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Abstract

The subject of this project is the analysis of Large Eddy Simulation (LES) results
using a new cavitation model that accounts for the influence of cavities generated
by turbulent vortices in the sub-grid scale, which are often approximated using
eddy viscosity in LES models. This is achieved by implementing a probabilistic
approach (PDF model) that bridges the gap between the filtered pressure field and
the local microscopic pressure drops.

The research is divided into two main computational setups. In the first case,
characterized by a moderate angle of attack, the study demonstrates how the
inclusion of SGS pressure fluctuations significantly improves the prediction of the
sheet-to-cloud cavitation transition, which is often underestimated by conventional
models. The second case explores a flow regime with a higher angle of attack,
where the interaction between turbulent detachment and cavitation becomes domi-
nant. The results are compared against experimental data and standard No PDF
simulations to assess the sensitivity of the model and the calibration of the model
constant. The findings highlight that accounting for SGS turbulence is essential for
a more physically consistent representation of the cavitation inception and shedding
frequency, however the model is unable to improve significantly the results for the
second case analyzed, highlighting the complexity of the phenomenon under study.
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Chapter 1

Introduction

Cavitation is a widespread phenomenon that occurs in various contexts, such as
pumps, propellers, and hydrofoils [1]. It happens when the pressure in a specific
region of liquid falls below the saturated vapor pressure causing the liquid to
transition into vapor, which results in the formation of cavities within the liquid
[2]. The adverse effects of cavitation include reductions in the performance of fluid
machinery, erosion of solid surfaces due to the high pressures generated during
bubble collapse, and production of vibrations and noise [3]. Cavitating flows are
commonly encountered in engineering applications, and the difficulty in accurately
predicting their behavior represents a significant challenge for modern engineering
[4].

Over the years, research on cavitation has focused primarily on its suppression
and control. Recently, however, a stronger interest towards the active utilization of
the phenomenon is occurring. Cavitation can, indeed, be exploited for purposes such
as cleaning, surface treatment, enhancement of chemical reactions [5], elimination
of harmful microorganisms [6], and various medical applications[7], [8]. This is why
contemporary studies on cavitation encompass a broad range of perspectives, from
suppression and control to effective utilization of the phenomenon [4].

1.1 Numerical approaches and challenges
In general conducting experimental performance tests on fluid machinery is costly
and the use of liquid fuels in such experiments can be hazardous and impractical [4].
Conversely, numerical simulations are more cost-effective and allow for performance
evaluation under varying parameters and geometries easily. For this reason, numer-
ical approaches are increasingly used for the development of equipment subject to
cavitating flows.

Cavitation is a process in which small gas bubbles containing non-condensable
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Introduction

gases within a liquid rapidly grow, contract, and collapse due to pressure fluctuations
in the flow field. The characteristic time scale of bubble dynamics is typically
much shorter than that of the surrounding flow, and the spatial scales of the
bubbles and the flow field also differ substantially. As a result, cavitating flows
exhibit strong unsteady behavior across multiple temporal and spatial scales. The
accurate estimation of small-scale cavities can be as important as that of large-scale
structures [9]. Because of this complex behavior, cavitation flows are still an
significant challenge in numerical simulation.

1.2 Types of cavitation

Cavitating flows are usually classified into five main categories: bubble, sheet, cloud,
vortex, and super-cavitation. Bubble cavities occur when the cavitation consists of
discrete bubbles that move downstream and collapse in regions of higher pressure.
A sheet cavity, on the other hand, is attached to the surface of the hydrofoil and
presents a clear interface between the liquid and vapor phases. A cloud cavity
is formed by the coalescence of small bubbles, usually separating from an initial
sheet cavity. Finally, a super-cavity consists of a large cavity that goes around the
entire body, or at least most of it. Apart from these primary types of cavitating
patterns, secondary effects such as re-entrant jets, turbulence, and interactions
between bubbles and solid surfaces can further complicate the flow structures.[2] A
schematic example of the main phenomena occurring around a hydrofoil subject to
cavitation can be seen in Fig. 1.1.

Figure 1.1: Different cavitating phenomena
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Figure 1.2: Vortex cavitation in the strong shear layer α = 19° and σ = 1.67 [10]

Fig.1.2, on the other hand, displays vortex cavitation occurring around a hydrofoil
in the strong shear layer when α = 19° and σ = 1.67.

1.3 Classification and review of cavitation models
Since the 1980s, Navier–Stokes-based methods have been developed for analyzing
cavitating flows. The cavitation models used in such analyses can generally be
categorized into two main types: the single-fluid model, which treats the two-phase
mixture as a homogeneous medium and neglects slip velocities between the phases,
and the two-fluid model, which solves separate governing equations for the liquid
and vapor phases [4]. Currently, however, a unique CFD method applicable to all
types of cavitation has not been created. The most appropriate method is strongly
dependent on the cavitation regime under study.

In homogeneous single-fluid models, the gas–liquid mixture is treated as a single
fluid whose density depends on the vapor volumetric fraction and liquid volumetric
fraction. Several formulations are based on this principle. For instance, equation
of state models determine mixture density based solely on pressure [11], while
transport-equation models introduce mass-transfer source terms for evaporation
and condensation, as in the models of Merkle et al.[12], Kunz et al. [13], Singhal
et al. [14], Schnerr–Sauer et al.[15], and Zwart et al.[16]. Other approaches
rely on simplified bubble-dynamics equations, where the vapor volume fraction is
obtained from Rayleigh–Plesset type expressions with a prescribed bubble number
density [17]. These homogeneous fluid models are widely employed because of their
simplicity and relatively low computational cost.

Two-fluid models, on the other hand, treat liquid and vapor as separate phases
with distinct velocities. Eulerian formulations solve transport equations for both
phases [18], whereas Lagrangian models track vapor bubbles individually. Although
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these models can represent bubble-scale dynamics more accurately, they are com-
putationally expensive and the conversion between structures at different length
scales, including bubble coalescence and fragmentation, proved to be difficult [19].

Despite the wide variety of available models, none of them can accurately
reproduce all cavitation regimes within a single unified framework. Even for
standard hydrofoils, many models struggle to capture sheet cavity length, interface
dynamics, and the unsteady behavior observed in experiments. This limitation is
commonly attributed to the fact that different cavitation mechanisms dominate in
different flow regions, making a single model formulation insufficient to represent
the entire phenomenon [20]. Although the choice of a cavitation model determines
how the phase change is represented, the overall predictive accuracy of a simulation
also depends strongly on the turbulence modeling strategy. Turbulence influences
cavity formation, growth, and shedding, and therefore an appropriate treatment of
both resolved and sub-grid-scale (SGS) motions is essential for accurately capturing
cavitating flows.

1.4 Turbulence modeling for cavitation
Different turbulence models have been employed to study cavitating flows so far,
including Reynolds-Averaged Navier-Stokes (RANS) [21] and Large Eddy Simu-
lation (LES)[22]. RANS approaches are unable to adequately capture the strong
unsteadiness characteristic of cavitating turbulence. Moreover, RANS solutions
tend to depend heavily on the specific turbulence model adopted. During interna-
tional benchmark studies on cavitating hydrofoils, it has been shown that unsteady
Reynolds-averaged numerical simulation (URANS) tends to excessively smooth
turbulent fluctuations, leading to an underestimation of sheet cavity length and to
an inaccurate prediction of lift breakdown [23]. Improvements such as modified
vapor pressure [22], density-dependent eddy viscosity[24], or cavitation-induced
source terms[25] have been proposed, but they often rely on empirical parameters.

