cavitation susceptibility of ocean and laboratory waters. In

Proc. 21st American Towing Tank Conf., Washington, DC, 1986.

Y. Shen, S. Gowing, and R. Pierce. Cavitation susceptibility measurements by a venturi.

In Proc. ASME Int. Symp. Cavitation Inception, New Orleans, LA, 1984.

Y. Shen, G. Chahine, C.-T. Hsiao, and S. Jessup. Effects of model size and free stream

nuclei on tip vortex cavitation inception scaling. In Proc. 4th Int. Symp. Cavitation,

California, 2001.

Y. T. Shen, S. Gowing, and B. Eckstein. Cavitation susceptibility measurements of ocean

lake and laboratory waters. Technical report, David W Taylor Naval Ship Research

and Development Center Bethesda MD, 1986.

Y. T. Shen, S. Jessup, and S. Gowing. Tip vortex cavitation inception scaling for high

reynolds number application. In Proc. ASME/JSME 2003 4th Joint Fluids Eng. Sum-

mer Conf., pages 233–239. American Society of Mechanical Engineers Digital Collec-

tion, 2009.

K. M. Sinding, D. R. Hanson, M. H. Krane, and J. Koncoski. Insight into tip vortex

cavitation using velocity field measurements. In Proc. 10th Int. Symp. Cavitation.

ASME Press, 2018.

M. Song, L. Xu, X. Peng, and D. Tang. An acoustic approach to determine tip vortex cav-

itation inception for an elliptical hydrofoil considering nuclei-seeding. Int. J. Multiph.

Flow, 90:79–87, 2017.

D. Stramski, E. Boss, D. Bogucki, and K. J. Voss. The role of seawater constituents in

light backscattering in the ocean. Prog. Oceanogr., 61(1):27–56, 2004.



The influence of nuclei content on tip vortex cavitation inception 133

K. Takahashi. Personal communication, September 2021.

K. Takahashi, J. Arai, and T. Mori. Nuclei population dynamics in NSRC/ATLA Flow

Noise Simulator. Technical report, Acquisition, Technology & Logistics Agency, Japan,

2019.

C. Testa, S. Ianniello, and F. Salvatore. A Ffowcs Williams and Hawkings formulation for

hydroacoustic analysis of propeller sheet cavitation. J. Sound Vib., 413:421–441, 2018.

J. Venning, D. Giosio, S. Smith, B. Pearce, and P. Brandner. The influence of nucleation

on the spectral content of cloud cavitation about a hydrofoil. In Proc. 10th Int. Symp.

Cavitation (CAV2018), pages 1015–1030, 2018a.

J. Venning, M. Khoo, B. Pearce, and P. Brandner. Background nuclei measurements and

implications for cavitation inception in hydrodynamic test facilities. Exp. Fluids, 59(4):

71, 2018b.

J. Venning, M. Khoo, B. Pearce, and P. Brandner. Observations on a cavitating trailing

vortex behind a control surface. In MAST Asia 2019, pages 1–9, 2019.

J. A. Venning, S. D. Vincentis, B. W. Pearce, and P. A. Brandner. Microbubble generation

for PIV seeding. In Proc. 20th Australasian Fluid Mech. Conf., 2016.

C. Ward, A. Balakrishnan, and F. Hooper. On the thermodynamics of nucleation in weak

gas-liquid solutions. J. Basic Eng., 92(4):695–701, 1970.

P. Warneck and J. Williams. The atmospheric chemist’s companion: Numerical data for

use in the atmospheric sciences. Springer Science & Business Media, 2012.

P. Welch. The use of fast fourier transform for the estimation of power spectra: a method

based on time averaging over short, modified periodograms. IEEE Trans. Audio and

Electroacoustics, 15(2):70–73, 1967.

E. Worch. Hydrochemistry: Basic Concepts and Exercises. Walter de Gruyter GmbH &

Co KG, 2015.

R. Yakushiji. Mechanism of Tip Vortex Cavitation Suppression by Polymer and Water

Injection. PhD thesis, The University of Michigan, 2009.

L.-X. Zhang, L.-Y. Chen, X.-X. Peng, and X.-M. Shao. The effect of water quality on tip

vortex cavitation inception. J. Hydrodynamics, 29(6):954–961, 2017.

X. Zhang. Influence of bubbles on the water-leaving reflectance. PhD thesis, Dalhousie

University, 2001.



Appendices

134



Appendix A

Development of a cavitation

susceptibility meter for nuclei size

distribution measurements

This appendix is an author accepted manuscript of an article published in the proceedings

of the 20th Australasian Fluid Mechanics Conference, Perth, Australia, 5–8 December

2016, modified following thesis examiners’ feedback. The final authenticated version is

available online at:

http://www.afms.org.au/proceedings/20/Khoo_et_al_2016.pdf.

The citation for the paper is:

M. Khoo, J. Venning, B. Pearce, P. Brandner, and Y. Lecoffre. Development of a cav-

itation susceptibility meter for nuclei size distribution measurements. In Proc. 20th

Australasian Fluid Mech. Conf., 2016.

135

http://www.afms.org.au/proceedings/20/Khoo_et_al_2016.pdf


The influence of nuclei content on tip vortex cavitation inception 136

A.1 Abstract

Cavitation inception in practical flows is invariably heterogeneous as nucleation sites

are provided by microbubble populations. Microbubbles grow explosively, filling with

vapour, when exposed to a critical pressure which is size dependent. The detection of

physical bubble activations in a known pressure field can therefore be used to measure

bubble size distributions. The nuclei population within a test flow can be measured using

a venturi and by counting the number of activations or events using the acoustic emission

from each bubble collapse in the downstream pressure recovery region. Such devices are

known as Cavitation Susceptibility Meters (CSMs).

The development, calibration and operation of a CSM for use in the cavitation tunnel

at the Australian Maritime College is described. The minimum pressure in the CSM is

reduced in steps by increasing the flow rate or decreasing tunnel static pressure to activate

increasing numbers of smaller nuclei in order to provide a cumulative size distribution.

