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Investigation of Thrust Deduction on Azimuth Thrusters in Bollard Pull Condition
using CFD

FOIVOS LEMONAKIS
Department of Mechanics and Maritime Sciences
Chalmers University of Technology

Abstract

This report is result of a master's thesis project performed together withCaterpillar
Propulsion AB, which is a revisit of an older master's thesis with title "Hydrodynam-
ics of Conventional Propeller and Azimuth Thruster in Behind Condition" (Matin,
2011). In the previous master's thesis, the thrust deduction factors of open shaft
propellers and ducted azimuth thrusters, installed on an o�shore vessel, are studied.
However, during the recent years the ducted azimuth thrusters have become more
and more common and especially for vessels such as tug boats, drilling vessels etc.
For such vessels, the bollard pull condition is really important, which indicates high
power operation with high loading (Funeno, 2009). Thus, the purpose of the current
master's thesis is the investigation of thrust deduction on ducted azimuth thrusters
in bollard pull condition using Computational Fluid Dynamics (CFD).

In order achieve this type of study, a harbour tug boat with twin ducted azimuth
thrusters and a combination of steady state Multiple Reference Frame (MRF) and
transient Sliding Mesh Interface (SMI) modelling methodologies have been used.
MRF has been proven to be inaccurate in behind condition and at low or high ad-
vance coe�cients, as it usually results in relatively strange �ow �elds in the vicinity
of the propeller while SMI has shown higher accuracy. However, SMI is a much more
computationally demanding methodology (Gullberg & Sengupta, 2011). Thus, SMI
has been used for critical regions and MRF for regions of lower interest.

Outcome of this study is that during the bollard pull condition the contribution of
the nozzle is higher than the propeller in terms of thrust and the contribution of
the gear case housing is higher than the hull in terms of resistance. The highest
thrust deduction appears on the gear case housing with8:92% while the highest
merit deduction, which shows a lower performance, appears when placing the whole
propulsion unit behind the hull with 9:09%. Furthermore, the measured bollard pull
force of the open water case is about8:23%higher than the one of the Wageningen
CD Series. However, this high di�erence is not realistic and the reason has to be
identi�ed. Finally, by comparing the MRF and SMI methodologies, it is concluded
that the MRF approach gives appropriate results for initialization and quite rea-
sonable results for medium advance coe�cients at low computational cost while the
SMI approach is needed for the critical regions of low and high advance coe�cients.

Keywords: Propulsion, Hydrodynamics, Thruster, Thrust deduction, Bollard pull,
CFD, Multiple Reference Frame (MRF), Sliding Mesh Interface (SMI).
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1
Introduction

In this chapter, a background of the propulsion systems; the propellers; the driving
reasons of the continuous development; and �nally the computational �uid dynamics
is presented. In the rest of the chapter, it is described how this thesis contributes to
the �eld by explaining the purpose, the importance and the scope of this topic.

1.1 Background

Transportation through the water is one of the oldest means of transport during
humankind. Ships and boats are used for many di�erent purposes such as trade,
�shing, defense and leisure. Therefore, the need of some kind of propulsion sys-
tem was already created since the ancient years of the stone age. For thousands of
years, the oars were the main and probably the only type of propulsion while during
the 7th century the sails were introduced. During the 16th century the number of
propulsion systems were limited and the use of sails was at its peak. At the end
of the 18th century the Industrial Revolution arrived, which brought a new era for
the shipping industry as well as for many other industries. In the beginning of the
19th century, paddle wheels were the prevailing propulsion system for steam vessels
while at the same time the screw propeller got invented, which was based on the
Archimedes' screw.

Since then, propellers are the predominant marine propulsion system, which convert
rotational motion into thrust power. A pressure di�erence is generated between the
pressure side and the suction side of the propeller blades and as a result the �uid,
which in this speci�c case is water, is accelerated and the vessel moves. The propul-
sion of a vessel though is not any more the main goal as this is already solved. How-
ever, there is a continuous development of the marine propulsion systems, which is
mainly driven by the need of higher e�ciency; both for environmental and econom-
ical reasons, noise reduction due to noise pollution and comfort reasons, operating
security, safe performance and maneuverability. In order to achieve those, the un-
derstanding of the physical phenomena around the propulsion unit and the hull of
the ship is vital. Hydrodynamics is the subject that is studying the �ow of water
and the forces applied on structures immersed in water.

An important tool for the study of hydrodynamic phenomena and designs is Com-
putational Fluid Dynamics (CFD), which is the numerical analysis of �uid �ow, heat
transfer and associated phenomena such as chemical reactions. The methodology of
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this kind of analysis is mostly used to run computer-based simulations by the use
of computer software packages in order to aid various engineering tasks, something
that makes CFD a part of the Computer Aided Engineering (CAE). CFD starts from
the 1960s where the aerospace industry developed CFD techniques and integrated
them into the design while from the 1990s a wider industrial usage starts (Versteeg
& Malalasekera, 2007).

1.2 Importance of this topic

This report is result of a master's thesis project performed together withCaterpillar
Propulsion AB, which is a revisit of an older master's thesis at Chalmers with title
"Hydrodynamics of Conventional Propeller and Azimuth Thruster in Behind Condi-
tion" (Matin, 2011). In the previous master's thesis the thrust deduction factors of
open shaft propellers and ducted azimuth thrusters, installed on an o�shore vessel,
are studied. However, during recent years the ducted azimuth thrusters have become
a more and more common propulsion system on vessels such as harbour tug boats,
Anchor Handling/Tug/Supply (AHTS) vessels, cable laying vessels, oceanographic
research vessels and drilling vessels due to their good manoeuvrability. For such ves-
sels, the bollard pull operating condition is really important, which indicates high
power operation with high loading (Funeno, 2009). However, the performance of
the azimuth thrusters is still questionable since they haven't been studied as much
as the open shaft propulsion units. Moreover, model testing of azimuth thrusters is
not that e�cient due to the high viscous e�ects at model scale while the conven-
tional open shaft thrusters have been validated with a huge amount of model tests
by several research institutes.

1.3 Purpose

The purpose of the current thesis is the investigation of thrust deduction on ducted
azimuth thrusters in bollard pull condition and in full-scale using CFD, in order
to develop a better understanding of the physical phenomena around this type of
geometry, understand where losses occur as well as understand which parts of those
geometries are bene�cial. In order to ful�l this purpose, there is the need to investi-
gate the hydrodynamic interaction between the propeller, the nozzle, the gear case
housing and the hull.

1.4 Scope

In order perform this type of study, a harbour tug boat with twin ducted azimuth
thrusters and a combination of steady state Multiple Reference Frame (MRF) and
transient Sliding Mesh Interface (SMI) modelling methodologies have been used.
Steady state MRF has been proven to be inaccurate in behind condition and at
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low or high advance coe�cients, as it usually results in relatively strange �ow �elds
in the vicinity of the propeller while transient SMI has shown higher accuracy.
However, transient SMI is a much more expensive methodology in terms of com-
putational cost (Gullberg & Sengupta, 2011). Thus, transient SMI has been used
for critical regions such as for advance coe�cientsJ = 0:00, that indicate bollard
pull condition, and steady state MRF for regions of lower interest. Finally, a com-
parison with the Wageningen CD Series is done in order to develop an evaluation
tool which can be used in the future in order to evaluate the early stages of a project.