Large-Eddy Simulation (LES), on the other hand, has progressively become a
more suitable approach for dynamic cavitating flows, as it resolves the large-scale
vortical structures responsible for cavity formation, shedding, and re-entrant jet
dynamics. LES models, indeed, are based on the principle that large vortices with
low wave numbers are dependent on the flow field, whereas small vortices with
high wave numbers exhibit more universal behavior and are thus modeled using
turbulence models. Several LES investigations have successfully reproduced key
features of unsteady cavitation, including cloud shedding and spanwise interface
instabilities. At present, most LES models are based on the Smagorinsky model
and its dynamic variant, which were originally developed for single-phase flows [26].
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For instance, Qin & Wosnik [27],[28] analyzed two-dimensional cavitating flow
around a NACA0015 wing profile using a model that assumed a barotropic fluid,
with the approximation of weak compressibility and the Smagorinsky model with
the van Driest function [29] at the wall boundary. This research showed a strong
correlation between cloud cavity shedding, trailing-edge vortex release and lift
fluctuations and good agreement with the experimental results found through PIV
measurements. Similarly, Wang & Ostoja-Starzewski [30], performed computations
using a similar cavitation and turbulence model for a hydrofoil and successfully
reproduced sheet cavitation and periodic cloud cavity shedding. Also Yamada et al.
[31] conducted LES of flows around basic shapes using the model proposed by Okita
and Kajima [32] and the Dynamic Smagorinsky model (DMS)[26]. They were able
to obtain good lift to drag ratios but failed to reproduce unsteady phenomena like
re-entrant jet and cloud cavity release and speculated that this was probably due to
an underestimation of the eddy viscosity. Both Shams & Apte [33] and Liu & Katz
[34] analyzed cavitation in the same open cavity with a cavitation model using a
two-fluid model and a transport equation model combined with the DSM. Several
other simulations of cavitating flows were carried out using the Smagorinsky model
throughout the years [35],[36],[37]. In some of which, like Suzuki et al.[38] and
Pendar & Roohi [39] LES models were utilized in commercial software.
Hybrid methods such as detached-eddy simulation (DES) have also been employed,
although their accuracy strongly depends on near-wall resolution. DES combines
RANS and LES for high Reynolds number flows: the boundary layer along the wall
is handled with RANS, and the detached flow is treated with LES. An advantage
of this method is that it requires less computational resources than LES but so far
no modifications have been made to account for cavitation. For example, Ugajin
[40] deployed the cavitation model developed by Okita &Kajijama [32] together
with a basic DES model by Spalart [41] for turbulence modeling giving physically
valid results but without obtaining clear improvements.

1.5 Goal and structure of the thesis

Despite extensive experimental evidence that cavitation is initiated in the cores of
fine-scale turbulent vortices, most existing numerical simulations based on LES or
DES resolve only large-scale motions and model small-scale vortices statistically. As
a result, the strong, highly localized low-pressure events that occur in SGS vortices
and act as the primary sources of cavitation cannot be represented explicitly. This
limitation makes it difficult to reproduce the onset of vortex cavitation and its
subsequent interaction with turbulence within conventional single-phase turbulence
frameworks. Therefore, a modeling approach in which SGS vortices are allowed to
directly generate cavitation, and in which the mutual interaction between cavitation
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and SGS turbulence is consistently taken into account, is essential for the physically
accurate simulation of unsteady cavitating turbulent flows.

The goal of this study is to evaluate the performance of a LES framework
incorporating a probability density function (PDF)–based cavitation model designed
to account for these unresolved pressure fluctuations. Since conventional LES filters
out local pressure depressions induced by SGS vortices, an improved formulation
capable of incorporating their statistical effect is required. A PDF-based approach
allows the distribution of instantaneous pressure within each computational cell
to be represented, enabling cavitation to occur even when the filtered pressure
remains above the vapor pressure. The analysis focuses on the cavitating flow
around a Clark-Y11.7% hydrofoil under two operating conditions, with the aim of
determining whether the proposed model improves the prediction of sheet cavity
length, pressure distribution, and unsteady dynamics compared to a standard LES
formulation.

This thesis is organized as follows. Chapter 2 presents an overview of the com-
putational model, including the governing equations, cavitation model, numerical
scheme, and computational setup. Chapters 3 and 4 discuss the results for the two
operating conditions. Finally, Chapter 5 presents the conclusions.
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Chapter 2

Overview of Computation

2.1 Governing equations
Since the liquid phase is regarded as a weakly compressible fluid and the mean
flow is characterized by a relatively low Mach number, an incompressible-type
formulation based on the low Mach number approximation is employed. This
approach allows for the treatment of slight compressibility effects without the
computational cost associated with fully compressible solvers, while still accounting
for pressure–density coupling that drives cavitation inception [4].

All variables appearing in the governing equations are non-dimensionalized using
reference quantities: a characteristic length c, the freestream velocity u∞, and the
far-field liquid density ρL∞. The kinematic viscosity of the liquid phase is assumed
to be constant throughout the domain, which is a reasonable assumption considering
the small temperature variations typically associated with hydrodynamic cavitation.

The cavitating flow is modeled as a homogeneous two-phase mixture composed
of a liquid part and a vapor part. Because the vapor density is several orders of
magnitude smaller than the liquid density, the contribution of the gas phase to the
overall momentum and mass conservation is neglected. Under this assumption, the
homogeneous density, ρ, can be expressed as the product of the liquid density and
the local liquid volumetric fraction fL:

ρ ≈ fLρL. (2.1)
The parameter fL represents the fraction of liquid volume within a computational
cell, that is, the ratio between the local liquid volume and the total control-volume
size. Its value therefore ranges between 0 and 1. To avoid numerical singularities,
however, a lower threshold of fL is imposed, because the vapor density is neglected..
In the present formulation the variable is constrained within the interval

0.1 ≤ fL ≤ 1.0. (2.2)
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When fL = 1.0, the control volume is completely filled with liquid, whereas values
close to fL = 0.1 indicate a predominantly vapor-filled region.

2.1.1 Mass Conservation
The evolution of the liquid fraction and the associated mass conservation are
governed by the continuity equation:

∂(fLρL)
∂t

+ ∂(fLρLui)
∂xi

= 0, (2.3)

where ui denotes the velocity component in the i-th direction. This equation
expresses the conservation of the liquid mass within each control volume, accounting
for both density fluctuations and changes in the liquid volume fraction due to phase
change.

To linearize the equation and simplify its implementation in a weakly compress-
ible formulation, the liquid density ρL is decomposed into a reference value and a
small perturbation:

ρL = 1 + ρ′
L, |ρ′

L| ≪ 1. (2.4)
Under isentropic conditions, the low Mach number approximation relates the
temporal variation of density to that of pressure:

Dρ′
L

Dt
= M2Dp

Dt
, (2.5)

where M = u∞/csound is the reference Mach number and in this case csound is the
speed of sound in the liquid. Substituting this relation into the mass conservation
equation gives the evolution of the liquid volume fraction:

DfL

Dt
+ fL

A
M2Dp

Dt
+ ∂ui

∂xi

B
= 0. (2.6)

Eq. ( (2.6)) shows that the variation of fL depends on the compressibility term,
which scales with M2, and on the divergence of the velocity field, which represents
the volumetric expansion or contraction of the flow. Since the Mach number is
fixed across the computational domain, it acts as a controlling parameter for the
strength of the compressibility effects in the liquid phase.

