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Summary

An open propeller is the conventional device providing thrust for ships. Due
to its working principles, regions with low pressure are formed on its blades
specifically at the leading edge and in the tip region. If this pressure is becom-
ing lower than the vapor pressure, the cavitation phenomenon is initiated,
i.e. in these low pressure regions liquid turns into vapor. Thus, cavitation
results in regions filled with vapor, present on and close to the propeller
blades. This causes nuisance effects like noise, vibrations, erosion and even
thrust break-down in its most severe cases. Due to these unwanted features
of cavitation, the design of propeller blades has to account for cavitation.
This requires a computational tool to predict propeller cavitation, already
in the design stage of the propeller. Such a computational tool should be
suited for prediction of the cavitating flow around model-scale and full-scale
propellers.

Model-scale tests, as a form of studying cavitation phenomena, have been
used from the beginning of recorded history on cavitation. This procedure is
well established and fine-tuned with well-recognised capabilities. However,
the main drawbacks of the method based on model-scale tests are: the scal-
ing of the tip vortex cavitation inception and the scaling of the performance
of the cavitating propellers. Procedures and recipes for an accurate scaling
have been developed, however, their use is often failing for the modern geo-
metrically more complex propellers. Therefore, in the last decades there has
been an increasing effort in using numerical simulation methods to predict
cavitation on propellers. These methods range from potential-flow methods
to Large-Eddy Simulation methods.

In the present study, the focus is on using a high-fidelity mathematical model
of the flow, implemented in a relatively fast numerical method, such that the
method can be used within industry. The approach based on the Reynolds-
Averaged Navier-Stokes (RANS) equations has been selected. This method
is used in achieving the goal of the thesis: the prediction of the inception of
tip vortex cavitation and the prediction of the development of the tip vortex.
For this purpose, a number of benchmark test cases have been used to vali-
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date the chosen approach and to investigate the basic flow characteristics of
cavitation. Subsequently, the method has been applied to a number of open
propellers, both at model and at full scale.



Samenvatting

Een open scheepsschroef is de meest gebruikte methode om stuwkracht te
leveren voor de voorstuwing van een schip. Door zijn werkingsprincipe wor-
den gebieden met lage druk gevormd op de bladen, in het bijzonder op de
intreezijde en nabij de tip. Wanneer deze druk lager wordt dan de damp-
druk, begint het cavitatiefenomeen, met andere woorden in deze gebieden
met lage druk verandert water in waterdamp. Door het effect van cavitatie
onstaan er gebieden met waterdamp op en dichtbij het blad. Dit zorgt voor
hinderlijke effecten zoals geluid, trillingen, erosie en zelfs in de ergste gevallen
voor stuwkracht-afname. Door deze ongewensde eigenschappen van cavitatie
moet al tijdens het ontwerp van propellerbladen rekening worden gehouden
met cavitatie. Hiervoor is een reken methode model nodig om al in het
ontwerpproces cavitatie op de schroef te kunnen voorspellen. Deze reken
methode model moet geschikt zijn om het cavitatie gedrag te voorspellen
voor zowel schroeven op modelschaal als op ware-grootte.

Vanaf de tijd dat cavitatie beschreven is zijn modelschaaltesten gebruikt om
het cavitatiefenomeen te bestuderen. De procedure is uitgebreid vastgelegd
en is een in de industrie erkende methode. De voornaamste moeilijkheden van
het gebruik van modeltesten om cavitatie te bestuderen zijn: het opschalen
van de inceptie van tipwervel-cavitatie en het opschalen van het rendement
van de caviterende schroef. Procedures en voorschriften zijn ontwikkeld voor
een nauwkeurige schaling, maar hun toepassing is ontoereikend voor mod-
erne, geometrisch meer complexe schroefontwerpen. Zodoende zijn er in de
laatste decennia steeds meer onderzoek verricht om numerieke simulatiemeth-
odes te gebruiken om cavitatie op schroeven te voorspellen. Deze methodes
variéren van potentiaalstroming methodes tot methodes voor Large-Eddy
Simulaties.

In de huidige studie ligt de focus op het gebruik van een high-fidelity wiskund-
ing stromingsmodel geimplementeerd in relatief snelle numerieke methodes,
zodat de methode gebruikt kan worden in de industrie. Er is gekozen voor
een aanpak gebaseerd op de Reynolds-Gemiddelde Navier-Stokes (RANS)-
vergelijkingen. Deze methode is gebruikt om het doel van dit proefschrift te

il
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bereiken, namelijk: het voorspellen van de inceptie van tipwervelcavitatie en
het voorspellen van de ontwikkeling van de tipwervel. Met dit doel zijn een
aantal benchmarks gekozen om de gekozen aanpak the valideren en om de
karakteristieken van caviterende stromingen te onderzoeken. Vervolgens is
de methode toegepast op een aantal open schroeven, voor zowel modelschaal
als ware-grootte schaal.
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Chapter 1

Introduction

1.1 Propeller

Driven by the need of humans to travel by sea, propulsion concepts can
be found in history since early times. Propulsion solution ideas date back
as far as 220 BC by Archimedes and around 1500 by Leonardo da Vinci.
Since then, the propulsor design progressed immensely, developing multiple
solutions for ship propulsion. One of the most popular configurations is the
screw propeller. In the beginning, its invention was controversial while many
engineers were working on its concept around the end of XVIII century be-
ginning of XIX century. Still, the invention of the propeller is attributed
to Edward Shorter in 1802 who used a propeller (based on a previously de-
veloped concept, see [15]) powered by eight men on a capstan to move the
transport ship Doncaster. Few decades later, in 1835, Francis Petit Smith
and John Eriksson acquired patents for their screw propellers, marking the
start of its contemporary development. Rotating bladed wheels, as well as
twin-screw and single-screw installations and Archimedean screw propellers
were the configurations build as propulsion devices. The familiar shape as
a screw propeller was made by George Rennie’s conoidal screw, patented
in 1839. Despite their successes many implementation problems for screw-
propelled ships had to be solved. However, it was not until the steam engine
was invented that propellers became widely used, about 100 years ago.
Other existing propulsion units are ducted propellers, podded and azimuthing
propulsors, contra-rotating propellers and waterjets. Just to mention some
of the most known and used solutions of the modern times. More details on
the propeller history, geometry and evolution of its design can be found in
Carlton [15].