Simultaneous flow rate measurement permits nuclei volumetric concentration as well as

venturi throat pressure to be determined.

The concentration measurement is shown to have an uncertainty of less than 0.5%,

while the critical pressure has an uncertainty of approximately 5%. The volume measure-

ment and timing uncertainties for flow rate calibration are found to account for 81% of

this uncertainty. Sample nuclei distribution measurements are presented, showing critical

pressures as low as 100 kPa below vapour pressure, corresponding to an equivalent bubble

diameter of 1 µm in the test section.

A.2 Introduction

The presence of microbubbles, or nuclei, in water is known to control the inception and

dynamic behaviour of cavitation about marine propulsors (Atlar and Billet, 2000; Gin-

droz and Billet, 1998; Shen et al., 2001). The equilibrium of a microbubble at external

pressures below a critical value becomes unstable such that it will grow explosively. By

this mechanism, they provide heterogeneous cavitation nucleation sites. The dynamic be-

haviour of microbubbles is described by the Rayleigh-Plesset equation (Franc and Michel,

2006). Knowledge of nuclei content in cavitation tunnel water is essential to accurately

assess the cavitation performance of test components.

Optical and hydrodynamic techniques are generally used to measure nuclei distribu-

tions in water. Optical techniques include holography (Mées et al., 2010), Interferometric

Laser Imaging (Mées et al., 2010), shadowgraphy (Russell et al., 2016; Venning et al.,

2016) and Phase Doppler Analysis (Gindroz and Billet, 1998). These techniques enable

direct measurements of nuclei size and concentration. However, they may falsely identify

contaminant particles as microbubbles and have a minimum detectable size due to opti-
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cal diffraction limits. Depending on the implementation, these methods possess varying

degrees of temporal and spatial resolution. A Cavitation Susceptibility Meter (CSM) is

a hydrodynamic device that uses a venturi to induce cavitation inception and therefore

measure the critical pressure of microbubbles and other active nuclei. It allows nuclei

smaller than 1 µm in diameter to be measured. Bubble size can be derived from the mea-

sured critical pressure using the equations for a bubble in equilibrium (Franc and Michel,

2006). As the test flow must be sampled, this method lacks spatial and temporal resolu-

tion and is effective for flows with homogeneous nuclei distributions. It has been used in

laboratory (Chahine and Shen, 1986; d’Agostino and Acosta, 1991b; Gowing, 1999; Mées

et al., 2010; Oldenziel, 1982; Pham et al., 1997) and real-world environments (Shen and

Gowing, 1986).

A CSM developed by YLec Consultants, also known as the ‘Venturix’ (Pham et al.,

1997), was implemented to measure the nuclei size distribution in the water tunnel at the

Australian Maritime College’s Cavitation Research Laboratory. The variable-pressure,

closed-circuit cavitation tunnel has a volume of 365 m3 (demineralised water). The test

section has a 0.6×0.6 m cross section and is 2.6 m long. It has ancilliaries for fast degassing

and nuclei injection that enable strict control of the nuclei content. A schematic of the

tunnel is shown in figure A.1. Further details regarding the tunnel design and operation

are described in Brandner et al. (2007).

Implementation of both a CSM and a nuclei injection system enables rigorous experi-

mental modelling of cavitation inception and dynamic behaviour of marine propulsors to

be conducted.
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injection arrays

main pump

differential
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direct sampling
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air purge
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microbubble
separator

non-cavitating
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Figure A.1: Schematic of the cavitation tunnel and CSM circuit.



The influence of nuclei content on tip vortex cavitation inception 138

A.3 CSM Design and Operating Principle

Water is continuously sampled from the tunnel test section and passed through a

contraction, or throat, in the venturi which is formed by the annular gap between a

centrebody and an external sleeve (figure A.2). This design is simpler to manufacture

than conventional venturis and allows alternate external sleeves to be fitted for various

diagnostics (eg. imaging and pressure characterisation). Boundary layer tripping devices

are used to generate turbulent flow around the centrebody, thus delaying boundary layer

separation in the downstream diffuser which gives rise to undesirable sheet cavitation.

U

Piezoceramic
sensor

Pressure taps 3-6p1 p2
∆p

Figure A.2: Schematic showing venturi arrangement, including the interchangable outer sleeve (shaded
area) with pressure taps and piezoceramic sensor.

As the tunnel static pressure is reduced or dynamic pressure in the venturi throat

increased, the throat static pressure (pV T ) reduces below vapour pressure (pv). Larger

free gas bubbles (in the order of 100 µm) collapse at or above this pressure. However,

smaller nuclei sustain larger negative pressures prior to reaching their critical pressure (pc),

at which point they become unstable and grow explosively. With the onset of cavitation,

the minimum venturi throat pressure is equal to the critical pressure of the smallest

nuclei being activated. Using the formulas for spherical bubble equilibrium (Franc and

Michel, 2006), the following polynomial is derived, which is solved numerically to give the

equivalent initial bubble diameter (D0),

4

27 (pv − pc)2
=

(
D0

4S

)3

(p0 − pv) +

(
D0

4S

)2

(A.1)

where S is the surface tension and p0 is the initial pressure.

Once nuclei are activated and grow in the venturi throat, they are advected down-

stream into a high pressure region in the diffuser where they collapse. The collapse of the

vapour-filled bubble generates a shockwave, the propagation of which excites a structural

response in the venturi outer sleeve that is measured by a piezoceramic sensor. Each

event is counted using signal processing. The nuclei event rate and concentration (C) is

then calculated for the sampled water by,

C =
N

∆tQ
(A.2)
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where N is the number of activations counted over time ∆t, and Q is the volumetric flow

rate. The critical pressures of the activated nuclei are determined using the minimum

pressure coefficient in the venturi throat which is measured under non-cavitating condi-

tions. Direct measurement of the minimum throat pressure in real time is not possible due

to destabilisation of the pressure field during cavitation events and undesirable cavitation

at the pressure taps.