2.1.2 Momentum Conservation
The motion of the liquid phase is governed by the non dimentionalized momentum
conservation, expressed as

∂(fLρLui)
∂t

+ ∂(fLρLuiuj)
∂xj

= − ∂p

∂xi

+ ∂(fLτij)
∂xj

, (2.7)
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where p is the pressure and τij the viscous stress tensor. After simplifying it and
dividing by fL, the momentum equation takes the following final form:

∂ui

∂t
+ uj

∂ui

∂xj

= − 1
fL

∂p

∂xi

+ ∂τij

∂xj

. (2.8)

Eq. (2.8) governs the time evolution of the velocity field of the fluid, and, together
with the continuity equation (2.6), defines the fundamental dynamics of the liquid
phase. The viscous stress tensor for a Newtonian fluid is defined as

τij = 1
Re

A
∂ui

∂xj

+ ∂uj

∂xi

− 2
3 δij

∂uk

∂xk

B
, (2.9)

where Re = cu∞/νL is the Reynolds number, with νL representing the kinematic
viscosity of the liquid. The divergence of the viscous tensor can be expanded as

∂τij

∂xj

= 1
Re

A
∂2ui

∂xj∂xj

+ 1
3

∂

∂xi

∂uk

∂xk

B
. (2.10)

The second term in parentheses corresponds to the contribution of bulk viscosity and
becomes negligible when the velocity field is nearly divergence free, an assumption
valid for the low Mach number regime considered in this study. Thus, the expression
is simplified into

∂τij

∂xj

≃ 1
Re

∂2ui

∂xj∂xj

. (2.11)

Eq. ((2.6)), ((2.8)), and ((2.11)) together form the governing system used in
the present numerical framework. This formulation captures the essential physics
of weakly compressible cavitating flows. It provides the basis for the subsequent
implementation of the cavitation model described in the following sections.

2.2 SGS model
The space-filtered mass conservation equation and equation of motion are expressed
as:

DfL

Dt
+ fL

A
M2Dp̄

Dt
+ ∂ūi

∂xi

B
= 0, (2.12)

∂ūi

∂t
+ ūj

∂ūi

∂xj

= − 1
fL

∂

∂xj

3
p̄+ 2

3fLkSGS

4
+ ∂

∂xj

5
2
3
νSGS + 1

Re

4
S̄ij

6
, (2.13)
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Where S̄ij represents the rate-of-strain tensor. The one-equation dynamic model is
used as the SGS model, giving the SGS kinetic energy kSGS and the SGS kinematic
eddy-viscosity coefficient νSGS. In this model, the νSGS is obtained by

νSGS = Cν∆ν

ñ
kSGS (2.14)

Where Cν=0.05 is the non-dimensional constant and ∆ν the dimension of the
computational grid.[42]
kSGS derives from solving the transport equation:

∂kSGS

∂t
+ ūi

∂kSGS

∂xj

= −τijS̄ij − Cε
k

3/2
SGS

∆̄
− εw + ∂

∂xj

C
(Cd∆ν

ñ
kSGS + ν)∂kSGS

∂xj

D
(2.15)

The production term in Eq. 2.15, which indicates the energy transfer from GS to
SGS portion of turbulence kinetic energy, is evaluated by dynamic procedure of
Germano et al.[26] and Lilly[43]. kSGS reaches automatically the value of zero in
the laminar region and is also zero on the solid wall due to the boundary condition
[44].

2.3 Baseline cavitation model
The baseline cavitation model is based on the homogeneous fluid model developed
by Okita & Kajishima [45]. The source term used is:

DfL

Dt
= [Cg(1 − fL) + ClfL](p̄− pv) (2.16)

where the saturated vapor pressure pv, is found through the cavitation number,
σ. Cavitation number is a non-dimensional number, essential in fluid dynamics to
evaluate the cavitation phenomena. It is expressed as follow:

σ = p∞ − pv
1
2ρu

2
∞

(2.17)

The values of model constants Cg and Cl are those used for a cavitation flow around
a square cylinder [45], they are set to:

• Cg=1000 and Cl=1 for p̄ < pv

• Cg=100 and Cl=1 for p̄ > pv.
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2.4 PDF-based model

The limitation of the conventional SGS models is that the SGS vortices are modeled
by eddy viscosity so the local low-pressure region cannot be considered, meaning
the related cavity generation is ignored. To address this limitation, Singhal et
al.[22] introduced a new cavitation model. The main innovation of the model lies in
the assumption that phase change rates (evaporation and condensation) depend not
only on the local Reynolds-averaged pressure but also on pressure fluctuations from
the average. The instantaneous pressure can drop below the vapor pressure even if
the mean pressure remains above it. To quantify this, the model employs a PDF
to account for the probability of the pressure in a computational cell. In Singhal’s
formulation, a top-hat PDF (top-right image of Fig.2.1) was used to link the phase
change rates to the turbulent kinetic energy (k), where the pressure fluctuations
are estimated as p′ = 0.39ρk. Following this approach, the idea has been further
extended to LES frameworks. In this context, the PDF is used to represent the
spatial pressure distribution within a computational cell. By introducing the PDF
into LES, it becomes possible to account for the cavitation induced by unresolved
small-scale structures, effectively modeling the SGS cavitation inception that would
otherwise be missed by the filtered pressure field.

Figure 2.1: Various forms of PDF

11
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In the new model formulation, the PDF is implemented with the use of a
Gaussian distribution as shown in Fig.2.2 [4]. This distribution might be more
accurate than a top hat one based on the assumption that, when considering a
random variable falling within a particular range, larger differences in values are
less likely to occur than smaller ones.

Figure 2.2: Basic concept of Gaussian pressure distribution

The model Eq. (2.16) is thus changed into:
DfL

Dt
=
Ú ∞

−∞
[Cg(1 − fL) + ClfL](p− pv)ψ(p)dp (2.18)

The PDF ψ(p) is the Gaussian distribution function that uses the filtered pressure
p̄ as the mean value.

ψ(p) = 1√
2πs

exp
C
−(p− p̄)2

2s2

D
(2.19)

The variable s stands for the standard deviation of the pressure.
When considering a Gaussian PDF, the range between the mean value of the
parameter taken into consideration plus/minus three times the standard deviation
of such variable (p̄± 3s) contains 99.7% of the probability of finding the value of
the parameter in such interval. Thus in Eq. (2.18) the extremes of integration are
modified into:

DfL

Dt
= [Cg(1 − fL) + ClfL]

Ú p̄+3s

p̄−3s
(p− pv) 1√

2πs
exp

C
(p− p̄)2

2s2

D
dp (2.20)

Similarly to the correlation between pressure fluctuations and turbulent kinetic
energy observed in single-phase turbulent flows, inspired from the statistical theory

12



Overview of Computation

of homogeneous isotropic turbulence [46], the relationship between the pressure
variation pSGS in a computational cell and the subgrid-scale turbulence energy in
the present case assumes to be expressed as:

pSGS = CρkSGS (2.21)

Since the characteristic amplitude is 6s, the typical scale of the sub-grid scale
pressure fluctuations can also be written as:

pSGS = 6s (2.22)

By combining Eq. (2.21) and (2.22) together, the correlation between pSGS and
kSGS is expressed as:

s = C

6 ρkSGS (2.23)

The validity of Eq. (2.21) were investigated using DNS data of turbulent mixing
layer [47]. The constant C was also determined. In the study, filtering operations
were applied to a DNS database of a single-phase turbulent mixing layer in order
to formulate the low-pressure regions of the subgrid scale (SGS) that could serve
as potential sources of cavity formation. The analysis revealed that both the SGS
pressure fluctuations and the turbulent energy are predominantly distributed within
the shear layers, where the motion of turbulent vortices is most pronounced.
In regions where the turbulent energy is sufficiently developed, a strong correlation
between these two quantities was identified. On the contrary, other areas where
pSGS is low display a weak correlation, however those areas are not significant for
the occurrence of cavitation. The proportionality constant linking ρkSGS and pSGS

in the shear layer was found to be of the order of 100, more accurately around
3-5, allowing for the estimation of nearly the entire pressure fluctuation across
the flow field using this single parameter [4]. Furthermore, it was demonstrated
that the instantaneous pressure distribution within a computational cell could
be approximated using the estimated SGS pressure fluctuations together with a
Gaussian distribution based on the filtered mean pressure from fine-scale vortical
structures [4]. These findings suggested that, if unsteady turbulence at scales larger
than those resolved by LES can be adequately captured, and the corresponding
SGS turbulent energy estimated, it becomes possible to predict the initiation of
cavitation arising.
In this specific application, there are three possible situations that can be found,
as represented by Fig. 2.3.
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Figure 2.3: Gaussian distribution

