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1. Introduction

This thesis belongs to the research areas of computational engineering
and physics. The particular purpose of the thesis is to utilise computa-
tional fluid dynamics modelling tools to develop high-resolution, predictive
approaches for ship hydrodynamics simulations. The purpose of this sum-
mary is to provide a brief overview of the background of the thesis and
of the main research findings discussed in the appended Publication I
- Publication III. More accurate methods to simulate ship performance
are required due to the higher energy efficiency requirements and the
imperative need to cut emissions. Increased computation capacity offers
the replacement of expensive model tests with simulations, and it is of
very high interest to be able to predict full-scale ship performance with
leading edge simulation approaches. Validation of full-scale simulations
includes many uncertainties, and the starting point in this thesis is to
identify potential physical phenomena that can cause a systematic error in
traditional simulation approaches. Two examples on such core sources of
error are 1) free surface capturing approaches and 2) turbulence simulation
methods which are in main focus in this dissertation as well in Publication
I - Publication III.

1.1 Motivation and background

World-wide shipping emissions in 2017 were about 700 Mt/year [1] based
on the fuel sales statistic or about 2 % of all global CO2 emissions. The
International Maritime Organization (IMO) set a target to reduce Green
House Gas (GHG) by half by 2050 from the 2008 levels [2]. The decarbon-
isation strategy is divided into three parts: improving energy efficiency,
speed and operation optimisation and transition to alternative fuels usage.
Ship hydrodynamics has a fundamental role in better understanding of
the first and second items.

Ship hydrodynamics is the field of science related to explaining fluid
dynamics phenomena around the ship. Energy efficiency improvement

9
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Figure 1.1. Top: History of CO2 emissions of international shipping. Data from Eyring et
al. [3] covers civilian ships (> 100 GT), and the values have been calculated
based on ship number statistics like IMO vessel-based data. IEA’s data [4] is
in line with IMO statistic when fuel sales statistics are used. Bottom: Division
of propulsion energy consumption [5, 6].

in the ship design includes two main branches: firstly, energy efficiency
improvement in the ship power generation in order to utilise the fuel energy
better in the mechanical/electrical energy within the ship; secondly, energy
efficiency improvement by reducing the drag of a ship and improvement
of the propulsion efficiency. Depending on the ship type, the propulsion
energy demand of the total energy consumption is 60 % in cruise and 80 %
in container vessels [5, 6]. Better knowledge of ship hydrodynamics is
becoming more important to reach the CO2 emission reduction targets. For
example, the operation speed profile is an important boundary condition
for optimising the hull form and design propulsion system in the ship
design phase. An accurate speed power prediction is essential to finding
the optimal ship design.

1.1.1 Model test and numerical methods

Model tests, numerical methods and statistical approaches are three key
methods for predicting ship performance [7, 8]. Resistance or propulsion
power can be measured in the model tests, while the respective ship-scale
metrics can be obtained by scaling the model-scale results. The tradi-
tional resistance extrapolation method assumes that the total resistance

10
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coefficient Ct is sum of frictional components Cf and residual resistance
Cr.

Ct(Fn,Re) = Cf (Re) + Cr(Fn) (1.1)

The resistance scaling method is based on the Froude hypothesis accord-
ing to which the residual resistance is assumed to be scale-independent
[9]. That is, the Froude scaling law assumes a similar wave system on
both a model and ship scale, which means that Fn are the same for both
scales. Another fundamental quantity is the Reynolds number Re which,
for example, indicates the transition from laminar to turbulent flow. The
friction resistance scaling follows a particular friction line that is a function
of the Reynolds number. The Reynolds number ReL can not be maintained
constant on model and full scale investigations.

Another dimensionless number is the Weber number We = ρU2d
σ , where

d is characteristic length, for example, bubble diameter and σ is surface
tension. The Weber number is the ratio between the inertial force and the
surface tension force. Also the Weber number changes between the model-
and full-scale investigations. Pistani [10] has investigated the braking of
the bow wave on different model scales (1:14.3, 1:24.8, 1:46.6) and full scale
and concluded that the surface-tension effect exists in small scale models
while on the largest scale model the wave behaviour is rather similar with
the full-scale results. The effect of surface tension on the breaking wave
behaviour between model- and full-scale is mentioned in the International
Towing Tank Conference (ITTC) [11] recommendations but, in general, the
effect of surface tension is not taken into account in the extrapolation of
model scale results.