A.4 Differential Flow Meter Calibration

The volumetric flow rate can be measured using ultrasonic flow meters, although

for redundancy and field use, a differential flow meter can be useful. In this case, the

volumetric flow rate is determined using the measured differential pressure, ∆p = p1−p2,
across a contraction located upstream of the centrebody venturi. The Bernoulli equation

for incompressible flow across the contraction is modified to incorporate a flow coefficient

(CQ) which characterises the viscous losses and geometric parameters of the contraction.

The flow coefficient is given by,

CQ =
Q

A2

√
2∆p/ρ

(A.3)

where A2 is the contraction outlet area and ρ is fluid density. CQ was determined from

calibration. A differential pressure sensor (Siemens P500, span: 0–31.25 kPa, model:

7MF5403-1EA10-Z) was used to measure the contraction pressure difference while tunnel

water was pumped through it and collected in a tank. The flow rate was calculated

by dividing the measured volume by the water discharge time. The flow coefficient was

measured for a range of Reynolds numbers based on the contraction outlet diameter. A

power law trendline was fitted to the data,

CQ = a1 ×Reb1 (A.4)

where a1 = 0.826 and b1 = 0.0186. The Reynolds number is defined as Re = U2D2/ν, where

U2 is the mean flow velocity at the outlet of the contraction, D2 is the contraction outlet

diameter and ν is the fluid kinematic viscosity. The measured CQ data and corresponding

trendline are shown in figure A.3.
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Figure A.3: Flow coefficient (CQ) for the contraction and minimum pressure coefficient (Cpmin) in the
venturi throat as functions of Reynolds number.

The flow velocity at the outlet of the contraction, U2, is then,

U2 =

[
a1

(
D2

ν

)b1 (2∆p

ρ

)0.5
] 1

1−b1

(A.5)

This allows the volumetric flow rate to be determined, then used in equation A.2 to

calculate the nuclei concentration. The flow velocity is also used together with the venturi

throat calibration parameters to determine the venturi throat pressure.

A.5 Venturi Throat Calibration

In order to determine the minimum throat pressure, the pressure coefficient (Cp) along

the throat was measured as a function of Re under non-cavitating conditions. A sleeve

with pressure taps at four locations along the venturi throat and pre-diffuser was installed

(figure A.2). Two of the upstream locations each had two opposing taps (not shown),

allowing the alignment of the centrebody within the sleeve to be assessed. The pressure

coefficient at each pressure tap is defined as,

Cp =
px − p1

1
2
ρU2

V T

(A.6)

where px is the pressure at location x in the throat, p1 is the pressure at a reference

location upstream of the venturi measured using high and low range absolute pressure

sensors (Siemens DSIII, span: 0–500 kPa, model: 7MF4333-1GA02-2AB1 and Siemens

DSIII, span: 0–130 kPa, model: 7MF4333-1FA02-2AB1, respectively) and UV T is the

mean flow velocity in the venturi throat, determined using either the ultrasonic flow

meters (as shown in this paper), or the differential flow meter. Both methods were

calibrated simultaneously. The differential pressure, px − p1, was measured using a high

range differential pressure transducer (Siemens SITRANS P500, span: 0–16 bar, model:
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7MF5403-1GA10-Z). The absolute pressures to which the sensor was exposed were made

less severe by conducting the calibration at high test section pressure (400 kPa). The

sensors were mounted on a frame located a short distance (i.e. <0.5 m) from the venturi

centrebody. A handheld pressure calibrator was used to verify the factory calibration of

the pressure sensors. The streamwise variation of Cp is shown in figure A.4 for a range of

Re.
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Figure A.4: Variation of pressure coefficient along venturi centrebody for a range of Reynolds numbers.
The throat is located between 27 and 37 mm. A pressure tap located downstream of the throat at 47 mm
was also used.

The magnitude of Cp in the venturi throat decreases with increasing Re value. The

minimum pressure coefficient (Cpmin
) occurs at one streamwise location for all but the

lowest Re value. Due to boundary layer growth, the location of the minimum pressure is

downstream of the minimum geometrical throat area for all Re. A power law trendline

was fitted to the Cpmin
values as a function of Re to give,

Cpmin
= a2 ×Reb2 (A.7)

where a2 = −2.53 and b2 = −0.0701. The measured Cpmin
data and corresponding

trendline are shown in figure A.3.

The minimum venturi throat pressure (pmin) is determined from,

pmin = p1 +
1

2
ρa2

(
D2

ν

)b2 ( A2

AV T

)2

U
(b2+2)
2 (A.8)

This corresponds to the critical pressure (pc) of the smallest activated nuclei.

Since the pressure taps in the sleeve surrounding the venturi centrebody are potential

cavitation sites, this calibration sleeve was replaced with a sleeve without pressure taps

for nuclei measurements.
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A.6 Signal Processing Technique

Cavitation bubble collapse events are counted using the measured voltage (VP ) across a

piezoceramic sensor (STEMiNC, 1 MHz resonant frequency, model: SMD15T21R111WL).

The signal is measured at a sampling frequency of 2 MHz. Four stages of signal processing

are used to shape each bubble collapse signal into an individual peak:

1. High-pass filter (to remove low frequency structural resonance and shorten event

duration)

2. Rectification (to enable smoothing of data)

3. Low-pass filter (to smooth data into single peaks)

4. Log function (to homogenise nuclei event signal amplitudes, improving the effective-

ness of peak counting)

Peak counting is used to count the number of maxima in the processed signal above

a threshold level. The nuclei event and volumetric flow rates are used to calculate the

nuclei concentration as per equation A.2. Samples of the raw and processed signal from

the piezoceramic sensor are provided in figure A.5. The effect of the threshold level on

the total nuclei count (for the complete dataset from which figure A.5 data was extracted)

is provided in figure A.6. If the threshold is set too high, nuclei events are missed. Con-

versely, if the threshold level is set too low, additional peaks due to unfiltered structural

resonance are counted, resulting in a higher nuclei concentration. The threshold level is

currently set based on correlation of aurally-detected events and signal peaks. Further

investigation of the acoustic emissions from bubble collapses is required to quantify the

counting accuracy and to improve its performance.
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Figure A.5: Piezoceramic sensor signal: raw (top) and processed (bottom). A threshold level of −1
(horizontal, dashed line) gives a count of 4. Vertical, dotted lines indicate detections.
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Figure A.6: Effect of threshold setting on nuclei concentration.
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A.7 Nuclei Distribution Measurement