The important difference between the three configurations shown is the rela-
tionship between the mean pressure value p̄ (which is the pressure value assigned
to the cell considered, when the PDF model is not applied) and the liquid vapor
pressure pv (which is the value for which the fluid transit from liquid to gaseous).
In the previous model the only case taken into account for the generation of cavity
in the SGS was when p̄ < pv.
Now, the three possible situations are:

• Situation (a): In this case, (p̄− 3s) < pv < p̄. Since cavitation occurs only
when p < pv, the integration interval of Eq. (2.20) is, in this case, limited
between p̄ − 3s and pv. The right side of the curve(yellow part) is ignored
because it does not lead to cavity generation but, on the contrary, if considered
in the integration interval, would lead to cavity disappearance because in that
side the pressure is higher than pv.

• Situation (b): In this case, p̄ < pv < p̄+ 3s. For this configuration the the
baseline cavitation model assign to the cell the pressure value of p̄, which is
lower than pv thus the generation of cavitation for that cell is considered even
without the use of the PDF Model. The application of the PDF model for
those kind of cells, on the contrary, would lead to cavity generation only for
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the red area, where p < pv so it would lead to less cavity generation. That’s
why for this study it is best to maintain the baseline cavitation model.

• Situation (c): Similarly to case (b), when pv > p̄+ 3s, there is no necessity
to apply the PDF Model because also the standard LES Model accounts for
the cavitation generated in the cell.

To summarize, the only moment when the PDF Model is necessary is when
(p̄− 3s) < pv < p̄ which is why the integration source term, Eq. (2.20), is modified
into:

DfL

Dt
= [Cg(1 − fL) + ClfL]

Ú pv

p̄−3s
(p− pv) 1√

2πs
exp[(p− p̄)2

2s2 ]dp (2.24)

2.5 Numerical scheme
The numerical method for unsteady flows is based on the fractional step method
for incompressible flows with the collocated arrangement of the variables.

u∗
i = u

(n)
i + ∆t

2 [3F (n)
i − F

(n−1)
i ], (2.25)

where n represents the number of time step and ∆t is the time increment.
The second order Adams—Bashforth method is applied to the convection and
viscous terms, are represented by Fi. The velocity of the next step is obtained by
adding the gradient of updated pressure to the fractional step velocity as:

u
(n+1)
i = u∗

i − ∆t 1
f

(n)
L

δi(p̄(n+1) + 2
3f

(n)
L k

(n+1)
SGS ) (2.26)

Here, δi means the second-order central difference. The pressure equation is
discretized as follow by using the three -step method (second order accuracy) for
the time difference and the central difference for the spatial difference.

DfL

Dt
+ f

(n)
L

M2
A

3p(n+1) − 4p(n) + p(n−1)

2∆t + u
(n)
j δjp

(n+1)
B

+ f
(n)
L δju

∗
j

− f
(n)
L ∆t δj

C
1
f

(n)
L

δj

3
p(n+1) + 2

3f
(n)
L k

(n+1)
SGS

4D = 0 (2.27)

The pressure equation is solved with the relaxation method. Note that the
equation is an Helmholtz type equation and is diagonally dominant, so sufficient
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convergence can be ensured. The Jacobi method, which is also suitable for calcu-
lations on vector computers, is used for the convergence calculation. When the
Mach number is zero and fL is constant, it reduces to the Poisson equation for the
pressure of a normal incompressible flow [4].
The time progression for the liquid volumetric fraction fL is performed semi-
implicitly in two stages. First an explicit prediction is made as follows:

fP
L = f

(n)
L + ∆t{Cg(1 − fL) + ClfL}(n)(p(n+1) − pv) (2.28)

If fP
L ≤ 1 and fP ′

L < 1 when f (n)
L < 1 (with f (P ′)

L being a temporal extrapolation of
fL, for instance f (P ′)

L = 3f (n)
L − f

(n−1)
L + f

(n−2)
L ), cavity is expected to exist in the

cell at the next time step. Using the pressure p(n+1), the updated fL of the first
stage can be obtained as:

f ∗
L = f

(n)
L + ∆t{Cg(1 − fL) + ClfL}(n)(p(n+1) − pv) (2.29)

If fP
L ≥ 1 then f ∗

L = 1 :

f
(n+1)
L = f ∗

L − ∆tu(n+1)
j δjf

∗
L (2.30)

Note that in this calculation, as mentioned before, for the gas phase density, a
lower limit is set to fLmin = 0.1 to prevent the interlocking amount within the cell
from becoming zero. In previous calculations [4], it has been confirmed that the
time when fL ≤ 0.1 is sufficiently short, and the number of cells where fL = 0.1 is
also sufficiently small that they can be ignored.
By the above procedure, the flow field at the new time step p(n+1), u(n+1)

i , f (n+1)
L

are obtained and by repeating this process, the unsteady flow, including the phase
change due to cavitation, is calculated [1].
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2.6 Computational setup and target of analysis

Figure 2.4: Behaviour of cavitation

As is shown in Fig. 2.4[48], when considering a hydrofoil profile, the appearance
of cavitating phenomena is deeply linked to the conditions on which the profile is
found. Two key factors that determine the behavior of cavitation are: the angle of
attack at which the profile is found (α) and the cavitation number of the flow (σ).
A high σ value means that there is a good margin between the local pressure and
the vapor pressure (pv), so the probability of cavitation is low. On the other hand,
a lower σ means that cavitation phenomena are more likely to occur.
In this research, the attention is focused on a Clark–Y 11.7% profile under two
operating conditions, selected to investigate different cavitation and flow regimes.
The first condition corresponds to an angle of attack of α = 8° and a cavitation
number σ = 1.2, which are conditions where unsteady sheet cloud cavitation occurs,
leading to lift breakdown. In this configuration, under single-phase flow conditions,
laminar separation and subsequent reattachment occur. In many homogeneous
fluid models, lift breakdown arises from σ values greater than 1.2 because these
models underestimate the sheet cavity length. The purpose of this setup is therefore
to investigate the effect of cavitation initiation from subgrid-scale (SGS) vortices
on the sheet cavity length. For this operating conditions, a considerable amount
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of data is available from both Computational Fluid Dynamics (CFD) analyses,
such as RANS [21], DES [40], and LES [22], and experimental measurements
[49], [50], [51], [52]. The second condition is characterized by an angle of attack
of α = 20° and σ = 2.7. At α = 20°, turbulent separation occurs over most
of the hydrofoil under single-phase conditions, making the effects of shear flow
and turbulent vortices significant. Moreover, the condition α = 20°, σ = 2.7 has
corresponding experimental data[49],[52], which were selected for comparison.

The computational domain and boundary conditions of the profile are sum-
marized in Fig. 2.5. For the velocity field, a no-slip condition is applied at the
hydrofoil surface, a zero-gradient condition is imposed at the upper and lower
boundaries, and a periodic condition is used in the spanwise direction. For the
pressure field, a non-reflective boundary condition is applied at the inflow, outflow,
and lower far-field boundaries, while a periodic condition is also applied in the
spanwise direction. This last approximation can be made because the experimental
data show that the cavity is almost homogeneous in the span-wise direction [1].