In the present thesis, an important non-dimensional number is the
Froude number which define the flow inertia ratio to gravity field. Re-
spectively Reynolds number define flow inertial forces ratio to viscous
forces.

FnS = FnM =
US√
gLS

=
UM√
gLM

ReL =
UL

ν
(1.2)

In the present thesis, important metrics are also the length L, speed U

by using index S means ship and M model. An essential quantity is also
the scale factor s.

LS = sLM US =
√
sUM (1.3)

However, since ReL depends on UM or US it become obvious that the
model- and full-scale fluid dynamical situations are scale dependent i.e.
the scaling between different scales are non-trivial. Such "scaling effects"
need to be understood thoroughly a factor that limit the model test accuracy.
The scaling effects relate commonly to the fluid phenomena, which depend
on the Reynolds number. Some examples are the boundary layer thickness
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or wave breaking that are viscous scale-dependent phenomena, which have
already been extensively investigated [12, 13, 14, 15, 16, 17, 18, 19].

Model test power prediction has progressed to a more reliable level,
for example, with full-scale feedback [8]. A model basin frequently adds
a correction allowance to the scaled speed and power prediction. It is
thus possible to improve the model test’s accuracy for similar types of
vessels. The accuracy remains limited if similar vessel full-scale data are
not available.

~uTurbulent wake

Hull

Boundary layer

Stern wave Air

Water

Figure 1.2. Schematic representation of the flow around ship hull in the CFD simulation.

The development of Computational Fluid Dynamics (CFD) enables a vir-
tual towing tank approach to simulate ship performance. CFD is a method
commonly used to optimise the hull form instead of making multiple phys-
ical models of different design candidates. The final hull form is commonly
still tested in a towing tank [8]. Numerical methods have developed due
to the possible validation with the towing tank data, and the simulation
uncertainty for predicting bare hull resistance is on the same level as the
experimental uncertainty [20]. The model-scale simulation naturally still
has the same issues with the scaling effect. It has now become more com-
mon to simulate ships in the full-scale to avoid the scaling effect. However,
it can be assumed that a good results correlation in the model-scale does
not guarantee the same accuracy in the full-scale. The target to improve
full-scale simulation accuracy is very important for many reasons [21]. The
design of a more energy-efficient ship requires an accurate speed power
prediction, and a more reliable simulation method provides freedom to
design a ship without a similar reference ship. It is also possible to assume
that in the future there will be more need for operational optimisation
where, e.g., simulation is used for power prediction in different conditions.

1.1.2 Numerical solution of Navier-Stokes equations

The fluid dynamics problem can be solved numerically, i.e., the solution
is based on the discretised form of the Navier-Stokes (NS) equation. The
complexity of the simulation task often leads to a situation in which some
simplifications or term removal is needed to find a feasible way to solve the
discretised model. One example of simplification is turbulence modelling
in which an instantaneous quantity is replaced with a sum of time-average
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and fluctuating components, known as Reynolds Average Navier Stokes
(RANS). The simulation results are closer to the NS equation solution if
turbulence is partially or totally resolved. In the Large Eddy Simulation
(LES) a wide range of time and length scales are resolved, only the smallest
length scales are ignored (see e.g. [22]). In this thesis also the Detached
Eddy Simulation (DES) which combines the RANS and LES methods by
using RANS in the boundary layer and respectively LES in the free flow is
used. An example of the differences between of the methods can be seen
in Figure 1.3 where experimental, RANS and DES results of a ship stern
wave are shown.

With the LES method, i.e. by scale-resolved turbulence, it would also
be possible to predict bubble breaking or the restorative behaviour by the
surface tension forces. When the turbulence level increases above a critical
level, i.e. the We number exceeds the critical level, the large bubbles break
into smaller bubbles and respectively below the critical level the surface
tension can restore it. According to Mortazavi et. al [23], the Hinze scale
defines the minimum size of the interface features, like bubbles, which
turbulence can affect. In this thesis surface-tension has not been taken
into account and the subgrid scale bubble dynamics are not modelled.