1.4.1 Investigation cases

As already mentioned, the hydrodynamic interactions between the propeller, the
nozzle, the gear case housing and the hull need to be investigated. Thus, CFD
simulations of the following cases are carried out and investigated separately:

ˆ The propeller and the nozzle in open water condition,
ˆ The propeller, the nozzle and the gear case housing in open water condition,
ˆ The propeller, the nozzle, the gear case housing and the hull in behind condi-

tion.

Note: The gear case housing is considered to be part of the propulsion unit and
not part of the hull.

1.4.2 Software packages used

In order to solve the �uid �ow problems with CFD, there is need of three main
steps: pre-processing, solving and post-processing. The software packages that are
used within this project in order to achieve these three steps are the following:

Pre-processor: De�nition of the geometry and mesh generation
ANSA Pre-processor v.19.0.1
Developed by 'BETA CAE Systems S.A.'

Solver: Solving of the governing equations
OpenFOAM v1806
Open source software developed by 'OpenCFD Ltd'

Post-processors: Visualization of the simulation results
ParaView v.5.6.0
Open source software developed mainly by 'Kitware Inc.' and
'Los Alamos National Laboratory'
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Process of the numerical results
MATLAB R2018b
Developed by 'The MathWorks, Inc.'

Comparison with the Wageningen CD Series
Microsoft Excel propCalcCD2.3.1 tool
Developed by 'Caterpillar Propulsion AB'

Rendering: 3D visualization of the geometry
Blender 2.79
Open source software supported by 'Blender Foundation'
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2
Theory

In this chapter, a thorough explanation of the background theory of this thesis is pre-
sented. The �rst sections of this chapter demonstrate a fundamental theory of CFD,
governing equations, similarity between model and full-scale, propeller scaling, types
of �uid �ow and turbulence modelling. Thus, these sections could be skipped from
a reader with basic knowledge in these topics. On the contrary, the last sections of
this chapter indicate a more speci�c theory of open water characteristics, propulsive
factors, bollard pull condition and modelling methodologies, which is directly related
to the current study.

2.1 Introduction to Computational Fluid
Dynamics

As mentioned before, CFD is the numerical analysis of �uid �ow, heat transfer
and associated phenomena such as chemical reactions around a system. In order
to perform such an analysis, computer-based simulations by the use of a computer
software are mainly used.

CFD codes and software packages are using numerical algorithms in order to solve
�uid �ow problems. All commercial CFD packages include input problem parame-
ters and most of them also include tools for analyzing the results. Thus, all CFD
packages include three main steps (Versteeg & Malalasekera, 2007):

ˆ Pre-processing , which includes the input problem parameters and the con-
version of the inputs into a form that the solver can use. Pre-processing can
be divided into:

� De�nition of the computational domain
� Grid generation
� Identi�cation of the physical and chemical phenomena that need to be

modelled
� De�nition of the �uid properties
� De�nition of the boundary conditions

ˆ Solving can be divided into various categories according to the numerical
techniques that are being used. However, the �nite volume method is the
most widely used method among most of the CFD codes. Solving can be
divided into:

� Integration of the governing equations of the �ow over the �nite control
volumes of the domain

5



2. Theory

� Discretisation of the integrated equations into algebraic equations
� Solving of the algebraic equations by the use of an iterative method

ˆ Post-processing , which includes the visualization of the domain geometry,
the mesh that is used in order to solve the algebraic equations and the simu-
lation results as well as the process of the numerical results. Post-processing
can be divided into:

� Visualization of the simulation results
� Process of the numerical results

In the following sections, the already mentioned main steps of CFD and their sub-
categories are presented in the same order as above.

2.1.1 De�nition of the computational domain

A domain can be divided into an inner domain (i.e. geometries of interest) and
outer domain (i.e. boundaries). The de�nition of the outer computational domain
is dependent on each case and it has to be of a size to be able to provide results with
precision while it should not be much bigger than needed so the simulation becomes
too expensive.

2.1.2 Grid generation

The solving of the algebraic equations in order to determine �ow variables such
as velocity, pressure and temperature is de�ned at nodes inside each cell of the
grid. Hence, the accuracy of a CFD problem is highly dependent on the number
of cells with a higher number of cells giving higher accuracy. However, the higher
the number of cells of a grid, the more expensive a simulation becomes in terms of
computer hardware and calculation time. Thus, an optimal number of cells should
be chosen without compromising the accuracy of the result. In order to achieve
that, non-uniform meshes are widely used which imply �ner mesh in areas where
large geometrical or �ow variations occur and coarser mesh in areas with smaller
geometrical or �ow variations. However, the quality of the mesh is really important,
which implies elements with as simple geometries as possible. Thus, most of the
commercial mesh generation software packages include mesh quality checks as well
as automatic and manual correction mesh quality tools.

2.1.3 Identi�cation of the physical and chemical phenomena
that need to be modelled

Prior to a CFD simulation, the de�nition of the �ow problem in terms of the physical
and chemical phenomena is needed. The most usual decisions in order to de�ne a
�ow problem follow:

ˆ Model a problem in two-dimensional space (2D) or three-dimensional space
(3D).

ˆ Include or exclude the density variations due to ambient temperature or pres-
sure variations.
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ˆ Treatment of the small-scale turbulence.
Always within CFD, many assumptions are made in order to simplify complex �ow
problems. However, it is really important to be always aware of all the assumptions
that are made.

2.1.4 De�nition of the �uid properties

All the �uid properties such as the density� , pressurep, velocity u and temperature
T need to be de�ned. It should be mentioned that all the �uid properties are
functions of space and time. Thus, those properties should be de�ned respectively
as � (x; y; z; t), p(x; y; z; t), u(x; y; z; t) and T(x; y; z; t).

2.1.5 De�nition of the boundary conditions

CFD problems are characterized by boundary conditions. The boundary conditions
represent a condition that needs to be satis�ed within the boundary region. Those
boundary conditions enter a discretised system, either implicitly in the coe�cient
matrix or explicitly in the source term. The most common boundary conditions,
within which a set of di�erential conditions are solved, are the following:

ˆ Inlet
ˆ Outlet
ˆ Wall
ˆ Symmetry
ˆ Periodic/cyclic
ˆ Prescribed pressure

2.1.6 Integration of the governing equations of the �ow over
the �nite control volumes of the domain

Initial step of the solving part is the integration of the governing equations of the
�ow from face to face and over the �nite control volumes of the domain in order
to obtain a �ow property � at its nodal point P. During this step the conservation
of various �ow properties within each control volume is achieved by relating the
numerical algorithm with the physical conservation principles. Within the �nite
control volume (seeFigure 2.1) the conservation of a �ow variable� , such as velocity,
pressure, temperature and density, needs to be ful�lled. Thus, this conservation can
be expressed as a balance of a system (Versteeg & Malalasekera, 2007):

Rate of change Net rate of Net rate of Net rate of
of � in the increase of� increase of� creation of �

control volume = due to convection + due to di�usion + inside the control
with respect into the control into the control volume.

to time. volume. volume.
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The integration of the governing equations of the �ow over the �nite control volumes
is more thoroughly presented in Sections 2.2 and 2.3.

Figure 2.1: A �nite control volume (cell) and its neighbouring nodes
(Versteeg & Malalasekera, 2007).