Figure 2.5: Boundary conditions [1]

A C-type body-fitted mesh was chosen to solve the boundary layer around the
hydrofoil. The grid counts 512, 200 and 100 points in the ξ-, η-, and ζ- directions
respectively.
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Figure 2.6: Mesh

Figure 2.7: Mesh around the profile

The wall-normal width of the first grid is 5 × 10−5c, equivalent to less than 2 in
the wall unit of the single-phase condition. The flow considered is water at 13°C
and the flow conditions for the two cases are summarized in Table 2.1:
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Table 2.1: Flow parameters for the two profiles.

Parameter Case 1 Case 2

Chord length, c [mm] 77.0 77.0

Spanwise length 0.4c 0.4c

Angle of attack, α [°] 8 20

Cavitating number, σ 1.2 2.7

Velocity [m/s] 11.0 11.0

Mach number, M 7.6 × 10−3 7.6 × 10−3

Reynolds number,Re 6.41 × 105 6.41 × 105

2.7 Domain decomposition for post-processing
In order to analyze the results obtained, through Fortran coding, the computational
domain is divided into a grid with nx = 512, ny = 200, and nz = 100 nodes.

Figure 2.8: Domain division

The horizontal division along the x−direction is organized into four segments,
with partition points at a1 = 75, a2 = 256, and a3 = 437. Along the y−direction,
two bands are defined: one ranging from 1 to 100 and the other from 101 to 200.
Consequently, the horizontal domain is subdivided into eight blocks in total.
In the z−direction, each block includes the total of all 100 cells. Thus, while all
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blocks have the same extent of 100 grid points along the y−axis, their size along the
x−axis varies: blocks 1, 2, 7, and 8 have a length of 75 cells, whereas the central
blocks have a length of 181 cells. Volume integration was performed within each
region. This division will be used when studying the behavior of parameters such
as the cavity volume generated or the turbulent kinetic energy (kSGS) in specific
areas like the Leading Edge and the Trailing Edge.
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Chapter 3

Results and discussion for
Case 1

For this study, the analysis has been carried out for three configurations depending
on whether the PDF model is applied or not and on which value of the model
constant C is used:

• First configuration : PDF Model with C = 5,

• Second configuration : PDF Model with C = 10,

• Third configuration: Without PDF implementation.

The goal of this analysis is to determine whether the PDF model is able to account
for the cavity generation caused by the SGS pressure fluctuations effectively and, if
so, to identify which model constant is more suitable for a more accurate simulation.

3.1 Cell Volume
To assess whether the implementation of the PDF model improves cavity generation,
the total cavity volume is evaluated for the three situations described in Fig. 2.3.
Figs. 3.1, and 3.2 show the cavity volume generated within the computational
domain for the C = 5 and C = 10, respectively.

The y-axis represents the sum of volumes corresponding to the cells shown in
Fig. 2.4(a)-(c). From the graphs, it is evident that even though the probability of
Situation (a) (when p− 3s < pv < p̄) is relatively low compared to the other two
situations, its contribution to the total cavitation volume is significant, leading to
an important increase of cavity formation.
This result confirms that the PDF model applied to the SGS vortices influences
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cavity generation, effectively increasing cavitation within the SGS.
Indeed, without the PDF model this contribution would be zero(blue curve, corre-
sponding to Situation (a)), and the SGS cavitation would be limited to the yellow
and orange curves (Situations (b) and (c)).
As expected, by comparing the cavity volume for the two model parameters, it
becomes clear that the PDF model with a higher constant (C = 10) produces a
larger generated volume for Situation (a)(blue curve), which is consistent with the
fact that a higher model constant increases the standard deviation of the Gaussian
probability distribution. Consequently, a wider range of pressure values satisfies
the condition p̄− 3s < p < pv.

Figure 3.1: Cavity generation for C = 5.
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Figure 3.2: Cavity generation for C = 10.

The trend mentioned above can also be confirmed by visual inspection of the
cavitation patterns around the hydrofoil at a given time step. In Figs. 3.3 and
3.4, the coexistence of two types of cavity generation can be observed: in red, the
cavitation corresponding to Situation (b); in green, the cavitation associated with
Situation (a). Both situations exhibit comparable magnitudes.(Situation (c) would
be analog)

Figure 3.3: Cavity generation at a given time step for C = 5.
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Figure 3.4: Cavity generation at a given time step for C = 10.
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3.2 Pressure Distribution
Regarding the pressure distribution, previous CFD analyses were unable to re-
produce the experimental pressure coefficient profiles (cp) accurately. Figure 3.5,
taken from Okabayashi et al. [1], compares the pressure profiles obtained from
experiments conducted at Kyushu University [53] with those from CFD analyses
using different turbulence models, including RANS, DES, and LES [54],[55]. The
results show that none of these CFD approaches successfully replicate the experi-
mental behavior of the pressure distribution. In particular, at the leading edge, the
experiments reveal a clear flat region between 0c and 0.25c, which is not observed
in the numerical simulations. This means that the CFD analysis are unable to
simulate the minimum sheet cavity length properly [1]. Furthermore, moving
towards the trailing edge, the experimental −Cp decreases more gradually than in
the CFD results, indicating that cavitation persists longer in the experiment.

Figure 3.5: Comparison between experimental and CFD pressure distributions,
adapted from [1].

Regardless of the value of the model constant C, Fig. 3.6 shows that no
significant improvement is observed when compared with the LES model without
the PDF approach. A slight improvement can, however, be noticed near the leading
edge, where the PDF models produce a short flat region between 0c and 0.15c that
none of the other CFD methods captured. This feature is closer to the experimental
data and suggests that the PDF approach may help improve the prediction of the
minimum cavity length. Overall, this result makes the cp distribution obtained
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with the PDF model slightly more consistent with experimental observations but
not satisfactorily.

Figure 3.6: Pressure coefficient distribution for the different models.

Figure 3.7: Zoomed view near the leading edge.
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3.3 Lift and Drag Distribution

Two other essential performance parameters analyzed are the lift and drag coef-
ficients (CL and CD). Figures 3.8, 3.9, and 3.10 show the temporal evolution of
these coefficients for the three cases. The three cases produce similar, though
not identical, trends. Ignoring the initial transient iterations, both lift and drag
coefficients generally exhibit a quasi-periodic behavior. The case with C = 5 shows
noticeable instabilities around tu∞/c = 28 and tu∞/c = 39 for both CL and CD.
This is due to the pressure waves non-periodically generated by cavity collapse.
The mean values of CL and CD do not show significant improvement compared
with previous CFD models. The CL values are nearly identical to those obtained
without the PDF model, and a similar trend is observed for CD. This lack of
improvement indicates a limitation of the current model, which fails to enhance the
prediction of the time-averaged coefficients. However, although the mean values are
similar, the temporal variations of the coefficients differ: the PDF models exhibit
more pronounced peaks and fluctuations, especially the C = 5 case, as can be
seen by the RMS values of the fluctuations listed in Table 3.1. This behavior is
associated with the stronger cavity generation and instabilities observed in these
cases.

Figure 3.8: Lift and drag coefficients for the case without the PDF model.
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Figure 3.9: Lift and drag coefficients for the PDF model with C = 5.

Figure 3.10: Lift and drag coefficients for the PDF model with C = 10.
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Table 3.1: Mean values of CL and CD for the three models

Case CL CD RMS %

No PDF 1.045 0.115 20.1

PDF C = 5 1.028 0.113 23.3

PDF C = 10 1.026 0.109 21.7

To gain a deeper understanding of the coefficient behavior, a Fast Fourier
Transform (FFT) analysis was performed. The FFT provides information about
the theoretical periodicity, dominant frequency, and Strouhal number for each
case (Table 3.2). The Fast Fourier Transform (FFT) is a numerical algorithm that
converts a time-domain signal into its frequency-domain representation, providing
information about the amplitude and phase of the signal [56]. In fluid dynamics, it
enables the identification of dominant oscillation frequencies associated with vortex
shedding and unsteady aerodynamic or hydrodynamic forces [57].