A two-phase CFD solver is required for a hydrodynamics simulation in
which an air-water interface is present. The interface capturing required
an additional numerical method for tracking the interface, for example the
Kelvin wave pattern in the hydrodynamic context. During the development
of the numerical tools a wave pattern is constructed in multiple ways [24].
One approach is to deform the mesh to follow the wave pattern shape [25].
Li et al. [26] developed the moving mesh method for the dry transom flow
simulation. Osher et al. [27] introduced the level set method to capture
a moving interface. Nowadays it is common to use the Volume of Fluid
(VOF) method for separate different phases [28, 29, 30, 31].

1.1.3 Reliability of numerical methods

The accuracy assessment generally used of the simulation consists of veri-
fication and validation [32]. Verification refers to the numerical solution
accuracy and correctness. According to Sargent [33], simulation tools veri-
fication is, for example, testing and comparison to other tools. Validation
refers to the comparison of simulation data with experimental data, i.e., to
answer questions, whether the correct method has been selected to solve
the problem? A common issue in the ship hydrodynamics context is the
scarcity of reliable validation data in the full-scale. Bertram [8] highlights
clearly that the full-scale data are extremely limited for validation pur-
poses for the reason that the full-scale data are always a sum of many
factors. Sun et al. [34] list facts that affect the ship propulsion power, such
as hull and appendages resistance, hull roughness, propulsion efficiency
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Figure 1.3. Flow field after cruise vessel transom, from top to bottom: photograph, RANS
and DES solution. I The dead water region is located behind the transom. The
RANS model predicts the dry transom. DES is visually in line with reality
where when there is a slightly wetted transom. Courtesy of: Pekka Kanninen.
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and interaction with the hull. It is also necessary to consider air drag
[35], including wind and environmental conditions such as sea states and
currents, by following the ITTC procedure [36] of sea trial data analyses.
It is clear that this kind of validation data includes uncertainties, and this
challenge must be realised in the research area.

Numerical uncertainties can generally be divided into three different
components [37, 38]: Firstly, the round-off error due to limited precision in
floating point numbers. The effect of this component can be assumed to be
minor, especially if 64-bit floating number precision is utilised. Secondly,
a key error source emerges from the iterative solution of the underlying
non-linear systems. Thirdly, the discretisation error that is caused from
the continuum formulation transform to the discrete components. Pereira
et al.’s publication [39] investigated a double body simulation of the tanker
and assessed the numerical uncertainties. Simulations were carried out
by using many different RANS models. The study considered the effects of
discretisation and iterative error on the resistance. According to the study,
the numerical model converges when the mesh is refined and the solver
tolerances are tightened. The question remains regarding the effect of a
free surface flow and turbulence model on the resistance, i.e., numerical
convergence does not mean the results are correct if the mathematical
model does not include the relevant physics.

With relevance to Publications Publication I - Publication III, it is essen-
tial to understand how to validate computational model if experimental
data is not available. Oberkampf [40] presents the predictive capability
(PC) concept that refers to a method to investigate the simulation accuracy
in the case when validation data are unavailable. This offers another
perspective for evaluating the numerical accuracy of CFD for full-scale
ship simulations. PC in a hydrodynamic context means the ability of the
simulation model to forecast the response of the input variation. For ex-
ample, variation of a boundary condition’s speed or draft causes a logical
effect on the results, i.e., higher speed causes higher resistance than what
can be expected. The more relevant aspect of the PC is to evaluate the
capability of the model used. PC assumes that the mathematical model,
the CFD model in this case, captures all relevant physical phenomena in
the system. This causes several questions: Firstly, what are the relevant
phenomena, and secondly, can the CFD model really capture the physics?
The answer to the first question is not trivial, but wave breaking and
surface roughness are some of the phenomena present in full-scale. The
model-scale breaking wave is not common in well-designed hull forms,
and the model surface can be assumed to be hydrodynamically smooth.
Turbulence modelling, for example RANS, is a simplification of the complex
physical phenomenon that can be assumed to limit simulation accuracy.
A higher Reynolds number by several orders of magnitude between the
full-scale and model-scale creates a potential source of error.
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It is clear that the modelling assumptions in the underlying mathemati-
cal model form a potential error source in full-scale ship simulations. Sun
et al. [34] report a 5 % uncertainly to propulsion coefficients in the case
where the free surface simulation is simplified by double-body simulation.
Wang et al. [41] reach a better correlation of the simulated breaking wave
and experimental data by using resolved turbulence modelling i.e. use LES.
Identification of CFD model limitations is a step towards more reliable
resistance and speed power prediction. It is crucial to find improved high-
fidelity numerical approaches as a remedy for the modelling. The first item
on the error sources list is a modelled turbulence and how it behaves at a
high Reynolds number flow. The second item can be an interface between
water and air, which causes a potential discontinuity in the numerical
viewpoint.