2.1.7 Discretisation of the integrated equations into alge-
braic equations

The integrated governing equations need to be discretised (i.e. to go from a con-
tinuous di�erential equation to an algebraic discrete equation) in order to capture
the transport phenomena, the source terms and the rate of change with respect to
time. In order to do that, coe�cients and gradients at the faces need to be cal-
culated (Versteeg & Malalasekera, 2007). Gradients at the faces are approximated
by calculating the distribution of the properties between two nodal points by the
use of discretisation schemes such as Gaussian integration andinterpolation
schemes such as Central di�erencing, Upwind, Hybrid, Quadratic Upstream In-
terpolation for Convective Kinematics (QUICK) . In a similar way, divergence and
time derivative terms at the faces are approximated by the use of discretisation and
interpolation schemes (OpenCFD Ltd, 2018).

The transport phenomena include the convection part, which is the transport due
to �uid �ow, and the di�usion part, which is the transport due to variations of
the �ow variable � from node to node (i.e. net movement from regions with high-
concentration to regions with low-concentration). An example of a grid in 2D and
its nodes (i.e. E, W, N, S) are presented in the following �gure.
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Figure 2.2: Part of the grid presented in 2D (Versteeg & Malalasekera, 2007).

Schemes can generally be split into di�erentorders of accuracy . Schemes with
lower order of accuracy have higher stability of the results with less accuracy (due
to the high level of di�usion error). On the other hand, schemes with higher order
of accuracy have lower stability (due to false oscillations when the Peclet number
is high) with more accuracy. Peclet number is evaluated at the face of the control
volume and is de�ned as follows (i.e. assuming a west face):

Pew =
Fw

Dw
=

(�U )w

� =�xW P

(2.1)

where:
Fw is the convection term of the west face,
Dw is the di�usion term of the west face,
� is the generalized di�usion coe�cient,
� xW P is the distance between the nodes W and P.

Thus, sometimes hybrid schemes can be ideal since they combine a wider range of
problems (i.e. di�usion or convection dominated problems). Such an example is the
hybrid di�erencing scheme which employs:

ˆ Central di�erencing scheme (2nd order accurate) for Peclet numbersPe < 2

ˆ Upwind scheme (1st order accurate) by taking into account only the trans-
portiveness (i.e. upwind for convection and setting the di�usion to zero) for
Peclet numbersPe � 2

Finally, the evaluation of the order of accuracy of a discretisation is done by the use
of Taylor expansion.
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2.1.8 Solving of the algebraic equations by the use of itera-
tive method

Final step of the solving part is the iterative solving of the algebraic equations by the
use of mathematical algorithms in order to establish a correct relationship between
velocity and pressure. The governing equations are often solved separately and the
continuity equation is rearranged in order to achieve a better solution, hence the
use of some mathematical algorithms is needed. Examples of such mathematical
algorithms are (Versteeg & Malalasekera, 2007):

ˆ Semi-Implicit Method for Pressure-Linked Equations (SIMPLE)
ˆ Semi-Implicit Method for Pressure Linked Equations - Consistent (SIMPLEC)
ˆ Semi-Implicit Method for Pressure-Linked Equations - Revised (SIMPLER)
ˆ Pressure-Implicit with Splitting of Operators (PISO)
ˆ Pressure-Implicit Method for Pressure-Linked Equations (PIMPLE)

The mathematical algorithms are using point-iterative methods for computing points
of iterated functions where a linear system of algebraic equations is solved (i.e.
Ax = b with unknown the x). Examples of such iterative linear solvers are:

ˆ Gauss-Seidel
ˆ Tri-Diagonal Matrix Algorithm (TDMA)

2.1.9 Visualization of the simulation results

There are many ways to process and present the simulation results. Usually, the
domain geometry and its mesh is displayed through commercial software packages
while various �ow variables � such as velocityu, pressurep, temperature T and
density � , as well as turbulent quantities are also displayed around this domain
geometry and within this mesh. Moreover, vector plots and 2D or 3D surface plots
are used to present the convergence and residuals as well as a �ow variable� that
may be of interest. All these tools are helping to get a better understanding of the
simulation results in order to be able to yield to a conclusion.

2.1.10 Process of the numerical results

Even though the visualization of the results gives a really good understanding of
the quality of the results and helps to draw conclusions, it is still really important
to process the speci�c quantities that are important for the speci�c study. Thus,
a series of calculations is needed in order to complete the whole picture with the
numerical conclusions.

2.2 Governing equations

Changes in the mass, momentum and energy of a �uid due to the appearance of
a source or multiple sources within the �uid element and during a �ow along the
boundaries lead to the �uid �ow and heat transfer equations that govern the whole
system. The governing equations of the conservative or divergence form of the
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time-dependent 3D viscous �ow of a Newtonian �uid are presented in the following
sections. However, since the �uid is considered incompressible, which indicates that
the density � is constant within the volume and through time, some rearrangements
and simpli�cations are made.

2.2.1 The continuity equation

The continuity equation, also known as mass conservation, is derived from the vol-
ume, which is the in�nitesimal �uid element dV, as shown inFigure 2.3. The net
transport of mass out of the element should be zero in the case where there is not
any mass source. Thus, the continuity equation is formed as:

@�
@t

+ div(�u ) = 0 (2.2)

which can also be written as:

@�
@t

+
@

@x
�u � dV +

@
@y

�v � dV +
@
@z

�w � dV = 0 (2.3)

where:
dV = dx � dy � dz,
u is a scalar representing the velocity in x-direction,
v is a scalar representing the velocity in y-direction,
w is a scalar representing the velocity in z-direction.

Figure 2.3: Mass �ow in x-direction through the �uid element
(Larsson & Raven, 2010).

However, since the �uid is considered as incompressible, the continuity equation can
be re-written as:

@u
@x

+
@v
@y

+
@w
@z

= 0 (2.4)
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2.2.2 The Navier-Stokes equations

The Navier-Stokes equations are derived through a long derivation by applying New-
ton's second law to the in�nitesimal �uid element dV (Larsson & Raven, 2010):

d
�!
F = dm � �! � (2.5)

where:�!
F is the force vector derived from the total force acting on the element (i.e. arrow
represents vector),
dm is the mass of the element,
�! � is the acceleration vector.

After the long derivation, the Navier-Stokes equations for incompressible �ow are
obtained, assuming that the gravityg is the only body force along the z-axis (Ver-
steeg & Malalasekera, 2007):

x-momentum:

@(�u )
@t

+ div(�uu ) = �
@p
@x

+ div(� grad u) + SMx (2.6)

�

 
@u
@t

+ u
@u
@x

+ v
@u
@y

+ w
@u
@z

!

= �
@p
@x

+ �

 
@2u
@x2

+
@2u
@y2

+
@2u
@z2

!

+ SMx

Dividing by � , the following equation is obtained (Larsson & Raven, 2010):

@u
@t

+ u
@u
@x

+ v
@u
@y

+ w
@u
@z

= �
1
�

@p
@x

+ �

 
@2u
@x2

+
@2u
@y2

+
@2u
@z2

!

+
1
�

SMx (2.7)

In a similar way, the equations for the other two directions are obtained as follows:

y-momentum:

@v
@t

+ u
@v
@x

+ v
@v
@y

+ w
@v
@z

= �
1
�

@p
@y

+ �

 
@2v
@x2

+
@2v
@y2

+
@2v
@z2

!

+
1
�

SMy (2.8)

z-momentum:

@w
@t

+ u
@w
@x

+ v
@w
@y

+ w
@w
@z

= �
1
�

@p
@z

+ �

 
@2w
@x2

+
@2w
@y2

+
@2w
@z2

!

+
1
�

SMz � g (2.9)

where:
g is the gravity in z-direction,
SM is the momentum source term.