The lift coefficient CL was analyzed over the stationary portion of the signal(for
instance for the C = 5 case the interval selected was 15 ≤ tu∞/c ≤ 48). Before
applying the FFT, the mean value of the signal was removed and a Hann window
was applied to reduce spectral leakage. The single-sided amplitude spectrum was
computed and normalized as

P1(f) = 2
N

|ĈL(f)|,

where N is the number of samples and ĉL(f) is the Fourier transform of the
windowed signal. The dominant frequency fdom was identified as the maximum of
P1(f), yielding the theoretical period and Strouhal number:

TFFT = 1
fdom

, St = fdom c

u∞
.

To visualize the main oscillation, the signal was filtered around the dominant
frequency (∆f = ±0.005 Hz) and reconstructed via inverse FFT; the average
period was also independently estimated from peak detection in the filtered signal,
and the spectrum was validated using Welch’s PSD method.

In particular, the Strouhal number (St = fc/u∞) characterizes the relationship
between the dominant oscillation frequency and the characteristic flow velocity
and length. In hydrofoil and bluff-body flows, it provides a dimensionless measure
of vortex shedding and unsteady force oscillations [58, 59]. Spectral analysis via
FFT often reveals a clear dominant frequency that, when expressed through the
Strouhal number, enables comparison between flow regimes and the identification
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of periodic flow instabilities [60, 61, 62], as can be seen in Figs.3.11, 3.12 and 3.13.
The values of the Strouhal number are expressed in Table 3.2 obtained in this
analysis are consistent with those measured in Watanabe’s experiments [50]. The
non-dimensional periodicity slightly decreases in the PDF models, especially for
C = 10, indicating a higher frequency of cavitation events, again in agreement with
experimental observations.

Figure 3.11: FFT spectrum for the No-PDF model.

Figure 3.12: FFT spectrum for the PDF model with C = 5.
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Figure 3.13: FFT spectrum for the PDF model with C = 10.

Figs. 3.11, 3.12, 3.13 show the lift coefficient CL, the amplitude spectrum of CL

as a function of frequency, and the reconstructed main oscillation for each analyzed
case. Especially from the third graph of each figure, it is clear that the PDF model
results exhibit less periodic trends, likely due to their ability to better capture the
strong instability of the phenomenon. Table 3.2 reports the dominant frequency,
corresponding period, non-dimensional periodicity, and Strouhal number for each
model.

Table 3.2: Parameters of the FFT analysis

Case Dominant Theoretical Adimensional Strouhal

Frequency [Hz] Periodicity[s] Periodicity Number

No PDF 24.04 0.042 6 0.168

PDF C=5 25.51 0.039 5.57 0.179

PDF C=10 28.10 0.036 5.14 0.196

Watanabe Exp. - - - 0.18

As mentioned before, the periodicity decreases for the PDF models due to
the increase of the dominant frequency. This is an important result, a higher
dominant frequency indicates that cavitating structures tend to form and detach
more frequently, confirming that these models predict a more unsteady and dynamic
flow behavior. A notable difference in frequency, and thus periodicity, also emerges
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between the two PDF cases: the C = 10 model shows higher frequencies and thus
faster cycles of cavity growth and collapse compared to C = 5. Comparison with
the experimental results suggests that the more accurate prediction is probably
obtained with C = 5, as its non-dimensional periodicity and Strouhal number are
closer to the experimental results found by Watanabe [50], where the Strouhal
number is around 0.18. As for the dominant frequency, Watanabe calculated the
values for when σ = 1.46 and when σ = 0.90 finding, respectively, fdom = 50 Hz
and fdom = 9 Hz, making it plausible for the dominant frequency to reach values
around 25 − 28 Hz when σ = 1.2. Figures 3.14, 3.15 and 3.16 display the behavior
of a cycle of cavitation and the corresponding CL values at each step and the
related non-dimensional time. CL slowly increase while the sheet cavity begins
and grow along the profile, reaching the peak values when the sheet cavity reaches
the maximum elongation. After that, the cavitation rapidly changes shape into
bubbles that concentrates in the Trailing Edge area and then detaches from it
and disappear. Comparing the no PDF cycle with the other two, it is quite clear
that the first case doesn’t show as much cavity generation as the other two cycles,
especially when the sheet cavity is fully developed. Also, regarding the cycles
found from the two PDF models, a slight difference can be noted. In Fig. 3.16,
which corresponds to C=10, a long sheet cavity that covers almost all the profile
is sustained for a longer time compared to the cavity behavior for the PDF C=5
case. In addition, the decrease of CL, on average, is less smooth and presents rapid
changes.
This conduct is again coherent with the higher C value and the consequently
smaller periodicity. The cause of the generated peaks is the collapse of the cavity
and bubble disappearance.
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(a) tU/c = 19,07 (b) tU/c = 20,06 (c) tU/c = 21,06

(d) tU/c = 21,58 (e) tU/c = 22,08 (f) tU/c = 22,99

(g) tU/c = 23,27 (h) tU/c = 23,79 (i) tU/c = 24,33

Figure 3.14: Cavity cycle for No-PDF case
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(a) tU/c = 22 (b) tU/c = 22,15 (c) tU/c = 23,2

(d) tU/c = 24,2 (e) tU/c = 25,3 (f) tU/c = 26

(g) tU/c = 26,9 (h) tU/c = 27,35 (i) tU/c = 27,8

Figure 3.15: Cavitation cycle and CL value for C=5 case
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(a) tU/c = 14,9 (b) tU/c = 16,6 (c) tU/c = 17,2

(d) tU/c = 18,25 (e) tU/c = 18,75 (f) tU/c = 19,1

(g) tU/c = 19,75 (h) tU/c = 20,35 (i) tU/c = 20,7

Figure 3.16: Cavitation cycle and CL value for C=10 case
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3.4 Turbulent Energy formation
In the visualizations of Fig. 3.17 and 3.18, the distribution of the SGS kinetic
energy and the isoline corresponding to a liquid volume fraction of fL = 0.1,
which represents approximately 90% vapor content, are shown. Through these
images, a complete cycle of cavitation dynamics can be observed, consisting of the
formation and development of a sheet cavity, followed by the generation, growth,
and detachment of a cloud cavity. Once the main vapor structure separates from
the attached sheet cavity, secondary bubbles form downstream as a result of the
local pressure depression induced by the main cavity itself. Additional bubble-type
cavities are also produced near the trailing edge, where strong vortical structures
promote local pressure reductions.
Regions of high SGS turbulent kinetic energy are concentrated around the cavity
interfaces, where intense pressure gradients are present, particularly in the vicinity
of the re-entrant jet area. These localized peaks of SGS kinetic energy highlight
the strong coupling between the resolved flow field, the unsteady cavity dynamics,
and the SGS turbulence production mechanisms.
It is difficult to gasp a strong difference in the turbulence development between
the two PDF models. Conversely, comparing these cavitation cycles with the ones
seen in the no PDF model, a general increase in turbulence and cavity generation
is clearly confirmed.
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(a) tU/c = 22 (b) tU/c = 22,15 (c) tU/c = 23,2

(d) tU/c = 24,2 (e) tU/c = 25,3 (f) tU/c = 26

(g) tU/c = 26,9 (h) tU/c = 27,35 (i) tU/c = 27,8

Figure 3.17: Cavity and SGS turbulent kinetic energy for C=5 case and (z/C =
0.2)
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(a) tU/c = 14,9 (b) tU/c = 16,6 (c) tU/c = 17,2

(d) tU/c = 18,25 (e) tU/c = 18,75 (f) tU/c = 19,1

(g) tU/c = 19,75 (h) tU/c = 20,35 (i) tU/c = 20,7

Figure 3.18: Cavity and SGS turbulent kinetic energy for C=10 case and (z/C =
0.2)

39



Results and discussion for Case 1

3.5 Sheet Cavity Length

Regarding the minimum and maximum sheet cavity lengths, important improve-
ments can be seen. Figure 3.19 displays the maximum sheet cavity length found
with the past experiments and CFD models.