A cumulative background nuclei distribution for the cavitation tunnel is shown in fig-

ure A.7. Nuclei concentrations were measured at a range of throat pressures by increasing

the venturi flow rate. The measurement method is cumulative, with a larger number of

cavitation events occurring with decreasing pressure as all nuclei with a critical pressure

greater than or equal to the throat pressure are activated. The results show that a nucleus

with an equivalent bubble diameter in the test section less than 1.78 µm can sustain a

pressure in the venturi throat of 49.1 kPa below vapour pressure before activation while

a nucleus with an equivalent diameter less than 1.01 µm can sustain −95.2 kPa. The

measured background nuclei concentrations in the order of 10−4 N/cm3 are relatively low

compared to the maximum anticipated concentrations in the laboratory environments in

the order of 10 N/cm3. Nuclei generators can be used to control the concentration of

artificially-seeded nuclei in the test section (Brandner et al., 2010; Lecoffre, 1999).
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Figure A.7: Cavitation tunnel cumulative background nuclei distribution. D0 is the equivalent bubble
diameter in the test section with static pressure 105 kPa and dissolved O2 content 3 mg/L.
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A.8 Uncertainty Analysis

An uncertainty analysis summary is provided in table A.1. Bias errors were propa-

gated for each of the measured quantities used to calculate the variables of interest, as

described in Coleman and Steele (1995). For the nuclei concentration, the uncertainty in

the activation count was assumed to be zero as validation of the event counting method

has not been carried out. Further investigation of acoustic emissions from bubble collapses

is required to quantify the counting accuracy. This will directly influence the nuclei con-

centration uncertainty. The main sources of uncertainty in the venturi throat pressure

measurement were the Cp and U2 measurements, both of which stem from the uncertain-

ties in the tank volume and timing measurements. These two parameters account for 81%

of the pc − pv uncertainty, implying that it could be reduced with a more accurate direct

flow rate calibration.

f Ref. value %εf Major contributors

CQ 1.02 0.424 V ol (64%), ∆t (35%)

U2 4.21 m/s 0.435 CQ (99%)

QUT 0.00123 m3/s 0.465 V ol (53%), ∆t (29%)

Cp −1.14 0.970 QUT (92%)

Re 8.79× 104 1.19 ν (85%), QUT (15%)

pV T −60,600 Pa 5.12 Cp (54%), U2 (41%)

C† 0.000271 N/cm3 0.436 U2 (100%)

pc − pv −63,100 Pa 4.92 Cp (54%), U2 (41%)

Table A.1: Uncertainties for a flow rate of 1.2 l/s at 25◦C. εf is the total uncertainty in f , the variable
of interest and V ol is the tank volume for flow meter calibration. † denotes that the error in activation
count, N , was assumed to be zero.

A.9 Conclusions

The calibration and operation of a Cavitation Susceptibility Meter for use in the cav-

itation tunnel at the Australian Maritime College was presented. The flow and minimum

pressure coefficients were calibrated experimentally for a range of Reynolds numbers. The

sensitivity of the nuclei concentration measurement to threshold level setting was illus-

trated, highlighting the requirement for further investigation of acoustic emissions from

bubble collapses to quantify the counting accuracy. The concentration measurement was

shown to have an uncertainty of less than 0.5%, while the critical pressure had an uncer-

tainty of approximately 5%. The volume measurement and timing uncertainties for flow

rate calibration accounted for 81% of this uncertainty. Sample nuclei distribution mea-

surements showed nuclei with critical pressures of up to 95.2 kPa below vapour pressure,

corresponding to an equivalent bubble diameter of 1.01 µm in the test section.
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C.1 Abstract

Water susceptibility and background nuclei content in a water tunnel are investigated

using a Cavitation Susceptibility Meter. The measured cumulative histogram of nuclei

concentration against critical pressure shows a power law dependence over a large range

of concentrations and pressures. These results show that the water strength is not char-

acterised by a single tension but is susceptible to ‘all’ tensions depending on the relevant

time scale. This background nuclei population is invariant of tunnel conditions showing

that they are stabilised against dissolution. Consideration of a practical cavitating flow

about a sphere shows that although background nuclei may be activated, their numbers

are so few compared with other sources that they are insignificant for this case.

C.2 Introduction

Inception of hydrodynamic cavitation in practical flows is invariably due to heteroge-

neous nucleation. These discrete sites of weakness, termed nuclei, are typically microbub-

bles either free in the liquid volume or volumes of gas trapped in or on adjacent surfaces.

Depending on nuclei strength, water can sustain tensions well below the saturated vapour

pressure before vapourisation occurs. Nuclei have been shown to control not only incep-

tion but also the dynamics of cavitation. Although nuclei may typically be microbubbles

they may also be gas volumes associated with solid particles (Mørch, 2007) or potentially

biological entities (O’Hern, 1987).

One method for measuring the nuclei concentration is by direct imaging. This may,

however, be problematic for several reasons. Firstly, often concentrations can be so low

as to make optical measurement times impractically long. Secondly, nuclei can be so

small, of the order of 0.1 µm, such that imaging with visible light wavelengths is beyond

diffraction limits. Thirdly, for the case of solid contaminants, imaging would only reveal

the size of the particle itself, not the volume of the trapped gas, which is the governing

parameter for cavitation inception.