By looking at Eq.(2.7), (2.8) and (2.9), the left-hand side of these equations repre-
sents the acceleration of the �uid element in the x, y and z-directions respectively,
thus the convection terms. The right-hand side represents the forces due to pressure
(i.e. pressure gradient), viscous (i.e. di�usion terms) and body (i.e. gravity).
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2.3 Similarity between model and full-scale

When carrying out model tests, it should be kept in mind to keep some similarities
to the full-scale. Those similarities can be divided into: geometric, which include
the shape and roughness (i.e. roughness is included in the viscous resistance); kine-
matic, which means that all the velocities are scaled; and dynamic, which means
that all the forces of the �ow are scaled (Larsson & Raven, 2010).

In order to apply the similarity laws between the model and full-scale, the governing
equations and the boundary conditions need to be independent of dimension. Thus,
the following dimensionless quantities are introduced:

�x =
x
L

; �y =
y
L

; �z =
z
L

; �� =
�
L

�u =
u

U1
; �v =

v
U1

; �w =
w

U1
; �p =

phd

�U 2
1

; �t =
tU1

L

where:
x; y; z are components of a vector in the x, y or z-directions,
� is the wave elevation,
L is the reference length (i.e. characteristic linear dimension) that describes the
travelled length of the �uid,
U1 is the reference velocity,
phd is the hydrodynamic pressure,
t is the time.

By introducing these dimensionless quantities into the governing equations, which
are the continuity equation (seeEq.(2.4)) and the Navier-Stokes equations (see
Eq.(2.7), (2.8) & (2.9)), the equations below are obtained.

2.3.1 The continuity equation

@(�uU1 )
@(�xL )

+
@(�vU1 )
@(�yL)

+
@( �wU1 )
@(�zL)

= 0 (2.10)

By dividing this equation by U1
L , the following equation is obtained:

@�u
@�x

+
@�v
@�y

+
@�w
@�z

= 0 (2.11)
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2.3.2 The Navier-Stokes equations

x-momentum:
@(�uU1 )

@
�

�tL
U1

� + �uU1
@(�uU1 )
@(�xL )

+ �vU1
@(�uU1 )
@(�yL)

+ �wU1
@(�uU1 )
@(�zL)

= (2.12)

�
1
�

@(�p�U 2
1 )

@(�xL )
+ �

 
@2(�uU1 )
@(�xL )2

+
@2(�uU1 )
@(�yL)2

+
@2(�uU1 )
@(�zL)2

!

+ SMx

By dividing this equation by U2
1
L , the following equation is obtained:

@�u
@�t

+ �u
@�u
@�x

+ �v
@�u
@�y

+ �w
@�u
@�z

= (2.13)

�
@�p
@�x

+
�

U1 L

 
@2 �u
@�x2

+
@2 �u
@�y2

+
@2 �u
@�z2

!

+ SMx

In a similar way, the equations for the other two directions are obtained as follows:

y-momentum:

@�v
@�t

+ �u
@�v
@�x

+ �v
@�v
@�y

+ �w
@�v
@�z

= (2.14)

�
@�p
@�y

+
�

U1 L

 
@2�v
@�x2

+
@2�v
@�y2

+
@2�v
@�z2

!

+ SMy

z-momentum:
@�w
@�t

+ �u
@�w
@�x

+ �v
@�w
@�y

+ �w
@�w
@�z

= (2.15)

�
@�p
@�z

+
�

U1 L

 
@2 �w
@�x2

+
@2 �w
@�y2

+
@2 �w
@�z2

!

� g + SMz

The governing equations are taken into account when similarity is about to be
achieved in order to see which equations are dependent on the scale. The only
parameter that appears in these equations is theReynolds number Rn (which
appears as 1/Rn and is circled in the above equations) in the dimensionless Navier-
Stokes equations (seeEq.(2.13), (2.14) & (2.15)), which is de�ned as:

Rn =
�uL

�
=

uL
�

(2.16)

where:
u is a scalar representing the velocity in x-direction in respect to the object,
� is the dynamic viscosity of the �uid,
� is the kinematic viscosity of the �uid.
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2.3.3 Other conditions

Other conditions are also taken into account when similarity is to be achieved. Such
conditions are the boundary conditions for solid surfaces, the free-surface boundary
conditions and the in�nity condition (Larsson & Raven, 2010). However, the only
parameters that appear in those equations are in the free-surface boundary condi-
tions. Those parameters are:

ˆ the Euler numberEn, which is used to determine the cavitation,

En =
pu � pd

�U 2
1

(2.17)

where:
pu is the upstream pressure,
pd is the downstream pressure.

ˆ the Froude numberFn, which is used to determine the resistance,

Fn =
U1p
gL

(2.18)

ˆ the Weber numberWn, which is used to determine the spray, the wave break-
ing and the surface waves,

Wn =
�U 2

1 L



(2.19)

where:

 is the surface tension or over-speed ratio in channel.

2.4 Propeller scale e�ects

Looking at the performance characteristics of a propeller in both model and full-
scale, and taking into account that full-scale indicates higher Reynolds number,
larger diameter and lower rotational speed, the thrust coe�cientK T is almost iden-
tical while the torque coe�cient K Q in full scale is lower according to Carlton (2007)
as shown inFigure 2.4.

It should be mentioned that the above statement applies for open shaft arrangement
where a huge number of model testing has been done. On the other hand, this state-
ment is not true for azimuth thrusters due to the high model testing uncertainties
that are derived from the high viscous e�ects that appear at model scale. For this
reason, full-scale CFD might be a better alternative for azimuth thrusters compared
to model testing.
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Figure 2.4: Scale e�ects (Carlton, 2007).

The viscous e�ects are the main reason for the di�erences between the model and
full-scale due to the phenomena that are dependent on the Reynolds number. The
dependency of these phenomena to the Reynolds number and consequently to the
viscosity is explained thoroughly in Sections 2.2 and 2.3. The Reynolds number
should be the same at both scales in order for the viscosity e�ects to be correct.
However, due to the methods of testing model propellers, the Reynolds number ends
up being di�erent between model and full-scale and as a result a di�erent boundary
layer structure to the �ow over the blades and nozzle arises. A consequence of that
is the too high viscous resistance in model scale.

2.5 Types of �uid �ow

ˆ Steady - Unsteady
A �ow is described as steady (state) when the �ow variables� , such as velocity,
pressure, temperature, and density, do not change through time. On the other
hand, a �ow is described as unsteady (also known as transient �ow) when the
�ow variables � change through time.

ˆ Uniform - Non-uniform
A �ow is described as uniform when the velocity does not change through space
at a speci�c time. On the other hand, a �ow is described as non-uniform when
the velocity changes through space at a speci�c time.

ˆ Laminar - Turbulent
A �ow is described as laminar when the �uid particles follow smooth, well-
de�ned paths. On the other hand, a �ow is described as turbulent when the
�uid particles follow random, chaotic paths.
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ˆ Compressible - Incompressible
A �ow is described as compressible when the density of the �uid� is dependent
on the pressure, thus the density is changing within the control volume that
moves with the �ow velocity at regions with di�erent pressure. On the other
hand, a �ow is described as incompressible when the density of the �uid�
is independent on the pressure and thus, constant within the control volume
that moves with the �ow velocity at regions with di�erent pressure.

ˆ Viscous - Inviscid
A �ow is described as viscous when the �uid of the �ow is viscous. On the
other hand, a �ow is described as inviscid when the �uid of the �ow has no
viscosity (i.e. viscosity is equal to zero).