The purpose of a propeller is to produce thrust. Therefore, the performance
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characteristics, non-dimensional coefficients for thrust, torque and the effi-
ciency are of main interest and specific for each design. Definitions for thrust
and torque coefficients are as follows. For the thrust coefficient:

T
For the torque coefficient:
Q
The open water efficiency of a propeller is defined as:
JK,
. = 1.3
"= oK, (1.3)
where the advance ratio J is defined as:
V.,
J = 1.4
-5 (1.4)

In the above relations p is the density, n is the number of rotations per
second of the propeller and D is its diameter. The non-dimensional charac-
teristics are valid for the model test experiments in the so-called open-water
conditions. But unfortunately in real life the hull of the ship creates a com-
plicated wake flow upstream of propeller and further more, also disturbances
by manoeuvres. This complicated flow field, the environment in which the
ship-propeller operates, influences drastically the operation of a propeller.
Each propeller blade experiences a periodic fluctuation in flow velocity as
it rotates in and out of parts of the wake. Such conditions typically result
in cavitation in the tip vortex and on the propeller surface while cavitation
would not occur for a uniform wake field. The appearance of cavitation leads
to noise, vibrations and erosion of propeller blades as well as thrust reduc-
tion. All this issues make the propeller design quite difficult. Last century
developments produced many propeller theories as well as accompanying em-
pirical correction factors, to account for the actual operation in the marine
environment. The non-uniform time-varying inflow velocity distribution is
unknown precisely and therefore comparing experimental results with those
of calculations is hard. But, in the last decade new types of computational
methods have been developed, that may resolve this problem. Methodologies
based on the Navier-Stokes equations, the most general description of contin-
uum fluid motion, prove to be one of the most powerful fluid dynamics tool.
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However, their direct solution requires tremendous computer power and the
present state-of-the-art permits only the flow at low Reynolds numbers to
be computed. In reality, flows like propeller-hull computations, are flows at
high-Reynolds numbers, and their direct numerical simulation (DNS) is un-
reachable for the moment. The practical solution of the Navier-Stokes equa-
tions is achieved by the Reynolds Averaged Navier Stokes (RANS) equations,
which involve an approximation which necessitates the concept of turbulence
models. The RANS approach is feasible as far as computing time is con-
cerned and thought to be sufficiently accurate for industry applications, like
the prediction of the propeller open water characteristics.

1.2 Cavitation

1.2.1 History

The use of a propeller at high velocities in the low pressure fields behind a
ship, reveals new challenges for design when the cavitation phenomenon is
triggered. Historically, cavitation was first reported by Sir Isaac Newton [62]
and by L.P.Euler as appearing on a water wheel in 1754. In 1873, Osborne
Reynolds [67] and [68] is the first that tried to explain the behaviour of ship
propellers at high rotation speeds in a classic series of experiments by what
we call today the ventilation phenomenon.

The basics of cavitation were introduced by Sir Charles Parson when he
tested a series of propellers to assess the cavitation phenomenon for different
designs. It all started with a performance problem in 1893 when trials of the
destroyer HMS Daring reviled that the maximum speed was below its design
speed of 27 knots. Based on the suggestion of William Froude, in 1895,
Thornycroft and Barnaby [84] named the phenomenon of the breakdown
of the performance of the propeller due to vapour presence: CAVITATION.
Then, on a first turbine ship, called Turbina, Parsons [63] experienced similar
difficulties and realized that:

”These cavities contained no air only vapour, and the greater
portion of the power of the engine was consumed in the formation
and maintenance of these cavities instead of the propulsion of the
vessel.”

Bad propeller performance led Parson to experiments on model scale, and
by observing cavitation patterns he was able to produce a wide-bladed pro-
peller design without cavitation. However, it required 9 propellers to drive
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the Turbina at 32 knots. From this point on, the cavitation on propellers
became a widely investigated subject, experimentally and theoretically, and
today is still a field with many uncertainties.

1.2.2 Definition

Cavitation is a fluid dynamics phenomenon that appears when a liquid
changes into its vapor state due to a decrease of the pressure below the
vapor pressure. Therefore, theoretically cavitation inception should occur
when locally the pressure reaches the vapor pressure. However, in real life
the formation of a cavity is influenced by many factors, as will be presented
in the following.

Cavitation is present in many engineering systems like pumps, turbines and
propellers. At locations where due to high velocities the pressure decreases,
the liquid transforms into vapor. Cavitation can be recognized by its unde-
sirable effects, like erosion, oscillations and vibrations, noise and reduction
of the efficiency of the hydraulic units.

In 1980, Lauterborn [46] produced a classification scheme of the cavitation
phenomenon presented in the figure 1.1.

t CAVITATION
|
| |
Tension EOeray
Deposit
| - | | - |
bivaros Acoustic Optic Particle

L dynamic L

Figure 1.1: Cavitation classification scheme (Lauterborn, see [46])

Cavitation is produced in a liquid by high tension or by deposit of energy. The
present study is dealing with the cavitation on propellers, therefore hydrody-
namic cavitation achieved by tension exerted on the liquid. Hydrodynamic
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cavitation occurs in devices that introduce a pressure decrease in the liquid
that eventually generates tension.

1.2.3 Stressing of liquids

The vapor pressure of liquids depends on the temperature, i.e. the vapor
pressure increases with temperature. Therefore cavitation is defined when for
given temperature the pressure drops below the vapor pressure. In contrast,
the boiling phenomenon occurs when for given pressure the temperature in-
creases up to the point that the vapor pressure becomes equal to this given
pressure. When the liquid tension reaches a certain value, the liquid breaks
or cavitates and the fluid becomes a biphasic system formed by liquid and
vapor.

Let us consider a typical water phase diagram presented in figure 1.2.