To overcome these limitations, measurements may be taken with a Cavitation Suscep-

tibility Meter (CSM). These devices have been in use since the 1970s to directly measure

the nuclei distribution in water. The operating principle involves passing sampled water

through a venturi exposing it to reduced pressure, thus activating all nuclei with critical

pressures greater than, or equal to, the throat pressure. Nuclei activations are counted by

analysing the output signal from a high-frequency piezoceramic sensor, which measures

the structural response of the venturi due to nuclei collapse. By varying the flow rate, and

hence the throat pressure, a cumulative histogram of nuclei concentration as a function

of critical pressure can be measured.
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The quantification of the ‘susceptibility’ of a liquid to cavitation occurrence (i.e. its

‘strength’), inherent in the name of the device described above, is a topic where a consensus

has yet to be reached. Franc and Michel (2006) suggest that the susceptibility of a liquid is

the critical pressure associated with the activation of the largest nuclei present (based on

a complete nuclei histogram obtained using a CSM in a time period of about 10 minutes).

A number of authors, (e.g. Chahine and Shen, 1986; Arndt, 2012) have followed this

approach and reported specific values of susceptibility for particular volumes of water.

Alternatively, Gindroz and Billet (1994) suggest a practical definition of susceptibility as

the tension when the microbubble population corresponds to 10−4 cm−3. This second

definition is somewhat arbitrary and may not be generally applicable. Both of these

definitions have stemmed from nuclei measurements obtained using a CSM technique.

Susceptibility is of particular interest in test facilities where conditions can be con-

trolled to a greater degree than in real flows. Nuclei populations are dependent on the

dissolved gas content, levels of contaminants, artificial seeding of microbubbles and flow

conditions about a model and around the test facility circuit. The cavitation tunnel at the

Australian Maritime College (AMC) has the capability to continuously remove microbub-

bles generated either by cavitation or injected for the purposes of modelling nucleation.

Microbubbles larger than about 100 µm are removed in a large settling chamber via co-

alescence and gravity separation and those remaining are dissolved in a resorber through

extended residence at high pressure. The test fluid is demineralised water filtered to 1 µm.

Despite these measures there exists a background nuclei population of unknown nature,

for which there may be limited control, that is not amenable to measurement via optical

techniques. This population may however be characterised using a CSM which is the

subject of the present work. A canonical flow about a sphere is also considered in this

paper to demonstrate what role these nuclei may play regarding susceptibility, as well as

the inception and dynamic behaviour of cavitation.

C.3 Susceptibility measurements

For this experiment, the tunnel water was degassed to 30% of saturation at atmospheric

pressure, which is typical for cavitation testing to ensure all introduced microbubbles are

dissolved in the resorber. The tunnel static pressure was controlled at 100 kPa and the

water was not recirculated but maintained as a quiescent volume. Water was sampled

from the resorber and passed through the CSM and returned to the tunnel via the settling

chamber to avoid returned water being re-sampled within the duration of the measure-

ment. The CSM developed at the AMC uses a centrebody type venturi based on a design

by YLec Consultants (Grenoble, France) as reported by Pham et al. (1997).
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The measured cumulative histogram of nuclei concentration with critical pressure is

shown in figure C.1, with uncertainties as discussed in Khoo et al. (2016). This measure-

ment commenced with the lowest tension and greatest activation rate, and the CSM flow

rate was progressively decreased to reduce tension, such that the lowest concentrations

and longest measurements were made last. The flow rate was progressed when the first

of two conditions were met, either the nuclei count exceeded 100 after recording for at

least 30 s, or the time-out of 104 s. The long acquisition time was necessary because event

rates become very low as the tension is reduced. At the tension of −5 kPa, only one event

was recorded in over two hours. This means that the uncertainty of the concentration at

low tensions is higher than desired, but practical considerations prevent the acquisition

of extremely long time series. The estimated time required to achieve 100 nuclei activa-

tions would be approximately 280 hours. Tensions lower than -5 kPa were tested but no

activations were recorded within the measurement duration.
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Figure C.1: Cumulative background nuclei distribution in the AMC cavitation tunnel. The trend line
is a power fit and the dashed line corresponds to the minimum pressure on the surface of a sphere, as
discussed in section C.4.

The secondary horizontal axis shown in figure C.1 represents the equivalent initial bub-

ble diameter in the tunnel test section (d0 at p = p0), which can be calculated numerically

as:
4

27(pv − pc)2
=

(
d0
4S

)3

(p0 − pv) +

(
d0
4S

)2

, (C.1)

where pc is the critical pressure, pv is the vapour pressure and S is the surface tension.

The data measured follows a power law, where the concentrations are in cm−3 and

tensions are in kPa:

C = 1.8× 10−10(pv − pc)3.73 (C.2)
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These results show that the water may not be characterised by a particular tension but

rather is susceptible to ‘all’ tensions depending on the relevant time scale. This time scale

will, in-turn, depend on relevant length and velocity scales. Equivalent bubbles diameters

in the test section are less than 13 µm, which is below typical sizes measured by various

means in laboratory studies or in the ocean, making comparisons with other data difficult.

As these sizes are at or below limits of optical measurement techniques it is also difficult

to assess the nature of these nuclei. Due to the low concentrations involved it is also

difficult to use microscopy techniques with high magnifications as the volumes required

are impractically large. Additional tests have shown that the measured population is

independent of the direction of flow rate progression. Furthermore, the population is

invariant for all tunnel operating conditions. This shows that unlike microbubbles, either

created by cavitation or injected as nuclei, these background nuclei are stabilised against

dissolution.

C.4 An example flow, cavitation about a sphere

To analyse implications of these results, the example of cavitating flow around a sphere

is considered. This flow is examined for the cases with only background nuclei present

and where the oncoming flow is artificially seeded with nuclei, as considered by de Graaf

et al. (2016). The principal parameter characterising the flow is the cavitation number:

σ =
p0 − pv
1
2
ρU2
∞

(C.3)

For this example the sphere diameter is 0.15 m, the freestream velocity is 10.6 m/s,

the freestream pressure is 43.7 kPa, the dynamic pressure is 56 kPa and σ = 0.75. At

this cavitation number, the flow undergoes energetic shedding with frequent large scale

cavity extinction and re-nucleation providing insight into nucleation physics. Two sets of

four still images for the unseeded and seeded cases, selected to depict a cycle of cavity

nucleation, growth and collapse are shown in figure C.2.