Figure 3.19: Maximum sheet cavity length for found with various models

Figure 3.20: No PDF case
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Figure 3.21: PDF C= 5 case

Figure 3.22: PDF C=10 case

The values reached by the PDF models show a good improvement in comparison
with the past CFD models and are clearly more similar to the experimental data,
for which Lmax/c = 1.1 [53]. Where Lmax stands for the maximum sheet cavity
length value. As shown in Fig.s 3.17, 3.18, 3.19, while without using the PDF
model, the maximum cavity length reached is smaller than the full length of the
chord, with both PDF models, the chord length is reached and exceeded. On
average, the minimum and maximum cavity lengths reach the following values:

Table 3.3: Relationship Lmax/c for different PDF cases

Case Lmax/c Lmin/c

No PDF 0.82 0.0

PDF C=5 1.10 0.16

PDF C=10 1.05 0.17
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This is clearly an important improvement on the sheet cavity length. Indeed,
because the maximum length of the sheet cavity is bigger than the chord, then the
oscillation mode can be denoted as transitional cavity oscillation, instead of simply
partial cavity oscillation [4].
As it can be stated by Table 3.4[1], for an angle of attack of 8°, the condition of
σ = 1.2 is a critical point in LES simulations because the current LES models are
unable to properly simulate the flow conditions found in the experimental data.
While experiments show that there should be a transitional cavity oscillation flow,
LES simulations are only able to show a partial cavity oscillation regime. The
goal of the analysis is thus to understand whether this new model can improve the
simulations giving back results more similar to those found in the experiments.

Table 3.4: Behaviours of cavitation at various cavitation numbers for α = 8°

Reaching the transitional cavity behavior, as it is displayed in the experimental
results, was exactly one of the objectives of this new model. Additionally, in the
new models the complete disappearance of the sheet cavity is avoided, in accordance
with the experimental results. It is thus clear that the introduction of the PDF
approach strongly affects the cavitation behavior around the profile.
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3.6 Cell Volume at the Leading Edge

The most relevant area to analyze in this case is the Leading Edge region, where
cavitation begins and develops. This region consists of the area over the first one
fourth of the profile. The PDF model highlights the formation of cavity volume in
this zone and clearly confirms the link between cavity generation and the turbulent
SGS kinetic energy.
The cell volume associated with Situation a) provides a significant contribution to
cavity formation at the Leading Edge. As expected, this region is also characterized
by high values of SGS turbulent kinetic energy. Figures 3.23 and 3.24 further verify
the correlation between cavity generation in Situation a) and the behavior of SGS
kinetic energy: peaks of turbulent energy occur at the time steps where cavity
growth is more pronounced, while low cavitation phases correspond to reduced
kinetic energy. These observations support the initial hypothesis behind the PDF
model, that a substantial contribution to cavitation arises from the low pressure
within SGS turbulent vortices.

Figure 3.23: Cell Volume and KSGS at the Leading Edge for the C=5 case
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Figure 3.24: Cell Volume and KSGS at the Leading Edge for the C=10 case

The correspondence between cavity generation in the SGS and the SGS turbulent
kinetic energy peaks is less evident for the results of the PDF case with C = 10.
This fact is not unexpected since kSGS is directly connected with pSGS trough the
constant C so for higher values of C, the kSGS will rise more frequently.
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Chapter 4

Results and discussion for
Case 2

As mentioned in the introduction, the second case analyzed consists of the same
Clark-Y11.7% profile at the conditions of α = 20° and σ = 2.7. For this case,
similar analysis were made and the results will be explained in this Chapter.
Regarding the boundary conditions, while in general, in a non cavitation condition,
for an angle of attack of 8° the laminar flow detaches and reattaches near the
leading edge, for α=20°, turbulence detaches over most of the wing. For this reason
the focus in this case won’t be the leading edge area but the trailing edge.
The stronger turbulent environment associated with this configuration leads to a
more complex analysis.
For this case the comparison with the experimental results is more difficult because
the heavier turbulence causes the flow to be also more affected by the different
boundary condition effects such as reflection of the waves that can be generated in
the experiment because of the set up.
As for the computational model, while before a time step of ∆t = 5 × 10−6s was
sufficient, in this second case, the analysis required to change the time step used
both for the case No PDF and for the PDF C = 10 one. Those two simulations
indeed, when using a ∆t = 5 × 10−6s diverged. The time step was thus changed
into ∆t = 2.5 × 10−6s.

4.1 Cell Volume
Figures 4.1, 4.2 and 4.3 show the cell volume generation for the cases C = 5, C = 10
∆t = 5 × 10−6s and C = 10, ∆t = 2.5 × 10−6s. As expected, the PDF model is able
to increment the cavity formation thanks to the addition of the cavity generation
due to Situation a). Similarly to what was observed in Chapter 3, the cases where
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C = 10, show a larger formation of cavitation due to Situation a), linked to the
larger standard deviation values obtained.

Figure 4.1: Cavity generation for C = 5

However, it is unexpected to see such an important difference in the values of
cell volume generated due to Situation c). In that situation, the pressure in the
entire cell is lower than pv, therefore the cavitation source term is identical in
the PDF and No PDF model, thus cavity generation was expected to be similar
between the two models, just like it happened for the first configuration analyzed.
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Figure 4.2: Cavity generation for C = 10
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Figure 4.3: Cavity generation for C = 10 and ∆t = 2.5 × 10−6s
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4.2 Lift and Drag distribution

The behavior of the lift and drag coefficients in relation to the cavity pattern,
resulting from the Kitamura et al.[49] experiments, is shown in Fig. 4.4.
Unfortunately, the model currently studied fails to show a similar behavior in the
CL and CD coefficients. The CFD analysis, indeed, display stronger fluctuations. It
is difficult to establish a clear periodicity for the coefficients even for long evaluation
periods.

Figure 4.4: Cavity pattern of the experimental data during a few cycles of cavity
oscillation α = 20°, σ = 2.7 [49]

However, the correlation between cavity formation and coefficient pattern is in
line with the correlation found in the experiments. Regardless of the inability to
gasp a real periodicity in the performance coefficients, through the visualizations it
is still possible to define a cavitation cycle for the No PDF and C=5 model.
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(a) tU/c= 44,85 (b) tU/c = 47,5 (c) tU/c = 50

(d) tU/c = 52,5 (e) tU/c = 54 (f) tU/c = 56,25

Figure 4.5: Cavitation cycle for the No PDF ∆t = 2.5 × 10−6 case

Figure 4.6: CL and CD values for the No PDF and ∆t = 2.5 × 10−6 case
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(1) tU/c = 16,55 (2) tU/c = 17,2 (3) tU/c = 18,3

(4) tU/c = 19,4 (5) tU/c = 20,7 (6) tU/c =21,46

Figure 4.7: Cavitation cycle for C=5 case

Figure 4.8: CL and CD values for C=5
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In particular, here the comparison between a cycle corresponding to the No
PDF ∆t = 2.5 × 10−6 data (Fig. 4.5) and the PDF C = 5, ∆t = 5 × 10−6 data
(Fig. 4.7) can be seen.
In general, as expected, both cycles have a similar correspondence between the
evolution of cavitation and the corresponding phase in the CL graph. The peaks
are linked to the moments when the cavity is reaching the maximum development
in the leading edge area.
Conversely, the amount of cavitation and its temporal and spatial development
are quite different. The No PDF case (Fig. 4.5) generates less cavity and is more
confined in the trailing edge area compared to the PDF case (Fig. 4.7), especially
in the moments when the cloud cavity generation should be at its maximum.
Additionally, there are moments when cavitation disappears completely in the No
PDF data. In contrast the PDF model is able to avoid the complete disappearence
of the cavitating flow, making this simulation more similar to Kitamura’s results
[49]. However, though, also the PDF cases displays important differences compared
to the experiment. The development of the cavitation is more unsteady and
unpredictable in the PDF model.
As for the cases with C = 10, both for ∆t = 5 × 10−6 and ∆t = 2.5 × 10−6, it is
very difficult to appreciate a real periodicity in the CL and CD graphs Figs. 4.9
and 4.10 thus it’s also difficult to show a proper cavitation cycle.