Solid-Liquid
v c

LIQUID Liquid-Vapor

SOLID

Cavitation

Boiling

VAPOR
T

Solid-Vapor

Figure 1.2: Typical water phase diagram

Two types of vaporization are possible, first the one well known due to the
temperature increasing from point 2 to point 1 at constant pressure. Along
the liquid-vapor curve, liquid and vapor can coexist. The second way of
reaching the vapor state from a liquid phase is from point 3 to point 1, by
means of reducing pressure at constant temperature. This case requires the
creation of cavities within the fluid itself, and depends therefore on the fluid
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properties. If water contains numerous quantities of dissolved air/nuclei,
then the cavities can be formed at higher pressure than the vapor pressure.
Also, if there are no nuclei, the liquid can withstand a high negative tension
without cavitating. This tensile strength of the liquid is highly dependent on
the quality of the liquid and on the value of the critical tension, thus requires
prior knowledge of nuclei content. The nuclei content is a critical point in
the prediction of cavitation. Despite the extensive literature on the subject
only two principal models of nucleation are fully developed: the stationary
crevice model and the entrained nuclei model, both described in [11]. The
stationary nuclei are assumed to exist in the small crevices of the solid wall,
and the entrained nuclei are assumed to travel with the liquid. Usually the
main source of nuclei is considered to be the entrained flow.

1.2.4 Cavitation number

Considering Bernoulli’s equation, the pressure variation along the surface of
a body in a steady, incompressible inviscid flow, neglecting effects of gravity,
is given by:

1 1
P+ Epuf =py+ ipug = constant along streamlines (1.5)

In equation 1.5, u is the velocity and p is the pressure.
The cavitation number o is defined by dividing difference between the local

static pressure and the vapor pressure, py — p,, by the dynamic pressure of
the flow:

o= Po — Dv
3pou?

(1.6)

Where p, is the ambient static pressure, p, is the temperature dependent the
vapour pressure and %pug is the dynamic pressure of the free stream. When
o is reduced to the value where cavitation is first observed, is called the
incipient cavitation number ;. Further reduction of the cavitation number
increases the formation of vapor bubbles and developed cavitation appears,
such as sheet cavitation. Moreover, if cavitation occurs when the pressure
reaches the vapor pressure results in:

g = _Cpmin (17)

Where Cpprir, is the minimum value of the pressure coeflicient C, and can be
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determined by experiment or by computation of single-phase flow using:
P—Do

1.2
2 PUy

C, = (1.8)

Where py and ug are the pressure and velocity of the upstream flow. More-
over, unfortunately many factors influence relation 1.7, like the presence or
the absence of nuclei, the tension, the time needed for the bubble to be
visible and the fact that there are also uncertainties in the measurements.
Nevertheless this assumption is useful as an initial guess and as a start in
the cavitation analysis. The cavitation number ¢ is also providing a mea-
surement tool for the degree of cavitation present within a liquid. For a
high value of o the reference pressure py is high and the pressure will be
above vapor pressure everywhere. Therefore the fluid will stay free of cavita-
tion. Decreasing the reference pressure pg the incipient cavitation number is
reached and continuing to lower the py value the cavitating area is growing
larger and larger, eventually reaching the state of so-called super cavitation.
If the reference pressure is increased, the cavitation will start to disappear
but usually for a value higher than the incipient value, called desinent value.
Therefore a hysteresis effect is often observed when decreasing and increasing
the pressure around the values that the caviation number equals the incipient
value.

1.3 Propeller cavitation

1.3.1 Cavitation types

Behind the ship, a working propeller can experience all types of cavitation,
see the sketch from Kinnas 1996 and reproduced in figure 1.3. Cavitation
patterns can be classified in 3 groups, though on a propeller combinations
of different types are usually occurring. Cavitation appearances can mainly
be: stationary, with respect to the propeller, such as sheet cavitation; and
travelling, such as bubble cavitation and finally vortex cavitation (see figure
1.4 as an example of tip vortex cavitation). Secondary effects, such as: in-
teractions between cavities (see figure 1.5 as an example of leading edge-tip
vortex cavitation), re-entrant jets, turbulence and the interface instabilities,
to name the most frequent factors, do make cavitation analysis even more
complicated.
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TIP VORTEX CAVITATION

SHEET CAVITATION (developed)

CLOUD CAVITATION

BUBBLE CAVITATION

HUB VORTEX CAVITATION

TIP VORTEX CAVITATION
(inception, desinence)

FACE SHEET CAVITATION

Figure 1.3: Cavitation types on propeller, from S.A.Kinnas 1996

Figure 1.4: Tip vortex cavitation, from [64]

Propeller configurations are widely used to propel ships and it is very impor-
tant to have low levels of noise and vibrations (e.g. for passengers comfort),
while erosion is important with respect to the degradation of the performance
of the ship (delivered propeller thrust). Therefore, when defining design re-
quirements, cavitation which affects the lifetime of the propeller and related
issues, like noise, vibrations and erosion are addressed. Another issue of the
working propeller is the operating condition in the ship wake which is usually
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Figure 1.5: Leading edge-tip vortex cavitation, from [20]

unknown and difficult to scale in experiments without all kinds of corrections
which are subject to considerable uncertainty.

In the region of the propeller blade tip, at high Reynolds number, swirling
flow regions with high vorticity and low pressure are formed. Usually cav-
itation inception occurs in these vortices. This type of cavitation develops
further, filling the entire vortex core with vapor. This type of cavitation
within a vortex core, starting close to the propeller blade tip, is called tip
vortex cavitation and is the subject of the present thesis. For a ship pro-
peller, cavitation tends to occur first within the core of the tip vortex and
tip vortex cavitation often forms prior to other types of cavitation. This
makes the inception and the development of propeller tip vortex cavitation
very important already in the design stage.

1.3.2 Tip vortex cavitation

During the design phase of the propeller, tip vortex cavitation raises difficul-
ties when its prediction through experiments is hindered due to the complex-
ity of scaling the cavitation inception number. In [54], McCormick establishes
the basis of the scaling of tip vortex cavitation inception. After numerous
model tests on propellers, he derived an empirical expression for the tip vor-
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tex cavitation inception number at full scale based the cavitation inception
number determined on model scale and the Reynolds numbers corresponding
to the model scale and full scale. This scaling rule for cavitation inception
number is:

OFs _ ReFS 0.35

= 1.9
ous  Rews (1.9)
The Reynolds number Re is defined as:
D2
Re="" (1.10)
v

where v is kinematic viscosity.