Single-phase pressure measurements by Achenbach (1972) have shown the minimum

pressure coefficient, Cp,min ≈ −1.1 at this Reynolds number of 1.5×106. Thus, for this

experiment the minimum pressure in the flow field can be estimated as −18 kPa. This

pressure is indicated by the dashed line in figure C.1 indicating that only large nuclei

(> 5 µm), which have low concentration, will be activated. The number of activated

nuclei can be conservatively estimated by considering potential flow about the sphere,

the streamwise distance over which nuclei are activated and the local concentration of

activated nuclei from equation C.2. The total expected number of activated nuclei on the

imaged half of the sphere can then be determined from integrating the local population

over all radii with pressure less than vapour pressure. Assuming nuclei are activated over

0.2D gives an estimated number of activated nuclei per image of about 6× 10−4, or some

1580 photographs to image a single activation.
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Figure C.2: Two sets of still images selected to depict shedding cycles of cavitation around a sphere for
cases where the freestream was unseeded (left) and seeded with nuclei (right). The top row represents the
nucleation of the cavity, the middle rows are the growth phase and the bottom row is the cavity collapse.
The photographs were taken with a Nikon D800E digital camera with two synchronised stroboscopic light
sources.
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The top two images of figure C.2 for the unseeded case, depicting the typical nucleation

phase of a shedding cycle, show large numbers of activated nuclei. Since the concentrations

of background nuclei are low, this clearly demonstrates that these cannot be due to the

background population. Therefore, these nuclei must be from the surface and/or provided

by the previously shed cavity. For the seeded case, all images show a large number

of activated nuclei continuously supplied from the freestream regardless of the stage of

shedding. That is, while background nuclei may be activated, their numbers are so small

in comparison with other nucleation mechanisms that they are insignificant.

C.5 Conclusions

Results of a detailed study into the susceptibility of water in the AMC cavitation

tunnel are provided. The concentration of nuclei in the water is shown to follow a power

law and is invariant of tunnel conditions and as such are stabilised against dissolution.

Further, it is shown that the water is susceptible to all applied tensions, depending on

the relevant time scale in order to activate weaker nuclei. This implies that the length

and velocity scales of the flow in question are important in determining the required time-

scale for inception. Although ever present, the background population does not have any

practical effect on the example flow about a sphere, as the number of activated nuclei are

so few compared with other nucleation sources.
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E.1 Abstract

Nuclei, or microbubble, populations are inextricably linked to tip vortex cavitation

(TVC) inception and dynamics. In order to gain a better quantitative understanding

of this relationship, high-speed video measurements were taken in a cavitation tunnel of

TVC inception locations about an elliptical hydrofoil in flows with mono- and polydisperse

injected nuclei populations. Sample sizes of O(1000) were acquired. For both populations,

inception occurred between 0.02 chord lengths upstream of the hydrofoil tip and about

2.1 chord lengths downstream along the cavity trajectory. However, inception location

distribution varied significantly with nuclei population. This is explained by the higher

concentrations of weaker nuclei in the monodisperse case, which increases the distance

along the vortex within which nuclei are susceptible to cavitation. These results provide

the foundation for studies on TVC dynamics and acoustics.

E.2 Introduction

Cavitation inception in practical flows is invariably heterogeneous where nuclei, typi-

cally microbubbles, are exposed to a size-dependent critical pressure, resulting in explosive

cavity growth. For all but the largest nuclei, critical pressures are well below vapour pres-

sure, or absolute zero, such that liquids typically sustain tensile stresses prior to nuclei

activation. A trailing vortex has low pressures in its core, which is the likely location

for inception. Nuclei are drawn into the vortex core due to the radial pressure gradient.

This phenomenon is known as tip vortex cavitation (TVC), see figure E.1. It is often the

first type of cavitation to occur about marine propellers and is detrimental to acoustic

stealth performance. TVC has been studied extensively (Arndt, 2002). Scale effects due

to Reynolds number (McCormick, 1962; Shen et al., 2009) and nuclei (Arndt and Keller,

1992; Gindroz and Billet, 1998) have been the focus of many investigations, with the aim

to extrapolate model-scale results to full scale.

Hydrofoil tip Tip vortex cavity

Figure E.1: Photograph showing an example of tip vortex cavitation downstream of an elliptical hydrofoil.
The flow direction is left to right.
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Nuclei populations can vary within and between environmental and laboratory waters

(Khoo et al., 2020c). They are known to influence TVC behaviour, with earlier onset of

cavitation measured in flows with higher concentrations of larger nuclei, also known as

‘weak’ water (Arndt and Keller, 1992; Gindroz and Billet, 1998; Khoo et al., 2018). While

numerous studies of nucleation effects on cavitation have been carried out, only limited

observations have been made of their effects on inception location. Such observations

have the potential to offer insights into TVC dynamics and acoustics.

The influence of TVC inception location on cavity dynamics and acoustics is of interest

as the streamwise variation of the vortex core pressure affects TVC behaviour. The mini-

mum pressure occurs approximately 0.125c downstream of the tip for elliptical hydrofoils,

where c is the chord length (Fruman and Dugue, 1994; Asnaghi et al., 2020). However,

since inception could potentially occur at any location in the flow where the pressure is

below vapour pressure, the location of inception has been reported anywhere from 0.05c

upstream to 2c downstream of elliptical hydrofoil tips (Higuchi et al., 1989; Maines and

Arndt, 1993; Arndt and Maines, 2000).

While it is convenient to describe water as either ‘weak’ or ‘strong’, as done by Arndt

and Maines (2000), nuclei populations have size, concentration and spatial distributions

and are therefore statistical in nature (Venning et al., 2018b). This means TVC inception

is also statistical and requires large numbers of repeated measurements for accurate char-

acterisation, particularly in nuclei deplete flows (Khoo et al., 2020a). Previous studies

using large numbers of cavitation events either span a range of test conditions (Arndt

and Maines (2000): 500 events) or are used for averaging (Oweis et al. (2004): 1000

events, Choi and Ceccio (2007): 100 events), and are not used to quantify TVC inception

statistics. While it was found that O(100)–O(1000) samples are required to describe the

statistics of TVC inception in nuclei deplete flows, it was suggested that fewer samples

may be required for flows with higher nuclei populations (Khoo et al., 2020a). A clearer

understanding of sample size selection is required to inform the design of TVC inception

experiments.