ˆ Rotational - Irrotational
A �ow is described as rotational when vorticity, which is the curl of the velocity
vector, appears all over the �ow �eld. On the other hand, a �ow is described
as irrotational when vorticity is zero all over the �ow �eld.

ˆ 1D - 2D - 3D
A �ow is described as 1D when the �ow variables� , such as velocity, pressure,
temperature and density are de�ned within one dimensional coordinate system
in space. A �ow is described as 2D and 3D when the �ow variables� are de�ned
within two or three dimensional coordinate systems respectively in space.

ˆ Potential �ow
A potential �ow is a �ow that is described by the velocity potential � (x; y; z)
for some scalar �eld � , being a function of space and time and assuming
incompressible, inviscid and irrotational �ow. The �ow velocity �! v is a vector
�eld that is equal to the gradient of the velocity potential as shown below
(Larsson & Raven, 2010):

�! v (x; y; z) = 5 � (2.20)

2.6 Introduction to turbulence modelling

All types of �uid �ow become unstable when a speci�c Reynolds number is exceeded.
Flows are considered laminar at low Reynolds numbers while at high Reynolds num-
bers �ows become turbulent (Versteeg & Malalasekera, 2007).

The Reynolds number associates the inertia forces that are related to the convec-
tive e�ects and viscous forces with the �ow. A critical Reynolds number,Rncrit is
introduced, which determines the type of the �ow. In cases whereRn < Rn crit the
�ow is considered as laminar while whenRn � Rncrit the �ow is considered as tur-
bulent. At turbulent �ows the instantaneous �ow variables � are decomposed into
a mean value and a �uctuating value. The instantaneous velocityu and pressurep
are presented below:

u = U + u0 and p = P + p0 (2.21)

where:
U is the steady mean value of the velocity component,
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P is the steady mean value of the pressure component,
u0 is the �uctuating velocity component,
p0 is the �uctuating pressure component.

Turbulent �ows include rotational �ows that are called turbulent eddies. These ed-
dies bring the �uid particles closer to each other, which results in a high heat, mass
and momentum exchange. This yields to an e�ective mixing, which rises the di�u-
sion coe�cients. Turbulent eddies that are large enough to interact with the mean
�ow and extract energy from it are called vortices while vortex stretching shows how
much a �uid particle has been stretched.

The characteristic velocity# and the characteristic length` of the larger eddies (e.g.
vortices) is observed to be of the same order as the mean velocityU and length L
of the mean �ow. Thus, by looking at Reynolds equation (seeEq.2.16), it can be
considered that vortices are highly in�uenced by inertia e�ects while viscous e�ects
can be neglected due to the same order of the velocity and length. Since vortices
are considered inviscid and the angular momentum is preserved, the rotation rate
gets increased while the rotation radius gets decreased. This yields to creation of
motion at the smaller length scales and within smaller time steps. As a result, vor-
tex stretching provides the required energy and the turbulence is maintained.

Smaller eddies are mainly streched by larger eddies while mean �ow has less im-
pact on them. The so called energy cascade explains the transfer of kinetic energy
from the larger eddies to the smaller ones. The smallest eddies that are dominated
equally by inertia e�ects and viscous e�ects are called Kolmogorov microscales. The
energy within these microscales is dissipated and converted into thermal energy,
thus resulting in high energy losses. Kolmogorov microscales are expressed by the
dissipation rate of turbulent kinetic energy" and the �uid's kinematic viscosity � .

Magnitude ratios of the larger scales and the Kolmogorov microscales are used in
order to proceed to a dimensional analysis. These magnitude ratios, that are ex-
pressed by the characteristic velocity#, length ` and time t of the larger scales and
the characteristic velocity u, length � and time � of the Kolmogorov microscales,
are shown below:

ˆ Velocity scale ratio:
u
#

� Rn � 1=4
` (2.22)

ˆ Length scale ratio:
�
`

� Rn � 3=4
` (2.23)

ˆ Time scale ratio:
�
t

� Rn � 1=2
` (2.24)

As it is already mentioned, the large eddies are considered as inviscid while they
are highly dependent on the characteristic velocity# and the characteristic length
`. As a result, the spectral energy contentE(� ) of the large eddies should be
directly proportional to the characteristic velocity # and the characteristic length
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` as shown inEq.(2.25) and (2.26). The large eddies are considered anisotropic as
the characteristic length ` is linked with components such as the boundary layer
thickness� , the obstacle widthL and the surface roughnessks.

E(� ) / #2` (2.25)

where the wave number� is de�ned as:

� =
1
`

(2.26)

On the other hand, Kolmogorov microscale eddies are dependent on the dissipation
rate of turbulent kinetic energy " and the �uid's kinematic viscosity � . As a result,
the energy content of the Kolmogorov microscale eddies should be directly propor-
tional to the �uid's kinematic viscosity � and the dissipation rate " as shown in
Eq.(2.27) and (2.28). The Kolmogorov microscale eddies are considered isotropic as
the spectral energy contentE(� ) is linked with the dissipation rate ".

E(� ) / � 5=4"1=4 (2.27)

where the wave number� is de�ned as:

� =
1
�

(2.28)

2.6.1 Boundary layer

An interaction between the molecules of a solid surface, which is also known as wall,
and a �uid element arises due to their collision. Hence, a tiny layer between the solid
surface and the �uid elements is created where two di�erent velocity �elds are mixed.
Nevertheless, these two di�erent velocity �elds get smoothed and �nally become
identical (i.e. the �uid element sticks to the solid surface and the di�erence of their
velocities becomes zero). This interaction is described by the "no-slip" condition
where the viscous e�ects (i.e. friction is included) are taken into consideration.
Moving away from the solid surface, the velocity increases within the so called
boundary layer. In Figure 2.5, the di�erent regions of the �ow are presented where
the viscous sublayer and the turbulent boundary layer are part of the boundary
layer while the inviscid �ow is part of the free stream (Larsson & Raven, 2010).

Figure 2.5: Regions of �ow (Larsson & Raven, 2010).
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2.6.2 Flat plate theory

The boundary layer is the most important region of �ow where the transition from
laminar to turbulent �ow occurs. The simplest boundary layer is considered the one
that is developed on a �at plate, a plate with really small thickness and parallel
to the �ow on which the pressure is considered constant. The �at plate consists
of three regions: the laminar boundary layer, the transition region from laminar
to turbulent �ow and the turbulent boundary layer. The development of velocity
boundary layer on a �at plate within these regions is shown inFigure 2.6 (Larsson
& Raven, 2010).

Figure 2.6: Regions of development of the velocity boundary layer on a �at plate
(Bergman, Lavine, Incropera, & Dewitt, 2011).

Laminar �ow is the only �ow within the laminar boundary layer, which is char-
acterized by ordered streamlines, until the transition region where an intermediate
�ow dominates (i.e. laminar �ow within the viscous sublayer and intermediate �ow
within the bu�er layer). Turbulent �ow follows within the turbulent boundary layer
where a turbulence �ow dominates (i.e. laminar �ow within the viscous sublayer,
intermediate �ow within the bu�er layer and turbulent �ow within the turbulent
region) (Bergman, Lavine, Incropera, & Dewitt, 2011).

Moving streamwise from the laminar to the turbulent region (i.e. increasing x-
direction), the boundary layer thickness� grows (seeFigure 2.6) and the velocity
gradients on the �at plate decrease (seeFigure 2.7).
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Figure 2.7: Comparison of laminar and turbulent velocity pro�les of the
boundary layer on a �at plate (Bergman, Lavine, Incropera, & Dewitt, 2011).