In equation 1.9, subscripts FS and MS refer to full scale and model scale,
respectively.

Equation 1.9 is widely used today by model test basins. But, based on experi-
ence, most of the testing institutes calibrate this relation with the properties
their specific facility. For the exponent, 0.35, in equation 1.9 values ranging
from 0.25 to 0.4 can be found, for example in [76] a exponent of 0.4 is used.
However, the relation in equation 1.9 is not sufficient to assess the tip vortex
cavitation inception at full scale. Numerous propellers that suffer from this
type of cavitation and its nuisance confirm this. Also, model tests of tip vor-
tex cavitation inception are, if existent, a design check and not a design tool.
Therefore more investigation is needed into the subject to fully understand
and assess the characteristics of the formation of tip vortex cavitation and
its effects, for application in the propeller design phase.

1.3.3 Cavitation nuisance

For propellers, cavitation is often a problem because of the collapse of vapor
clouds and bubbles. During the collapse of a bubble very large liquid-vapor
interface velocities and localized pressures occur. Due to this process, cavita-
tion is generating noise and vibrations. The most serious problem, however,
is material damage caused by cavitation bubbles that collapse close to or
on the surface of propeller blades. Cavitation damage is a highly investi-
gated subject but, due to the fact that is an unsteady flow phenomenon,
dependent on the particular material, many of uncertainties and questions
regarding the fundamental mechanics exist. Many empirical rules exist to
help the propeller designer but still not sufficient to understand the com-
plicated process of cavitation. The question whether cavitation damage is
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caused by micro jets or by shock waves generated when the bubbles collapse
is still open. Whatever the answer the phenomenon of cavitation damage is
due to repeated collapse and causes local fatigue failure of the material, so
that pieces of material detach from the surface. Thus, cavitation damage is a
fatigue failure with a crystalline appearance (as from [12] and [11]), involving
complex mechanics. Bubble collapse can also generate noise and vibrations
as a consequence of the high pressures that are generated when the bubbles
are highly compressed and subsequently propagated into the flow field.

In particular, as the main topic of the present thesis, tip vortex cavitation
produces noise and vibration, but has apparently no influence on the per-
formance of the propeller. Due to its location at the tip of the blade, tip
vortex caviation collapse on the blade is rare. However, tip vortex cavitation
can damage the rudder if present behind the propeller. Therefore, tip vortex
cavitation prediction is most important for ships that should be free of noise
and vibrations, like navy ships, cruise ships, medical and research vessels and
for propeller-rudder configurations.

1.4 Motivation and Objectives

The case of an open propeller is the most widely used case of studying the
propulsion of ships. Propeller design has to meet many requirements, most
of them imposed by the ship owner. But, from the hydrodynamic point of
view the most important requirement is the allowed extent of cavitation and
cavitation pattern. Therefore, one of the most important steps in the design
stage of a propeller is to predict cavitation phenomena.

Since the early times, the checking of a propeller design was by representing
the full scale situation of the propeller working on a ship, in a model scale
experiment. Today, this is still a much used procedure to check a propeller
design on performance and on cavitation characteristics. The experimental
approach is fully developed and has reached maturity. But, many uncer-
tainties due to Reynolds number scaling effects exist when dealing with tip
vortex cavitation. For more insight into the experimental approach, Kuiper
[43] investigated three typical designed propellers for each type of cavitation
(sheet, bubble and vortex) and uses model testing to analyse these cavitation
phenomenon.

Cavitation has many appearances but, the most distinctive ones are bubble,
sheet and vortex cavitation. Some cavitation types like bubble and sheet
cavitation can be reproduced at model scale or calculated with inviscid flow
methods quite well. However, experimental prediction of tip vortex cavitation
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at model scale is difficult due to scaling effects. In addition, the cavitation
inception value on model scale needs to be scaled to full scale predictions.
Moreover, tip vortex cavitation inception in model tests is very dependent
on nuclei present in the basin and on propeller roughness, thus facility de-
pendent. Full scale predictions based on experimental values make use of
the McCormick scaling rule [54] developed in the 60’s, see equation 1.9. This
procedure is not very reliable and the desire for an accurate procedure to pre-
dict tip vortex cavitation inception and development on full scale, already in
the design stage is imperious.

Because of tip vortex cavitation, cruise vessels, ferries and navy ships, often
suffer undesirable effects like noise, vibrations and erosion. Thus, one of the
most important achievements of a propeller design is that the propeller is
free of tip vortex cavitation. Prediction and quantification of tip vortex cav-
itation is a valuable asset for a propeller designer.

The goal of the thesis is to accurately determine the inception and devel-
opment of tip vortex cavitation on marine propellers, by means of a CFD
method which might lead to better propeller designs.

1.5 Approach

Design of a propeller requires accurate knowledge of the distribution of the
velocity and pressure on the surface of the propeller blades, on full scale and
behind a ship, ideally. In order to acquire this knowledge, different methods
have been developed. Two major ways of analysing the performance of a
propeller can be distinguished: practical /experimental methods and theoret-
ical/computational methods. The experimental approach, that began with
Parson, is in its mature phase, while the computational approach, based on
high-fidelity models is increasingly utilised.

Propeller theories started being utilised during the last 60 years, resulting in
a wide variety of design and analysis methods for predicting propeller perfor-
mance. For more details on mathematical models for propellers, [15] offers
a very good overview. These methods vary from basic theories to the most
complex mathematical descriptions of flow dynamics.