Nuclei populations in cavitation test facilities have been varied by manipulation of the

dissolved air content (Arndt and Maines, 2000; Chang et al., 2011) and by microbubble

injection (Briançon-Marjollet and Merle, 1996), the latter enabling more independent

control over free and dissolved gases and thus their effects on cavitation behaviour. Even

stricter nuclei control and measurement is required to isolate nuclei size and concentration,

and to quantify their individual effects on TVC inception location.

In this paper, the effects of two nuclei populations on TVC inception location are

presented using large datasets. This provides the basis for studies into TVC dynamics

and acoustics, and how they relate to nuclei content and inception location.
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E.3 Experimental overview

Hydrofoil tip vortex cavitation inception locations were measured in a cavitation tunnel

using a high-speed video camera. Two injected nuclei populations were studied at a fixed

Reynolds number and incidence. The experimental setup is shown in figure E.2 and

further details are provided below.

64:9 contraction

Test section

DiffuserHoneycomb

Polydisperse

nuclei

injectors

Monodisperse

nuclei injector

U∞
Hydrofoil

Force balance

Plenum

Cavity

Figure E.2: Schematic of the experimental setup in the upper segment of the AMC cavitation tunnel,
showing the hydrofoil located in the test section. The force balance allows for angular positioning of
the hydrofoil. The test section velocity is U∞. Mono- and polydisperse nuclei populations were injected
upstream of the test section for different test runs. They are shown as red and white dots, respectively.

E.3.1 Test facility

The cavitation tunnel in the Australian Maritime College (AMC) Cavitation Research

Laboratory is a medium-sized, variable-pressure water tunnel located in Launceston, Aus-

tralia. It is constructed of stainless steel (wetted areas) and has a volume of 365 m3. The

working fluid is demineralised water. The test section cross section is 0.6 m × 0.6 m, with

a length of 2.6 m. The test section pressure, p∞, can be varied between 4–400 kPa, while

the test section velocity, U∞, range is nominally 2–12 m/s.

The tunnel design and ancillaries allow for strict control of free and dissolved gas con-

tents. The test flow can be seeded with microbubbles, or nuclei, using injectors mounted

in the plenum upstream of the test section. Bubbles are removed downstream of the

test section in a large downstream tank (via coalescence and gravity separation) and a

lower segment resorber (via extended residence and dissolution). The tunnel features a

fast degassing facility, which allows the dissolved gas content to be reduced as required.

Further details are provided in Brandner et al. (2007).
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E.3.2 Free and dissolved gas content

Two injected nuclei populations were used for this study. An injected monodisperse

microbubble population (hereinafter termed ‘monodisperse’) with a nominal dominant

bubble diameter of 100 µm was generated using a stainless steel ‘T’-junction with 100 µm

bore from Valco Instruments Co. Inc. This injector was mounted upstream of the con-

traction, at the mid-span and mid-height of the plenum, see figure E.2.

An injected polydisperse microbubble population (hereinafter termed ‘polydisperse’)

with a range of bubble diameters was generated using the cavitation of supersaturated

water fed through an array of injectors mounted in the plenum (Giosio et al., 2016;

Russell et al., 2020b). They are typically arranged in a triangular grid, 80 mm apart

(an equivalent spacing of 30 mm in the test section), mounted across three columns of a

supporting strut. For this study, only the two outer columns were used to produce a low

concentration of polydisperse nuclei, resulting in a spanwise and vertical spacing between

injectors of 139 and 80 mm, respectively. This corresponds to 52 and 30 mm in the test

section, respectively.

The injected nuclei populations were measured using Mie Scattering Imaging (MSI)

(Russell et al., 2020b,a). They are presented as histograms of nuclei concentration against

bubble diameter in figure E.3. The Reynolds number is Re = U∞c
ν

, where U∞ is the test

section velocity, c is the hydrofoil root chord length and ν is the fluid kinematic viscosity.

It was fixed at Re = 1.5× 106 for this study. The cavitation number is σ = p∞−pv
1
2
ρU∞2 , where

p∞ is the freestream pressure in the test section at the same height as the hydrofoil tip,

pv is the vapour pressure and ρ is the fluid density. It was fixed at σ = 1.6 for this study.

25 50 75 100 150
d (µm)

106

107
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109

1010

Figure E.3: Comparison of nuclei distribution histograms measured using Mie Scattering Imaging (Re =
1.5 × 106, σ = 1.6). The nuclei density distribution, −∂C

∂d , is plotted against nucleus diameter, d. The
monodisperse nuclei distribution features a prominent peak at d = 77 µm and a smaller one at d = 97 µm.
The polydisperse nuclei distribution has a lower concentration of bubbles across a range of smaller sizes.
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The monodisperse and polydisperse nuclei distributions are constructed from 170 and

15 bubble detections, respectively. While larger sample sizes are preferred, there are

sufficient detections to identify the characteristics of each distribution. The monodisperse

nuclei distribution exhibits a peak concentration at d = 77 µm. A smaller peak at

d = 97 µm, based on 4 bubble detections, also exists. It is possible that ∼ 97 µm

diameter bubbles were injected but broke up into ∼ 77 µm diameter bubbles. The critical

pressure of bubbles in this size range is effectively vapour pressure, which results in weak

water.

The polydisperse nuclei distribution comprises a lower concentration of bubbles across

a range of smaller diameters. It is stronger than the monodisperse nuclei distribution, as

no bubbles larger than about 60 µm in diameter were detected.

The dissolved oxygen content was maintained between 2.6 and 3.7 mg/L (i.e. 29–41%

relative to saturation at atmospheric pressure) throughout the experiment.