The reduction of the velocity is associated with the shear stresses� acting in parallel
to the velocity (seeFigure 2.8) in order to conserve the particle motion at a distance
� from the solid surface.

Figure 2.8: Development of the velocity boundary layer on a �at plate
(Bergman, Lavine, Incropera, & Dewitt, 2011).

The velocity within the boundary layer needs to be expressed in terms of the �uid
density � , the dynamic viscosity � of the �uid and the shear stresses at the wall
� w . It should be mentioned that the velocity should be kept independent of the
boundary layer thickness� . Thus, the following equations are introduced (Larsson
& Raven, 2010):

ˆ The non-dimensional velocityu+ :

u+ =
u
u�

(2.29)

where the friction velocity u� is de�ned as

u� =
s

� w

�
(2.30)

ˆ The non-dimensional distance from the wally+ :

y+ =
yu�

�
(2.31)

Finally, the boundary layer can be split into four regions:
ˆ The viscous sublayer: 0 � y+ � 5

This region (i.e. region I) is part of the inner layer where a laminar �ow
dominates.
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ˆ The bu�er layer: 5 � y+ � 30
This region (i.e. region II) is part of the inner layer where an intermediate
�ow dominates.

ˆ The turbulent (logarithmic) region: 30 � y+ � 500
This region (i.e. region III) is part of the inner layer where a turbulent �ow
dominates.

ˆ The wake region: 500� y+ � 10000
This region (i.e. region IV) is part of the outer layer. Therefore, it is not
further explained.

Figure 2.9: Regions of development of the velocity boundary layer on a �at plate
(Larsson & Raven, 2010).

2.6.3 Numerical methods of turbulence modelling

The instantaneous �ow variables are divided into a mean component and a turbulent
�uctuating component. The �uctuating component consists of all scales of eddies.
Based on this statement, the numerical methods that are used in order to treat the
e�ects of turbulence are the following:

ˆ Reynolds-Averaged Navier-Stokes (RANS)
RANS uses time averaged Navier-Stokes equations to compute the steady mean
�ow, which is the same order as the large scale eddies (Versteeg & Malalasek-
era, 2007). Then, the e�ects of all the scales of eddies to the mean �ow are
modelled (Larsson & Raven, 2010).

ˆ Large Eddy Simulation (LES)
LES uses space �ltering of the unsteady Navier-Stokes equations to compute
the �ow including large scale eddies (Larsson & Raven, 2010). Then, the
e�ects of the small scale eddies are modelled.

ˆ Direct Numerical Simulation (DNS)
DNS uses the unsteady Navier-Stokes equations to compute the �ow including
all the scales of eddies, even the smallest ones which are the same scale as the
Kolmogorov microscale eddies.

LES and DNS methods provide higher resolution and a more detailed description

22



2. Theory

of turbulence compared to RANS. However, both LES and DNS are much more
expensive methods and the level of resolution and details that both provide is usually
not needed. On the other hand, RANS yields a decent level of resolution and details,
which are the result of the averaged �ow properties such as the mean values of the
velocities, pressures and stresses. Due to this fact, RANS method has been used the
most among the three.

2.6.4 The Reynolds-Averaged Navier-Stokes equations

Taking the average of each term, one getsu = u + u0 = U + u0. The overbar (e.g.
u) or capital letters (e.g. U) indicate averaging andu0 = 0. Hence, thecontinuity
equation is formed as (Fletcher, 1991):

@�
@t

+ div(�u ) = 0 (2.32)

which can also be written as:

@�
@t

+
@

@x
�u � dV +

@
@y

�v � dV +
@
@z

�w � dV = 0 (2.33)

However, since the �uid is considered incompressible (i.e.� = � ) and by taking into
account that div(u) = div(U), the continuity equation can be re-written as:

div(U) = 0 (2.34)

Then, by taking the average of each term of theNavier-Stokes equations (see
Eq.(2.7), (2.8) & (2.9)) for incompressible �ow and assuming that the gravityg is
the only body force along the z-axis, the RANS equation are obtained:

x-momentum:

@(�u )
@t

+ div(�uu ) = �
@p
@x

+ div(� grad u) + SMx (2.35)

Then, the mean and �uctuating components (seeEq.(2.21)) are introduced into the
time-average of each term:

@(�U )
@t

+ div(�UU ) + div(�u 0u0) = �
@P
@x

+ div(� grad U) + SMx (2.36)

where:

@(�u )
@t

=
@(�U )

@t
; div(�uu ) = div(�UU ) + div(�u 0u0) (2.37)

�
@p
@x

= �
@P
@x

; div(� grad u) = div(� grad U)
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Rearranging Eq.(2.36) and moving the �uctuating components on the right hand
side, the following equation is obtained:

�

 
@U
@t

+ U
@U
@x

+ V
@U
@y

+ W
@U
@z

!

= �
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@x
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!

+ (2.38)
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Dividing by � , the following equation is obtained:

@U
@t

+ U
@U
@x

+ V
@U
@y

+ W
@U
@z

= �
1
�

@P
@x

+ �

 
@2U
@x2

+
@2U
@y2

+
@2U
@z2

!

+ (2.39)

1
�

"
@(� � u02)

@x
+

@(� � u0v0)
@y

+
@(� � u0w0)

@z

#

+
1
�

SMx

In a similar way, the equations for the other two directions are obtained as follows:

y-momentum:
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z-momentum:
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By looking at the Navier-Stokes equations (seeEq.(2.7), (2.8) & (2.9)) and the
RANS equations (seeEq.(2.39), (2.40) & (2.41)), nine extra terms can be observed,
which represent three normal stresses:

� xx = � � u02; � yy = � � v02; � zz = � � w02 (2.42)

and three double shear stresses:

� xy = � yx = � � u0v0; � xz = � zx = � � u0w0; � yz = � zy = � � v0w0 (2.43)

These stresses are knows at the Reynolds stresses. The Reynolds stresses are addi-
tional turbulent shear stresses within the �uid layers, which are result of momentum
exchange derived from the convective transport by the eddies. This momentum ex-
change results to a deceleration of the faster moving �uid layers and an acceleration
of the slower moving �uid layers. The symmetry of the double shear stresses is
explained by the identical net �ux of the x, y and z-momentum accordingly and the
identical mean component of this net �ux of the x, y and z-momentum out of the
control volume (Versteeg & Malalasekera, 2007).
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2.6.5 Turbulence models

For most CFD purposes, there is no need to resolve the details of the turbulent
�uctuations. Thus, most of the turbulent �ow computations are based on RANS
equations. However, the e�ects of turbulence on the mean �ow are important. In
order to be able to compute turbulent �ows with RANS that include the turbulence
e�ects, turbulence models to predict the already mentioned Reynolds stresses as
well as scalar transport terms are needed (Versteeg & Malalasekera, 2007).

Some of the most common turbulence models that are usually used in CFD are
presented below:

ˆ � � " model
ˆ Reynolds stress equation model (RSM)
ˆ Wilcox � � ! model
ˆ Menter Shear Stress Transport (SST)� � ! model

2.6.6 Menter SST � � ! turbulence model

Menter SST� � ! model is a hybrid model that uses the original Wilcox� � ! model
to solve the boundary layer due to its high sensitivity to the arbitrary assumed val-
ues and the� � " model to solve the regions located far from the wall, which are
fully turbulent.