1.2 Review of CFD calculation requirements

CFD simulation with resolved turbulence is a highly computationally
demanding task. Due to the development of computational power, resolving
turbulence on full-scale Reynolds numbers (1× 109) could become possible
in the 2040’s by wall-modelled (wm) Large Eddy Simulation (LES) [42].
Figure 1.4 shows the model size requirements as a function of the Reynolds
number in boundary layer flow cases. The same figure indicates how the
number of computational grid points has increased during the past decades
in LES publications.

In this thesis the turbulence effect on the stern wave formation is inves-
tigated in the model- and full-scale Reynolds number. The wall-resolved
implicit LES is used to immerse the flat plate geometry in the model-scale
Reynolds number (1 × 106) Publication II. The DES method is particu-
larly used to resolve turbulence in the full-scale ship Reynolds number
with ship aft body geometry (see Publication III). During the past decade,
wall-modelled LES has become an option in domains of reduced size by
using a supercomputer [42, 44]. For example, in Publication III turbulence
is modelled using the DES method in the boundary layer by RANS and
resolved in the free flow by LES. DES results are compared to the RANS
equivalent in ship cases.

1.3 Identification of the research gaps

Detailed literature review on the state-of-the-art has been provided in
Publication I - Publication III. Here a brief overview of the state-of-the-art
in ship hydrodynamics CFD modelling is provided.

In a two-phase CFD solver, a numerical method is required for tracking
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Figure 1.4. The number of grid point requirements in wall-modelled (wm) and wall-
resolved (wr) LES in the boundary layer flow where the Reynolds number
ReL is referred to as flat-plate length L is shown with solid lines [42]. The
dashed lines show the trend of needed computational power. The number of
grid points N data is fitted to Moore’s law based on published data from the
time period 1980 to 2000 [43]. The number of grid points N data in the LES
cases are shown in the Journal of Fluid Mechanics (JFM) during the time
period 1980 to 2015 [44].

the free fluid surface. An important step in the development of two-phase
flow simulation tools was the Marker-and-Cell (MAC) method which has
been presented by Harlow et al. [45]. In the MAC method particles, which
move with the fluid, are used to define the fluid location in a fixed Eulerian
grid. Based on the same fixed grid idea, Nichols et al. [46] proposed
the Volume of Fluid (VOF) technique to track the free surface location.
Later, Hirt et al. [28] further developed the VOF method in order to
better take the discontinuous interface location into account. In the VOF
method the marker field is used to separate volume fractions by numerical
values ranging from 0 to 1. For example the density ρ of the air-water
mixture can be represented as a function of the marker field α values,
ρ = αρwater + (1− α)ρair.

In VOF, the sharp interface of the marker field requires special numerical
treatment. In the present thesis the VOF marker field is solved utilising
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the multidimensional universal limiter with an explicit solution (MULES)
[47] approach. Some alternative methods worth mentioning to reconstruct
the free surface are the piecewise linear interface calculation (PLIC) [48]
and the isoAdvector approach [49].

The two-phase flow solver interFoam is available in the open source CFD
toolbox OpenFOAM [50]. Meyer et al. [51], Kim et al. [52], Vukčević
et al. [53] and Ferro et al. [54] have further developed interFoam for
hydrodynamics simulations. All the mentioned authors report that the
standard interFoam solver 1) is sensitive to numerical ventilation, 2) causes
unphysical velocity to the interface and 3) is inefficient compared to well-
known commercial codes.