In the last decades Computational Fluid Dynamics (CFD) is becoming very
popular due to advances in numerical algorithms and the increase in com-
puter power. In its most complex form CFD employs the Navier Stokes
equations to resolve the fluid motion. The Navier-Stokes flow model is based
on a set of partial differential equations of second order, derived in the 1840s
on the basis of conservation laws. For flows at low Reynolds numbers and for
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simple geometries, it is often possible to find approximate solutions to the
Navier-Stokes equations. However, for practical applications, direct solutions
of the Navier-Stokes equations is not an option and the practical approach is
provided by the Reynolds-Averaged Navier Stokes equations (RANS). How-
ever, the time-averaging of the Navier Stokes equations introduces new un-
known terms. This terms are expressed in terms of time-averaged flow field
quantities by turbulence models. The path used in the current thesis to assess
the inception and development of tip vortex cavitation on marine propellers
is using a computational method solving the RANS equations. Details of the
RANS method can be found in the Mathematical Modeling chapter.
Numerical simulations for propellers using the RANS approach without cav-
itation modelling are already widely used in industry. Rhee and Josi [69]
use numerical simulations for propeller P5168 and validate their results with
the experimental data of Chesnakas and Jessup [22]. Their computational
results are in line with those of the experiments. However, the torque and
thrust are over-predicted with 11 and 8 percent, respectively, still promising
results. In the same line are most of the RANS calculations for propellers
reported in [49], of the LEADING EDGE EU project and ITTC for perfor-
mances predictions using CFD. Therefore, RANS simulations for propellers
start to give results comparable to results from experiment.

To detect a tip vortex in the flow around a propeller blade using a CFD ap-
proach is not a trivial task. Already the definition of the vortex is complex.
The detection of vortices is a highly investigated subject not only for pro-
pellers, also for hydrofoils and aircraft wings. Most of the predictions of tip
vortices employing CFD can be found within the aerospace field for the case
of vortices generated by wings and rotors. Predictions of the tip vortex have
been performed by Ghias et al. [32] for a wing with a NACA 2415 section.
Using LES, they achieve very good results in the prediction of the distribu-
tion of the velocity and vorticity within the vortex. For propeller blades,
tip vortex prediction has been addressed within the LEADING EDGE EU
project and recently by Lifante [51]. All results locate and predict regions
with low pressure and swirling velocity fields but their accuracy is low due to
too coarse meshes and approximations associated with the turbulence models
used.

To accurately determine and understand cavitation inception, development
of cavitation and collapse of vapor regions requires much more work. Nu-
merical simulations of cavitation have been performed by Abdel-Masksoud
[6] using the CFX-TASCflow RANS solver to assess the cavitation behaviour
of a propeller. Inception and location of cavitation are well predicted but
prediction of its development is not yet achieved. Main concerns and diffi-
culties of the CFD calculations for the wetted flow are the grid requirements
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and turbulence modelling. For the cavitating flows the issue of cavitation
modeling adds an extra dimension to the problem.

Therefore, trying to predict tip vortex cavitation involves two difficult tasks,
first an accurate prediction of the tip vortex and secondly an adequate mod-
eling of the cavitation phenomenon. This is a complex problem, not easy to
solve requiring a detailed investigation into tip vortex detection and cavita-
tion modeling.

Numerical simulations of cavitating tip vortices have been performed at Dy-
naflow by Chahine, Hsiao et al., see [76] and [23]. They use a bubble dynamics
model and URANS to predict cavitation inception and tip vortex flows for
complex configurations. Their results are very successful in the prediction of
inception as well as analysing scaling effects for tip vortex cavitation.

In conclusion, the prediction of tip vortex cavitation on propellers is a chal-
lenging task with many uncertainties and questions, questions addressed in
the present thesis. The present thesis attempts to answer and clarify the
issues of these complicated numerical simulations by exploring the limits of
employing the RANS method. CFD can bring the prediction of tip vortex
cavitation to a new level, which is the goal of the present study. To achieve
this goal, CFD calculations will be carried out for different propeller shapes
for conditions that exhibit tip vortex cavitation. For the considered pro-
pellers detailed experimental data is available for the tip vortex flow. The
capability of RANS to predict concentrated vorticity fields in the propeller
tip vortex and the associated requirements on the grid, turbulence model
and cavitation model will be addressed. The results will be investigated in
detail, with a focus on turbulence modelling and meshing strategies.

The thesis concludes with an assessment of the use of a RANS approach in
propeller design with emphasis on designing for the minimal cavitating vor-
tex.
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1.6 Outline thesis

Following the present Introduction chapter the thesis is structured as out-
lined below.

The thesis uses numerical simulations to assess cavitation, therefore the gov-
erning flow equations including the turbulence model and the cavitation
model are described in the second chapter: Mathematical Modeling.

Vortex cavitation is of main interest in the simulations, therefore the third
chapter, Vortex Detection and Visualisation, deals with vortex definition and
the existing methods available to determine vortical structures numerically.
This chapter correlates with a brief description of the selected method used
in the thesis when dealing with wetted or cavitating flows with vortices.
Chapter four is dealing with the uncertainty study of the developed numeri-
cal method for steady and unsteady flow conditions. Guidelines for the grids
and simulation time step are also detailed in this chapter.

Table 1.1 summarises the main validation material available for the test cases
dealing with wetted or cavitating vortices.

Flow type Validation Data Elliptic 11| 4119 LE  Skew
rake hydro- | DTRC propeller
foil propeller

wetted Velocity and pressure fields | - V -

wetted Tip vortex core - v -
cavitating Cavitation inception - v vV
cavitating Tip vortex core vV - -
cavitating Cavity visualisation - - v

Table 1.1: Validation material for tip vortices in wetted and cavitating flow

After describing the governing equations, defining the vortex structure and
verifying the method, the results obtained for selected test cases address un-
derlying flow characteristic and application challenges, in chapter 5 and 6,
respectively.

Chapter 5 considers two test cases: the Twist 11 hydrofoil and the Elliptic
11 rake hydrofoil. Both test cases are analysed in wetted and cavitating flow
conditions and guidelines for turbulence modeling are given.

Chapter 6 presents the results obtained for two benchmark propellers: the
4119DTRC Propeller and the Leading Edge Skew Propeller. Wetted and
cavitating flow conditions are investigated at model scale. For the Leading
Edge Skew Propeller, also the scaling of the performance and the tip vortex
is investigated. Conclusions are formulated on the capability of the method
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to predict tip vortex cavitation inception and tip vortex development, and
the use of the method in the design stage of propellers.

The last chapter, discusses the main conclusions of the thesis and gives
recommendations for further study on tip vortex cavitation.



Chapter 2

Mathematical modeling

2.1 Conservation Principles

2.1.1 Introduction

Physical aspects of the fluid motion are governed by general conservation
principles. Ones these principles are known, they can be particularised and
applied to conserved quantity like mass, momentum and energy.