The turbulent kinetic energy k, which is derived from the Navier-Stokes equations,
is de�ned as the half of the sum of the �uctuating velocity components (Versteeg &
Malalasekera, 2007):

k =
1
2

(u02 + v02 + w02) (2.44)

The dissipation rate of turbulent kinetic energy" is de�ned as:

" = 2� s0
ij � s0

ij (2.45)

Finally, the speci�c dissipation rate of turbulent energy! is de�ned as:

! =
"
k

(2.46)

For the k � " model, the velocity scale# and the length scalè are de�ned as:

# = k1=2 (2.47)

` =
k3=2

"
(2.48)
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For the k � ! model, the velocity scale# is the same as above while the the length
scale` is de�ned as:

` =
k1=2

!
(2.49)

The Reynolds stress and the k-equation are identical to the original Wilcoxk � !
model:

� ij = � � u0v0 = � � u0
i u0

j = 2� tSij �
2
3

�k� ij = � t
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while the "-equation is transformed into an! -equation by substituting " = k! :
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The turbulent eddy viscosity is de�ned as:

� t =
� 1�k

max(� 1!; SF 2)
(2.53)

where:

S =
q

2Sij Sij (2.54)

the blending function is de�ned as (Menter, Kuntz, & Langtry, 2003):

F2 = tanh
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500�
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!# 23

5 (2.55)

and Pk is de�ned as:

Pk = min

 

10� � �k!; 2� tSij �
2
3

�k
@Ui
@xj

� ij

!

(2.56)

while the revised model constants are the following (Versteeg & Malalasekera, 2007):

� k = 1:000, � !; 1 = 2:000, 
 2 = 0:440 � 2 = 0:083 � � = 0:090

and � 1 = 5=9 according to Menter et al. (2003).
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2.7 Open water characteristics

The open water propeller characteristics are performance characteristics of a pro-
peller operating in a uniform �ow, that are usually obtained by model testing in a
towing tank (seeFigure 2.10) or in a cavitation tunnel (seeFigure 2.11). In cases
where the propeller is placed behind the hull, the in�ow is not uniform. The thrust
T and the torque Q of the propeller are measured while the rotational speedn is
most of the times kept constant and the advance velocityVA varies (Dyne & Bark,
2005).

Figure 2.10: Arrangement of an open water test in a towing tank
(Dyne & Bark, 2005).

Having everything known, the advance coe�cientJ is then obtained:

J =
VA

nD
(2.57)

which is a non-dimensional value that describes the operating condition of the pro-
peller.

Figure 2.11: Arrangement of an open water test in a cavitation tunnel.

Then, the non-dimensional thrust coe�cient K T and torque coe�cient K Q are ob-
tained:

K T =
T

�n 2D 4
(2.58)
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K Q =
Q

�n 2D 5
(2.59)

The delivered power to the propeller via the shaftPD is de�ned as:

PD = 2�nQ (2.60)

and the thrust power that is created from the propellerPT is:

PT = TVA (2.61)

The open water e�ciency � 0 is �nally de�ned as:

� 0 =
PT

PD
=

J
2�

�
K T

K Q
(2.62)

The results of an open water test are presented through an open water characteristics
diagram as shown inFigure 2.12.

Figure 2.12: Open water characteristics diagram.

2.8 Propulsive factors

The propulsive factors are factors that express speci�c quantities of the �ow that
are relevant to the operation of a ship's propeller. Moreover, these factors also
express the hydrodynamic interaction between the propeller and the hull, which
is really important during the design of a propeller. The propulsive factors are
determined based on values measured during open water tests, resistance tests and
self propulsion tests. These propulsive factors are:
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ˆ The thrust deduction fraction t, which is de�ned as:

t =
� R
T

(2.63)

where:
� R is the increase of the resistance due to the propulsor.

ˆ The e�ective mean wakewT M , which is de�ned as:

wT =
VS � VAT

VS
(2.64)

where:
VAT is the advance mean velocity where T stands from the thrust,
VS is the ship velocity.

ˆ The relative rotative e�ciency � R , which is de�ned as:

� R =
K Qo

K Q
(2.65)

where:
K Qo is the torque coe�cient in open water condition,
K Q is the torque coe�cient in behind condition.

ˆ The total propulsive e�ciency � D , which is de�ned as:

� D = � o � � R � � H (2.66)

where the hull e�ciency � H is de�ned as:

� H =
R=T

VA =VS
=

1 � t
1 � wT

(2.67)

and R is the resistance of the hull.

Another useful factor often connected to the hydrodynamic interactions, even if itself
is a mechanical interaction, is the shaft e�ciency� S, which is de�ned as:

� S =
PD

PB
(2.68)

where:
PB is the brake power.

Empirically, � S is set to 0:97 for open shaft con�gurations and to0:95 for azimuth
thrusters.
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2.9 Bollard pull condition

In Section 2.8, theconventional ways to express the hydrodynamic interactions
that are commonly used in free sailing condition are presented. However, during
bollard pull condition the movement of a vessel is restricted. The real applica-
tion that the bollard pull condition tries to capture is the pushing or pulling of a
really heavy structure (e.g. a vessel) or equipment (e.g. anchors for drilling rigs),
which results to a high power operation and a vessel speed really close to zero. Dur-
ing bollard pull testing, a vessel operates in full power while it is connected on a
bollard on shore through a tow-line. As a result, the ship's velocityVS is zero and
the advance velocityVA looses its meaning since the ship is not moving. This yields
an advance coe�cient J equal to zero.

In bollard pull condition, the thrust deduction fraction t is mainly used to describe
the increase of the resistance due to the suction of the propeller and to determine
the generated thrust. On the other hand, some of the other conventional hydro-
dynamic interactions such as the e�ective Taylor's wake fractionwT , the relative
rotative e�ciency � R and the propulsive e�ciency � D cannot be applied and some
alternative ways have to be used instead. Themerit coe�cient mc is introduced
as a replacement of the total propulsive e�ciency� D in order to be able to express
the performance of the thruster. The merit coe�cient is de�ned as:

mc =
(K T =� )3=2

K Q
(2.69)

As it has already been mentioned, a vessel operates in full power while it is connected
on a bollard on shore through a tow-line while bollard pull testing. This force applied
on the line is represented in tons and is de�ned as:

TBP =
Ttot

g
(2.70)

Bollard pull condition is really important for tug boats among other types of vessels.
However, it should be acknowledged that tug boats usually operate in really low
power while high power is used only for a short period of time, which is usually
less than the full power that bollard pull condition indicates. Though, full power is
mainly used only during bollard pull testing during the vessel's sea trials.

2.10 Modelling methodologies

The CFD modelling of a propeller indicates a relative motion between the stationary
parts (i.e. static parts such as the nozzle, gear case housing, hull) and the rotor (i.e.
rotating parts such as the propeller blades, hub) of a propulsion unit and the vehicle
(e.g. ship, airplane) that this propulsion unit is mounted on. Two methodologies
have been widely used within the industry through the years among many other
methodologies that are trying to capture the propeller motion. Those two method-
ologies are the Multiple Reference Frame (MRF) and the Sliding Mesh Interface
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(SMI) (Tabib, Siddiqui, Rasheed, & Kvamsdal, 2017).

MRF is a steady state approach, which indicates a frozen rotor hypothesis. The
RANS equations are solved for both the stationary parts and the rotor while the
rotation e�ect of the rotor is taken into account by including the coriolis and cen-
trifugal forces in additional source terms in the momentum equations.