In the past, interFoam development efforts have largely focused on im-
proving the discretization of the N-S equation at the liquid-gas interface
[51, 52, 53, 54]. The ghost fluid method (GFM) is one approach to improve
the two-phase solver performance for hydrodynamics simulations. Fedkiw
et al. [55] implemented the GFM for the Euler equation and Kang et al.
[56] formulated GFM for viscous flow simulations. The mentioned recent
studies focus on hydrodynamics simulations with RANS methods. In the
literature, only a few publications on resolved turbulence in hydrodynamic
applications exist. Those studies focus mainly on model-scale simulations
and they carried out using DES, see [57, 58, 59, 41]. The GFM is an emerg-
ing and also promising method to improve the numerical methods for ship
performance prediction.

Based on the literature survey, two research gaps are identified in Open-
FOAM context and in general as well. First, there is an obvious research
gap and need to better understand the benefits of GFM over the standard
interFoam approach for two-phase flow simulations. Second, the usage and
benefits of DES type methods over RANS type approach in model and full
scale ship hydrodynamics simulations is not presently fully understood.
The present thesis focuses on addressing these research gaps.

1.4 Objectives and scope

The main objective of this thesis is to implement and utilise state-of-the-art
numerical methods for free-surface flow simulations in OpenFOAM. Here,
the GFM is implemented to OpenFOAM by following Vukčević et al. [53].
The present GFM implementation improves the pressure discretisation
at the interface between the two phases. It is thus possible to avoid
unphysical velocity at the air-water interface. GFM is implemented into
the interFoam solver utilizing the same Volume of Fluid (VOF) method as
in interFoam. GFM as in Vukčević et al., is noted to cause inadequate wave
propagation in the low wave height case. This thesis presents an improved
method to define free surface location that corrects an anomaly in the
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Kelvin wave pattern.
Another main objective of this thesis is to investigate the effect of turbu-

lence on the wake field of two-phase flows. The turbulence level increases
in the ship boundary layer in the similar to a flat plate case. The boundary
layer thickness increases and has an effect on, for example, the stern wave
due to the increased turbulence level. As a motivation for the thesis, figure
1.3 illustrates a ship transom, a vertical part in the aft ship, and the ship
wake field, which covers the presented flow phenomena after the ship. The
simulation visualisation in the same figure presents the modelled RANS
and the resolved DES results. The difference between the two different
modelling approaches is visible, and the resolved turbulence is clearly
closer to the real full-scale observation (EXP).

The previous studies on hull roughness caused by anti-fouling coatings
or bio fouling is investigated based on the literature. The selected feasible
surface roughness definition and modelling method is based on the litera-
ture review in Publication III. The hull roughness effect on the stern wave
is investigated with new anti-fouling coating in slight, moderate and heavy
fouling conditions for different ship cases.

The thesis scope is presented in the three peer-reviewed journal publica-
tions Publication I - Publication III. The publication specific objectives of
the thesis are listed as follows.

1. Implement and test the GFM method in OpenFOAM, validate the re-
sults, assess different viscous term treatments, utilise model and full-
scale simulations. (Publication I)

2. Simulate stern wave by using implicit LES in the immersed flat plate
case by using the GFM solver. The Reynolds number used covers the
model-scale range and method functionality test in model and full-scale
with RANS. (Publication II)

3. Simulate stern wave formation by RANS and DES methods for full-scale
ship geometry. Carry out literature review on the hull roughness effects
due to fouling. Present improvements to the GFM used in Publication
I-Publication III for better wave tip propagation. (Publication III)

1.5 Project description

In 2016, the author started the background research for this thesis on
full-scale CFD simulation of ship hydrodynamics. It soon became clear
that free surface modelling causes more numerical challenges on the full-
scale compared to the model-scale. During 2016-2019, the need for proper
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modelling method for free surface flows was observed several times in full-
scale simulations. The higher Reynolds numbers on the full-scale results
in a higher level of modelling uncertainties and raised the question of how
it will affect the free surface behaviour. It became clear that there is room
for academic research work focusing on free surface modelling methods.
The improved free surface capturing approach, especially in the full-scale,
was already presented by Queutey et al. [60] and Meyer [51] in the marine
context.