Before determining the general conservation equation, a few definitions have
to be introduced: the control volume, the bounding surface of the control
volume and the concepts of extensive and intensive quantity.

A control volume (7) is a region in 3D space determined by a bounding
surface impermeable or permeable to mass, momentum, energy. The fluid
within such a control volume is subjected to forces volumetrically or through
its bounding surface. The bounding surface of the control volume is the sur-
face (0), i.e. o =0T.

An extensive quantity (E) within a control volume 7 is any quantity that dou-
bles its value when two identical volumes at identical conditions are added.
Examples of extensive quantities are: mass, length, volume, entropy and en-
ergy. If a quantity does not change its value when two identical volumes at
identical conditions are added, and remains constant, then this quantity is
called intensive (e). As example of e: density, temperature, pressure and
viscosity.

For most of the extensive quantities it is possible to associate a correspond-
ing intensive quantity. In this case, the intensive quantity e represents the
volume density of the associated extensive quantity E. This relation can be
written mathematically as:

17
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Mﬂ=/duﬂw (2.1)

Note that the conservation laws are applied only to extensive quantities like:
mass, momentum and energy.

The general conservation law applicable to any extensive quantity E is de-
termined in the next section, as from [25].

2.1.2 General Principle of Conservation

Let us consider a control volume 7 bounded by the closed surface o = 0,
and F, the extensive quantity corresponding to this volume. We ask our-
selves: if we know the value of E at a certain moment in time, how does this
quantity change in time?

First we have to acknowledge that there are two types of dependencies: (1)
The production and destruction of the quantity, called source P of the ex-
tensive quantity F. Production / destruction can be found in the volume but
also at its surface. And (2), the changes due to fluid passing through the
surface ¢ = 07, called the flux ¢ of the extensive quantity F into or out of
the control volume 7.

Now it is possible to answer the question and state that: the rate of change
of the quantity F in time can be written mathematically as a summation of
the sources and changes of the extensive quantity E, as:

dE

—r = PIEI+ 0lE] (2.2)

Moreover, the production of an extensive quantity related to a control vol-
ume, can be interior or on the surface. Therefore we can associate two inten-
sive quantities for production, one related to each point inside the volume as:

P = [ ot 5yir (2.3)
and a second one related to production at points at the surface as:

PIEI = - [ &7(6.3) - do (2.4)

o

Where ¢.7 is the flux at the surface. Here 7 is the external unit normal to
the surface o = 0 7.
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From equations 2.3 and 2.4, the source P can be written as:

P[E] = /qTE(t,:E')dT — /q;E(t,f) -ndo (2.5)

o

The flux JZ of E is a surface quantity and represents the transfer of quan-
tity E between the control volume and its surroundings and can be written as:

6[E] = — / TE(t, ) - fido (2.6)

An analysis into the transfer phenomena at the permeable interface of a con-
trol volume and its surrounding shows two processes: one convective, due
to the macroscopic movement of the fluid and one diffusive due to the sub-
macroscopic movement. Therefore the flux vector JE can be divided in two
components, a convective flux and a diffusive flux written as:

JB = JE 4 JE (2.7)

Where J_g is the convective component of the flux and J_g is the diffusive
component.

Since e is the volume density of quantity F, and considering ¥ the velocity of
the macroscopic transfer of quantity F, the convective flux can be written as:

JE =— / e(t, 7)7 - ido (2.8)

And the diffusive component can be written as: JE = fg j_gﬁda.

Note that, the diffusive flux is not the objective of fluid mechanics and in
general is given by semi-empirical constitutive laws.

Finally, gathering all the contributions we can rewrite equation (2.2) as:

o o

%/e(t,f)drz /qf(t,f)dTJr/ q}E(t,f)ﬁda—/ e(t,f)ﬁ«ﬁdo—/j_g(t,f)-ﬁda
T T o 2.9)

where ¥ is the relative velocity with respect to the bounding surface (o) and
7=V -V, with V the velocity of the fluid and V., the velocity of the bound-
ing surface of the control volume.

Equation (2.9) represents the general transport equation.

Considering the divergence theorem () eV - iido = V- (eV)dr) and Leib-

niz’s rule (% [et, Z)dr = [ 86(;;;6)

dr + [, eV, - iido), we can rewrite
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equation (2.9) as:

/[@ — P T) + V- (GE (D) + et D)V + B T))dr =0 (2.10)

Equation (2.9) is the integral form of the transport theorem, and the local
form of the transport theorem which follows from equation (2.10) because 7
is an arbitrary control volume, is:

de(t, )
ot
for all ¥ € 7.
Using equation 2.11 it is possible to obtain all the equations of continuum
fluid mechanics. In the following subsections this equation is considered for
conservation of mass, momentum and energy.

— P (t,®) + V- (qF(t,7) + e(t, DV + jEGZ) =0 (2.11)

2.1.3 Mass Conservation

When the extensive quantity is mass m and the corresponding intensive quan-
tity is the density p , equation 2.11 becomes:

0 L
o V@V 4 ) =0 (2.12)

In case there are no chemical reactions, or phase transitions, i.e. there are
no mass sources:
mo__ -sm __ ~
a'=0,¢"=0 (2.13)

The diffusive mass flux can be considered zero, because we assume the com-
position of the fluid to be fixed.

in=0 (2.14)
Then we find the conservation form of the continuity equation:
0 -
SV (V) =0 (2.15)

Equation 2.15 represents the mass conservation principle in the conservation
PDE form.