SMI is a transient approach, which indicates a rotation of the rotor relative to the
stationary parts. In a similar way as before, the RANS equations are solved for both
the stationary parts and the rotor while the rotation e�ect of the rotor and the un-
steady interactions between the stationary parts and the rotor are taken into account
by solving the conservation equations on a moving (i.e. sliding) mesh. Moreover,
the rotation e�ect of the moving volume mesh is taken into account by including
the mesh motion �ux in the face mass �ux computation in the convective terms of
the governing equations. Finally, the position of the mesh of the rotor is updated
after every time step.

Here it should be mentioned that for both the MRF and SMI approaches, an Ar-
bitrary Mesh Interpolation (AMI) takes place between the stationary parts and the
rotor.

Comparing the two numerical modelling methodologies, it is concluded that the
SMI approach reproduces representative hydrodynamic interactions such as the tip
vortices, steep velocity gradients etc. and the transient behavior of the wake region
is more realistic. On the other hand, MRF approach is weaker on calculating these
signi�cant details. Moreover, SMI shows higher accuracy on predicting the power
and thrust. Nevertheless, it should be considered that SMI is much more expensive
in terms of computational time compared to the MRF methodology and as a result,
the use of MRF is often more realistic (J. Liu, Lin, & Purimitla, 2016).
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3
Geometry

In this chapter, the main particulars of the vessel and the machinery that are used
within this project are presented. Moreover, an explanation and representation of
the geometries follows.

3.1 Main particulars

The classi�cation and the dimensions of the vessel that is used within this study
as well as the machinery, which includes the main engines, the propulsion and the
propeller speci�cations, are presented inTable 3.1.

Classi�cation Harbour tug boat

Dimensions Length overall, LOA 26.50 m
Rule length, LP P 22.60 m
Max. breadth, B 11.40 m
Draft (design), T 5.50 m

Machinery Main Engines
Make 2x Caterpillar
Type B-rated 3516E
E�ect, each engine 2100 kW
Rpm 1600

Propulsion
Make 2x Caterpillar
Type Simpli�ed MTA627

Propellers
Make 2x Caterpillar
Type FPP
Diameter, DP 2.70 m
Expanded blade area ration, EAR 0.67
Design pitch ratio at 0.7r 1.136
No. blades, Z 4

Table 3.1: Main particulars
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3.2 Azimuth thruster

In Figure 3.1, the starboard ducted azimuth thruster (i.e. azimuth thruster that
includes a nozzle) that is studied within this project is presented. During the CFD
simulations the thruster is split into four di�erent components: the propeller, which
is also split into the four blades and the hub, the nozzle, the gear case housing and
the lid. It should be mentioned that the lid is a geometry that does not exist in
reality since the azimuth thruster is connected directly to the hull. However, its
presence is important in order to have a closed geometry at the top of the gear case
housing so that no strange �ow is created around this region.

Figure 3.1: Starboard ducted azimuth thruster.

3.3 Hull

In Figure 3.2, the azimuth thrusters and the hull that are studied within this project
are presented. The lid that is mentioned above is removed and the gear case hous-
ing is connected directly to the hull. Moreover, the hull is split into two di�erent
components: the main hull and the skeg, which is the "�n" under the hull that is
used for stability during sailing.

Moreover, the azimuth thruster is rotated6� around x-axis and6� around y-axis as
shown in Figure 3.3.

Finally, it is important to keep in mind that during the CFD simulations a symmetry
plane is used on top of the domain while the water surface inFigure 3.2 is used only
for visualization and understanding of the geometries.
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Figure 3.2: Ducted azimuth thrusters and hull.

(a) Side view. (b) Rear view.

Figure 3.3: Ducted azimuth thrusters and hull.
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4
Methodology

In this chapter, the methodology used in order to accomplish the CFD simulations
is presented. In the �rst sections the three main steps of CFD (i.e. pre-processing,
solving and post-processing) are presented while in the end the system used to run
OpenFOAM is demonstrated.

As already mentioned in Section 1.4.1, the hydrodynamic interactions between the
propeller, the nozzle, the gear case housing and the hull need to be investigated.
Thus, the following cases are de�ned and then investigated separately:

ˆ Case 1:
The propeller and the nozzle in open water condition,

ˆ Case 2:
The propeller, the nozzle and the gear case housing in open water condition,

ˆ Case 3:
The propeller, the nozzle, the gear case housing and the hull in behind condi-
tion.

In order to achieve such an investigation, as also mentioned in Section 2.1, the input
problem parameters need to be de�ned and speci�c tools need to be developed for
analyzing the results. Thus, the following sections present the mandatory steps for
the setup of a series of investigations within this study project.

4.1 Pre-processing

4.1.1 De�nition of the computational domain

The main geometries used within this study project are modelled prior to this study
by Caterpillar Propulsion AB, using Computer Aided Design (CAD) software pack-
ages. These geometries are later provided to the author and researcher of this
project. However, small geometrical changes are made by the author using the
Computer Aided Engineering (CAE) software ANSA pre-processor v.19.0.1. The
�ow domain is then de�ned using ANSA pre-processor, which is built around the
main geometries. Here it should be noted that all the simulation models are de�ned
in full-scale.

In Figure 4.1, the geometry of Case 1 is presented. A shaft that is connected to the
hub and to the inlet of the domain is added in order to get rid of the stagnation
point that would be created at the center of the hub in case the shaft was not added.
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The velocity of the �uid would end up being zero at the stagnation point and thus,
strange �ows at this region would be created.

Figure 4.1: Geometry of Case 1.

In Figure 4.2, the domain of Case 1 is presented. The dimensions of the domain are:
ˆ Diameter d = 20DP = 54m
ˆ Length L = 30DP = 81m

Figure 4.2: Domain of Case 1.

38



4. Methodology

In Figure 4.3, the geometry of Case 2 is presented while the domain of Case 2 is
identical to Case 1. As already mentioned in Chapter 3, the lid is an additional
geometry that does not exist in reality since the azimuth thruster is connected
directly to the hull. However, its presence is important in order to have a closed
geometry so that no strange �ow is created around this region.

(a) Azimuth thruster pressure side. (b) Azimuth thruster suction side.

Figure 4.3: Geometry of Case 2.

In Figure 4.4, the geometry of Case 3 is presented,

Figure 4.4: Geometry of Case 3.
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while in Figure 4.5, the domain of Case 3 is presented. The dimensions of the
domain are:

ˆ Width W � 20DP = 2:3LP P = 52m
ˆ Height H � 20DP = 2:3LP P = 52m
ˆ Length L � 58DP = 6:9LP P = 156m

Figure 4.5: Domain of Case 3.

Looking at both the geometry and the domain of Case 3, it is clear that the the
hull geometry is split into half and the reason is due to the geometrical symmetry.
Thus, there is no need of simulating the whole geometry since this would result
into a much more expensive computational simulation. A symmetry boundary layer
during the CFD simulations is set on the top and side boundaries instead.

4.1.2 Grid generation

The grid that is used within this study is generated with ANSA pre-processor, using
semi-automated functions and then manual corrections. The grid is a non-uniform
mesh where �ner mesh size is used in regions with large geometrical variations and
coarser mesh size in regions with smaller geometrical variations.

Initial step of the meshing is the creation of asurface mesh with triangle shapes.
Then, layers are created around the boundaries, which are a type of volume mesh
that are created by the extrusion of the triangle surface mesh. In the next step, a
volume mesh is created within the whole domain, which consists of elements with
pyramid, tetrahedral and hexahedral shapes.
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