Figure 4.9: CL and CD values for the C=10 ∆t = 5 × 10−6

52



Results and discussion for Case 2

Figure 4.10: CL and CD values for the C=10 ∆t = 2.5 × 10−6

Figure 4.11: FFT No PDF ∆t = 2.5 × 10−6
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Figure 4.12: FFT C=5

Figure 4.13: FFT C=10 ∆t = 2.5 × 10−6

To gain a deeper understanding of the coefficient behavior, an FFT analysis
was performed. Table 4.1 display the dominant frequency, theoretical periocity,
adimensional periodicity and Strouhal number for each case and for Kitamura et
al. experiment [49]. It is difficult to determine whether the PDF models lead to
an improvement in the results. In particular, the experiments showed a Strouhal
number of 0.17 for the σ = 3.0 case and 0.21 for the σ = 2.0 case. The PDF model
with C = 5 and σ = 2.7, on the other hand, yielded a Strouhal number of 0.21,
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whereas the No PDF case resulted in 0.19; this suggests that the No PDF case is
likely more accurate than the former.

Table 4.1: Parameters of the FFT analysis

Case fdom [Hz] Theoretical
Periodicity

[s]

Adimensional
Periodicity

Strouhal
Number

No PDF 26.44538 0.037 5.31 0.1882
dt =

2.5 × 10−6

PDF C=5 30.07512 0.033 4.750 0.21053
dt = 5 × 10−6

PDF C=10 24.23987 0.041 5.090 0.19648
dt =

2.5 × 10−6

Kitamura’s
exp. (σ = 3)

- - - 0.17
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4.3 Cell Volume at the trailing edge
While for α = 8 ° the focus of attention was around the leading edge area, for the
case α = 20° it develops more strongly around the trailing edge. Indeed cavitation
does not develop as a long sheet cavity but consists of bubbles detaching from the
second half of the wing profile in a more unstable and turbulent way.
The PDF model with C = 5 is able to slightly capture the link between the
subgrid-scale cavity generation linked to Situation a) and the turbulent kinetic
energy of SGS. This connection, however, is not captured in the PDF models with
C=10, neither for dt = 5 × 10−6s nor for dt = 2.5 × 10−6s.

Figure 4.14: Cavity volume generation and KSGS at the trailing edge for C = 5
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Figure 4.15: Cavity volume generation and KSGS at the trailing edge for C = 10
∆t = 2.5 × 10−6
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Chapter 5

Conclusions

The work presented in this thesis aimed at analysing the behavior of a cavitating
flow around a Clark-Y11.7% hydrofoil through a LES approach modified by a
PDF-based cavitation model. The introduction of this model was motivated by
the idea that part of the vapor formation originates from the unresolved turbulent
structures, which are normally treated in simplified ways through eddy viscosity.
The possibility of representing the pressure fluctuations associated with the SGS
vortices through a Gaussian distribution function offered a way to introduce
additional cavity generation.

Two operating conditions were considered, corresponding to different flow regimes.
The first one, where the profile presents a low angle of attack (α = 8◦, σ = 1.2)
is closer to the classical sheet-to-cloud cavitation dynamics observed in many
experimental studies. The second one, that present a higher angle of attack (α = 20◦,
σ = 2.7) is instead characterized by a much stronger turbulent detachment and
a cavitation that is mainly concentrated in the trailing edge area of the profile.
The model was therefore tested under conditions that stress in different ways the
interplay between turbulence and phase change.

5.1 Effectiveness of the PDF model
For the first configuration, the introduction of the PDF formulation clearly produced
an improvement with respect to the standard LES cavitation model. The simulations
showed a greater amount of cavity generation, especially the part associated with
the probability of low-pressure excursions (Situation (a)), which does not appear at
all in the classical homogeneous model. This resulted in a longer sheet cavity and
in a behavior that is closer to the transitional oscillation observed in experiments
[50].

The ability of the PDF model to prevent the complete disappearance of the
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cavity, something that often occurs in traditional LES, represents an important im-
provement. The maximum sheet cavity length obtained with the PDF, particularly
with the choice C = 5, matches reasonably well with the experimental references.
Some small improvements were also observed in the pressure distribution, especially
near the leading edge, where previous CFD approaches struggled to reproduce the
initial flat region of the pressure coefficient.

From the point of view of the performance coefficients, the introduction of the
PDF did not change the mean values of lift and drag, but it did influence the
oscillatory behavior. The frequencies identified through FFT were closer to the
experimental trends, and the flow field visualizations confirmed a more realistic
succession of cavity growth, detachment and collapse.

Overall, for this flow regime the model appears to properly capture an important
portion of the flow behavior that is missing in the classical LES cavitation approach.

5.2 Limitations
The second configuration led to considerably more complex dynamics. At α = 20◦,
the flow separation is massive and the cavitation develops mainly as bubble-type or
cloud-type structures around the trailing edge. For this reason, the improvements
brought by the PDF model were less evident. Although the PDF still increased
the total vapor content and avoided, in several instances, the full disappearance
of cavitation, its correlation with the subgrid-scale kinetic energy was weaker,
especially for the case C = 10. In fact, the use of a larger constant might amplify
the unsteadiness in a non-physical way, and numerical stability issues required a
reduction of the time step.

The analysis of lift and drag did not show a clear periodicity, especially for the
C = 10 case, something that is instead seen in the experimental results. Unlike the
first case, the PDF model did not provide an appreciable improvement in predicting
the performance coefficients behavior.

This suggests that in highly separated flows the current formulation of the
PDF model may not be sufficient to capture reliably the complex and large-scale
turbulent structures that drive cavitation.

5.3 Considerations regarding C

An additional aspect that emerged from this study is the strong sensitivity of the
results to the model constant C. While C = 5 provided a good balance between
improved cavity generation and numerical robustness, the value C = 10 tended to
exaggerate the standard deviation of the pressure PDF and, especially in the second
case, compromised the correlation between SGS turbulence and vapor formation.
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5.4 Possible future developments
The work carried out in this thesis naturally suggests several potential extensions.
One direction could be the introduction of a variable or dynamically computed
value of the constant C, possibly linked to local flow quantities. This might
allow the model to automatically adapt to the characteristics of the resolved flow.
Furthermore, a dedicated analysis of the instantaneous velocity field, especially
aimed at identifying the re-entrant jet mechanism, could clarify several aspects of
the cavity breakup mechanism and offer better validation for the model. Finally,
applying the model to other cavitation regimes, such as vortex cavitation or tip
vortices, could help determine whether the PDF approach is particularly suited
for specific flow conditions and whether it can be integrated into more general
cavitation modeling strategies.

5.5 Final remarks
In conclusion, the work confirmed that incorporating subgrid-scale fluctuations
into a cavitation model can meaningfully improve the physical accuracy of LES
simulations when the regime is between partial cavitation and transient cavitation.
Although the model does not provide improvements under all conditions, its
performance in the moderate-incidence case highlights the potential of this approach.
The results obtained represent a promising step toward more comprehensive models
capable of linking turbulence and cavitation at multiple scales.
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