In case of cavitation, there is a phase transition from liquid to vapor or vice
versa. In that case, equation 2.15 will have a non-zero right-hand side, see
section 2.3.5.
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2.1.4 Momentum Conservation Principle

When the extensive quantity is the total impulse I of the control volume 7
and the corresponding intensive quantity is pV, the equation 2.1 becomes:

I= / pVdr (2.16)
Now equation (2.11) becomes:
V) e o= =
(git)*q{ﬁv-[qéﬂp‘/)@‘/ﬂf’;]:(l (2.17)

If we consider f, the exterior force density per unity mass we can write:

ab(t, %) = pf (2.18)

In the same way, the impulse sources at the surface will be represented by
the forces distributed on the surface:

itz =5 (2.19)

Where ¢ is the stress tensor at the surface o, the minus sign corresponds to
the convention of the surface normal. Again the diffusive flux is considered
zero, and we can rewrite equation 4.19 as:

%*pf+v[fé+(pl7)®x7]:6 (2.20)

To express the stress tensor, the Stokes postulates are used to relate the

spatial gradient of the velocity field to the stress field, and the mathematical
expression for a Newtonian fluid is:

7 =2ud+ (—p+ AV - V)T (2.21)

In the literature, the viscous part of the stress tensor 7 is defined as:

7 =2ud = Sp(V - V)T (2.22)

G=7—pl (2.23)
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In equation (2.21), d is the rate of strain tensor defined as:

S

[VV + (VV)T] (2.24)

DO | =

In equation (2.24), p is the static pressure, I is the second-order unit tensor,
1 is the molecular dynamic viscosity and A is the second viscosity coefficient.

_ 2
Using Stokes hypothesis that the trace of 7 should be zero, leads to A = fgu.
Now, the momentum equation 2.20, using equation 2.23 becomes:

I

a(pV)—i—V-(pV@V):pf—Vp—}—V-f (2.25)

the conservation PDE form.
Equation 2.25 in known as the momentum or Navier-Stokes equation and
represents the conservation principle of momentum.

2.1.5 Enmnergy Conservation Principle

The extensive quantity is the total energy, E, of the fluid. E is the sum of

the internal energy per unit of mass, e, and the kinetic energy per mass unit,
. V2
[V|2/2, so that E = e + — then, the general conservation principle from

equation 2.11 takes the form of:
I(pE) E

7—qv+v-(q§+pEl7+fg):o (2.26)

The first law of thermodynamics states that the variation of the energy is
equal to the summation of the amount of heat supplied to the system and
the work done on the system. Therefore the volume sources are the sum of
the work done, per unit in time, by the external forces (p f . 17) and the heat
added volumetrically (gy):

a =pf V+av (2.27)

Surface sources are represented by the mechanic work of the tensions as:

1% (2.28)

Qi

(jg:
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The diffusive flux is usually given by Fourier’s law of heat conduction:

jE = —kVT (2.29)

Where £ is the thermal conductivity coefficient and T is the absolute tem-
perature.
Finally, equation 2.26 becomes:

%+v-(pm7):v-(kVT)+v-(5\7)+pf-x7+qv (2.30)

Equation 2.30 is the conservation of energy in PDE conservation form.

The conservation principles are the basis of the fluid dynamics, more details
can be found in [18], [90] and [28].

The conservation equations of mass (equation 4.17), momentum (equation
2.25) and energy (equation 2.30) form a system of 5 transport equations.
Knowing the volumetric force field and the volumetric heat source they con-
tain 7 unknowns (p, p, e, T, @). The system of equations is closed utilising the
thermodynamic state principle: for a fluid of fixed composition the thermo-
dynamic state is fixed by specifying two thermodynamic variables.

Thus equations of conservation of mass, momentum and energy form the
system of Navier-Stokes equations and together with the equations of state
and the empirical laws for the viscosity coefficient and thermal conductivity,
represent the most complete description of the fluid motion. This system of
seven equation governs the physical aspects of the fluid flow.

2.2 Mathematical models

2.2.1 Navier-Stokes equations

The Navier-Stokes equations are the most important fluid dynamic system
of equations since these conservation equations determine and characterise
all fluid motions. Therefore, in the following, different forms of the Navier-
Stokes equations are presented and a few comments added.

Mathematically these different forms are equivalent, but from a perspective
of numerical methods different forms may require different discretizations.
In vector form the Navier-Stokes equations is:
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-mass conservation equation:

dp -
o TV (V) =0 (2.31)

-momentum conservation equations:
8pV

StV V)@ VI=pf —Vp+ V-7 (2.32)

-energy conservation equation:

%fﬁv-(pm?) =of V4aq+V-(kVT)+V-(7V) (2.33)
with H = E + p/p the total enthalpy.

The above Navier-Stokes equations are the vectorial formulation.

The tensor/index formulation of the Navier-Stokes equations is usually more
practical and easy to use in theoretical analysis. It has the following form:
-mass conservation equation:

Op 0
2 T oz (pu;) =0 (2.34)
-momentum conservation equation:
d(pu;) 0 3 )
5 T aij[ﬁ)“iug] pfi+ m (T —pdy); i=1,2,3 (2.35)

where the viscous stress tensor is:

o (a“i a“j)_g Ouy
Ty = H ox;  Ox; 3“8317;g "

(2.36)

0;; is the Kronecker delta, which is unity when i=j and zero otherwise.
-energy conservation equation:

19} 0
&(PE) [/)UJH] = pfiuj +q, + T(kaxj) 0 (Tijui) (2.37)

In the following, the index formulation is used. Different forms of the Navier-
Stokes equations are found in most text books on fluid dynamics, e.g. [18].
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Comments on Navier-Stokes equations

From the above presented system of equations it is found that the fluid mo-
tion depends on many parameters. An essential role is attributed to ratio
of the inertial and viscous forces, expressed in the Reynolds number. Three
flow regimes can be distinguished based on this Reynolds number: laminar,
turbulent and transitional flow. This concept is the basis of the boundary
layer theory, to be discussed later in the turbulence modeling section.

The Navier-Stokes equations constitute a system of second-order non-linear
partial differential equations. The non-linearity is mainly introduced by the
inertial term (\7 . V)V, the term that with the viscous stress term govern
turbulence.

The Navier-Stokes equations for a time-dependent flow describe the fluid mo-
tion in general and can be resolved most precisely by the direct numerical
simulation (DNS) approach. However, the computational requirements for
such kind of simulations at Reynolds numbers relevant for the present thesis
are out of reach for the moment and some time to come (Reynolds number
in the range of thousands can be considered, in close relation to the number
of grid points). Simulations concerned with complex engineering problems
within limited time frames are only possible when using reduced variants
of the Navier-Stokes equations, like the Reynolds Averaged Navier-Stokes
(RANS) as presented in the next section.