E.3.3 Cavitation inception location measurement & processing

A stainless steel hydrofoil with an elliptical planform and NACA 0012 cross section was

studied. It has a root chord length of 150 mm and a span of 300 mm. It was mounted to

a six-component force balance with a stepper motor and encoder for angular positioning.

This unit was installed 1.45 m from the test section entrance, as shown in figure E.2. The

hydrofoil incidence, α, was fixed at 6° throughout this study.

Visual measurements were taken using a high-speed camera (Phantom v2640 with

Nikon 24 mm focal length lens, frame rate 16 kHz). It was mounted beneath the test

section. LED lighting was used to illuminate the cavities. Recordings were triggered

using an image-based trigger.

Visual measurements of a single cavitation event in a flow injected with monodis-

perse bubbles are shown in figure E.4. Image processing was carried out using MATLAB

software. The composite photograph (left) shows the different stages of development of

a single cavity. Boundaries of the cavity trajectory were identified using an image of

a steady cavity attached to the hydrofoil tip. The distance along the cavity trajectory

downstream of the hydrofoil tip, s, is normalised by the hydrofoil root chord length, c, in

this analysis (i.e. s/c). Note that the image-based trigger used for video acquisition was

located at s/c ≈ 2.4.

Pixels with the maximum intensity within the trajectory bounds at each s/c location

were extracted from each video frame. Space-time plots were constructed which quantify

cavity development. Intensity and area filters were applied to identify tip vortex cavities.

Cavitation inception was defined as the elongation of a captured nucleus, so the filter was

tuned to only pass such cavities. The downstream distance along the cavity trajectory

corresponding to the earliest appearance of the cavity (i.e. the top of the leftmost point

of the shaded region in figure E.4) was defined as the inception location, si/c.
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Figure E.4: Visual measurements of a single cavitation event in a flow injected with monodisperse bubbles
(Re = 1.5 × 106, σ = 1.6, α = 6°). The composite photograph (left) shows different stages of cavity
development, with the flow direction top to bottom. The hydrofoil tip is marked with a red circle. The
distance along the cavity trajectory (bounded by the dark red lines) downstream of the tip, s, normalised
by the root chord length, c, is plotted against time, t, in the space-time graph (right). The shaded region
corresponds to a cavity identified using intensity and area filters. The inception location is at si/c = 0.58.
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E.4 Results and Discussion

Histograms of inception location are provided in figure E.5. A total of 4023 events

were captured for the monodisperse case and 1405 for the polydisperse. Although O(1000)

events were recorded in each case, the inception location distributions converge to that of

the final dataset within O(100) events.

Figure E.5: Histograms of inception location, si/c, for different nuclei populations (Re = 1.5 × 106,
σ = 1.6 and α = 6°). The hydrofoil tip corresponds to si/c = 0. The distribution is more uniform for
the monodisperse case, especially between si/c = 0 and 0.6. Inception is most likely just downstream of
the tip for the polydisperse case. Inception events were observed between si/c = −0.02 and about 2.1 for
both cases.

The inception location distributions differ significantly. In the monodisperse case,

a greater proportion of inception events occur at downstream locations. The higher

concentration of weaker nuclei in the monodisperse case increases the distance along

the vortex within which nuclei are susceptible to cavitation. The distribution is relatively

uniform between si/c = 0 and 0.6. This could be associated with a stronger radial pressure

gradient across this range, which draws larger bubbles into low pressure regions faster than

smaller ones. It may be that p � pv in this region, but such inferences are made with

caution as vaporous and gaseous cavitation have not been distinguished in this study. The

former occurs when the equilibrium of a nucleus becomes unstable when exposed to its

critical pressure, resulting in explosive growth as the cavity fills with vapour. The latter

occurs when a larger bubble grows due to pressure reduction and gaseous diffusion at a

pressure higher than vapour pressure. Measurement or simulation of the pressure field

could assist with understanding the physics of nuclei capture and type of cavitation that

occurs.
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For the polydisperse case, inception events most commonly occur just downstream

of the tip, tending to decrease in probability with increasing downstream distance. The

‘window of opportunity’ for inception for this case is smaller due the presence of stronger

nuclei that require higher tensions to activate, hence a greater clustering of data points

about what is presumably the location of minimum vortex pressure. The location of the

peak shows agreement with the location of minimum pressure in the tip vortex of an

elliptical hydrofoil, which has been found to be 0.125c downstream of the tip (Fruman

and Dugue, 1994; Asnaghi et al., 2020).

For both nuclei populations, inception events were detected up to 0.02c upstream of

the tip. This is indicative of the start of tip vortex development in this region. Inception

events were also detected up to si/c ≈ 2.1 for both cases. These results are in agreement

with Maines and Arndt (1993) and Higuchi et al. (1989) who observed inception between

0.05c upstream and 2c downstream of the tip (in the streamwise direction), respectively.

In the present study, some inception events exhibited only minimal elongation. This

occurred at si/c & 1.2 for the monodisperse case and si/c & 1.8 for the polydisperse.

This indicates weakening of the vortex, but it is unclear whether these inception events

constitute vaporous or gaseous cavitation.

E.5 Conclusions

Nucleation effects on tip vortex cavitation inception location about an elliptical hy-

drofoil have been studied in a cavitation tunnel using high-speed video measurements.

Sample sizes of O(1000) were acquired. The nuclei population was found to influence

inception location distributions significantly. In the monodisperse case, a greater pro-

portion of events occurred at downstream locations. This was attributed to the higher

concentration of weaker nuclei in this flow, which increased the distance along the vortex

within which nuclei could cavitate. For both nuclei populations, inception was detected

between 0.02 chord lengths upstream of the hydrofoil tip and about 2.1 chord lengths

downstream of the tip along the cavity trajectory. Some of the inception events exhib-

ited only minimal elongation. The distinction between vaporous and gaseous cavitation

should be given further consideration as it would enable the local pressure to be inferred

with greater confidence. This study provides the foundation for investigations into TVC

acoustics and its dependence on TVC dynamics using cavity properties determined from

high-speed video measurements.
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