Note that, for the applications considered in the present thesis, the density
of the liquid (water) is approximately constant (incompressible flow), while
also the temperature is approximately constant, so that also the dynamic
viscosity coefficient is constant. This assumption implies that from now the
energy equation and the equations of state do not need to be addressed any
more. This implies that the system refers only to the conservation equations
for mass and momentum, involving p and V as the unknown flow field quan-
tities to be determined.

Non-dimensional form

Experimental studies of flows are often carried out on scaled models of true
configurations. The results are displayed in dimensionless form, thus allow-
ing scaling to full-scale conditions. The same approach can be undertaken
in numerical studies as well. The governing equations can be transformed to
dimensionless form by using appropriate normalizations. Velocities are nor-
malized by a reference velocity vy, spatial coordinates by a reference length
Ly, time by a reference tine ¢, and pressure by pvZ. The dimensionless vari-
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ables are then:

Ly Vo pvs ( )

If the fluid properties (p, ;1) are constant, the continuity equation in dimen-
sionless form is:

e =0 (2.39)

1

When f; is the gravitational acceleration vector, the momentum equation

becomes:
our  O(ujuj) 1 %u;  Op* 1

ot~ " o Redu? o | Fr2)

St

(2.40)

where ~; is the component in the z; direction of the normalized gravitational
acceleration vector.

In equation 2.40 the dimensionless numbers are: the Strouhal number (St),
the Reynolds number (Re) and Froude number (Fr), defined as:

Lo

St = 2.41
ot (2.41)
L
Re = 2020 (2.42)
]
Fr=—-2 (2.43)

2.2.2 Reynolds Averaged Navier-Stokes model

Often, in engineering, one is interested in knowing only a few quantitative
properties of a turbulent flow, such as the time-averaged total forces and
moments, the averaged engine inlet conditions and the averaged conditions
in the ship propeller plane. These properties can be found by time-averaging
the Navier-Stokes equations. Because it is based on ideas proposed by Os-
borne Reynolds over a century ago, the resulting equations are called the
Reynolds-averaged Navier-Stokes equations.

When applying the Reynolds averaged approach to turbulence two effects



2.2. MATHEMATICAL MODELS 27

arise. First, the unsteadiness is removed i.e. all unsteadiness is regarded as
part of the turbulence. And second, the time averaging of the non-linear
terms in the Navier-Stokes equations gives rise to new terms (turbulence
Reynolds stresses and scalar fluxes) that must be modelled by so-called tur-
bulence models.
To derive the Reynolds Averaged Navier Stokes (RANS) equations every flow
field variable is considered as the sum of the time-averaged value (a) and
the fluctuation o’ as:

a={(a) +d (2.44)

Replacing each variable in the Navier-Stokes equations with this decompo-
sition assuming a statistically steady flow, yields upon time-averaging, the
equations for incompressible flow.
The continuity equation, becomes:

o, =0 (2.45)
The momentum equation becomes:
Oplus)) O (v vy O O
—or o Plutu)] = =5 g () —plui)) = 1,23 (246)

In equation 2.46 the viscous stress tensor has the form:

Olus) | Oug)y  20{ur) o

() = W+ 5e) = 5 g0 (247)

In the momentum equation 2.46 the term p(u;u;> represents the Reynolds
stress tensor, which has 9 components from which because of symmetry 6
are distinct. Turbulence modelling concerns finding relations for these 6
components in terms of the time-averaged quantities. Note that the RANS
equations are more complicated than the Navier-Stokes equations but the
convergence of its solution is smoother and the solution is less complicated
and requires less computational effort to obtain. Still, the time-averaged
values are not representing a well-defined physical situation since an infinite
number of different time variations give the same average. Also, in the mo-
mentum equations, extra terms that include cross-correlations of fluctuations
appear, which add 6 unknown quantities to the system. To close the system
of RANS equations one has to add extra equations for these turbulence vari-
ables.

More details into the treatment of turbulent flows can be found in [65], [82],
[91], [9], [85], [33] and [28].
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2.2.3 Turbulence models

The system of equations 2.45 and 2.46 needs extra relations for the compo-
nents of the Reynolds stress tensor in order to be closed. This is achieved by
introducing the concept of turbulence modelling.

Turbulence models are approximations for the Reynolds stress terms and
none of them are valid for all types of flow. In general three types of ap-
proaches to turbulence modelling can be found: Eddy Viscosity models,
Reynolds Stress models and Large Eddy Simulation models. Since all models
are approximations and very much depend on the type of flow, choosing one
of them requires knowledge of the nature of the flow. In the present thesis,
due to the goal of developing a robust method to be used in industry, the
eddy viscosity model is chosen and detailed in the following.

Eddy viscosity turbulence models are based on the Boussinesq hypothesis.
In this approach the Reynolds stresses are related to the rate of the deforma-
tion tensor of the time-averaged velocity. The eddy viscosity models can be
classified by the number of partial differential equations to be added to the
time-averaged Navier-Stokes equations. They vary from zero equation (al-
gebraic) models to 12 equation models. However, the most popular models
are the two-equation models. Two equation models compute the turbulence
kinetic energy and turbulence length scale for large eddy structures. As a
rule, the first equation is the equation for the turbulent kinetic energy and
the second one is the equation for the turbulent length scale or an equivalent
variable.

Boussinesq hypothesis

In 1877 Boussinesq introduced a hypothesis to link the Reynolds stresses and
turbulent scalar stresses to the local gradients of the mean flow field through
a turbulent viscosity, expressed as:

ro 2 (Ouk)
—pluguy) = 2puSij = 5 (i 0. T Pk)6ij (2.48)

In equation (2.48), p is the turbulent eddy viscosity, k is the turbulence
kinetic energy:

(2.49)
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and S;; is the mean rate of strain:

o 1 (8141;) <(9Uj> -
S” a 2 < al'j + 83:1 (200)

Turbulent viscosity is linked to turbulent kinetic energy k and length [ via
the Prandtl-Kolmogorov hypothesis:

pe = f.C k2l (2.51)
In equation 2.51 f, and C,, are dimensionless numbers.

Furthermore, p; is related to the turbulence kinetic energy k and dissipation
rate € via:

C,pk?
1= f, “f (2.52)
Using equations 2.51 and 2.52, k, € and [ are r