2016 2017 2018 2019 2020 2021 2022

Academic research projectja
n

d
e
c

Backround research of ship CFDa
p
r

ju
n

Figure 1.5. Timeline of the background research and academic project.

The project focused on three particular challenges: 1) the development of
a better numerical method for the free surface capturing, 2) the effect of the
resolved turbulence on the stern wave deformation, and 3) the boundary
layer thickness effect on the stern wave shape regarding the scaling effect
and the hull surface roughness.

This thesis is the result of a three and a half year cooperation project
between Aalto University and Meyer Turku that began in 2018. The aim
was to research simulation capability, and the need to improve methods
was a concrete topic for the postgraduate studies. The author coordinated
the project from the beginning of planning to the end of the project and
participated in all phases of the research and simulation work.

Presently, CFD simulation is becoming a real competitor for the model
testing. There is a constant debate on whether the CFD simulation relia-
bility is enough and whether it is possible to cease all model tests. Hence,
there is still a lot of demand for CFD reliability research for full-scale
ship simulations. One of the main commercial motivations of the present
study is based on the idea of reducing the number of model tests during
ship design projects by replacing them with CFD simulations. Financial
benefits are achieved in several ways because there is less model testing
and more freedom with the prototype project schedule.

One challenge is to combine academic and industrial needs in the same
project. Industrial projects are naturally confidential, and publication
of directly ship design-focused research causes know-how leakage. The
project content needs to stay on a general level to avoid issues regarding
publication, but it still needs to be beneficial for all participants. The
numerical method development is one topic in which it is possible to find a
common goal between the industry and the university. The development of
the numerical method for ship simulation makes a foundation for simula-
tion work that is possible to do in-house later and thus to utilise academic
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work and results. A high-quality code with wide verification and test case
scope is a useful end result of the project.

One of the key focus areas of the Energy Conversion Research Group is
scale-resolved CFD simulations. This project makes it possible to research
and adopt the added value of the LES method for hydrodynamics. During
the project the original research plan was slightly adjusted to focus more
on the scale-resolved turbulence methods than what was planned at the
beginning of project.

The author’s contribution in this project has been detailed in the be-
ginning of this thesis. In addition to participating in a major part of
the research work, the author largely participated in the scope definition
and the supervision of the co-operation as well. One concrete example
of the project results is an in-house simulation of the full-scale ship in
which scale-resolved turbulence methods were applied, see Figure 1.3. The
project was carried out as co-operation between the author Pekka Kan-
ninen and Petteri Peltonen, who also wrote a doctoral thesis within this
project. Table 1.1 provides more detail about the authors’ contributions.
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Table 1.1. Authors contribution to the academic research project.

Pekka Kanninen Petteri Peltonen

Publication
I

Implemented GFM solver by
Vukčević et al. [53].

Extended GFM solver to
support parallel

computation.

Identified viscous term that
caused problem in the ship

simulation.

Carried out mathematical
formulation of the viscous

term.

Identified a test case to
show the viscous term effect.
Performed a wide range of

different test cases.

Performed numeric
parameter sweeps, carried

out final test case
simulation.

Simulated Hamburg test
case.

Simulated Wigley hull.

Publication
II

Provided the research idea
and carried out background
research of turbulence level
contribution to stern wave

scaling.

Carried out background
research about the
turbulent boundary

condition to flat plate.

Built the CFD model setups
and run simulations of
many real ship cases.

Carried out LES simulation
for immersed flat plate.

Carried out immersed flat
plate RANS simulation and
made a comparison to LES

data.

Post processed and analyzed
immersed flat plate LES

data.

Publication
III

Invented and presented
improvement to define free
surface location in the GFM
solver. Presented the idea

for the submodel approach.

Background research and
testing of the submodel

approach.

Carried out a surface
roughness literature review,
implemented a roughness

function to the wall function
and validated boundary
layer with experimental

data.

Implemented numeric
turbulence trip wire

approach to the submodel.

Carried out the RANS and
DES simulations. Built the

DES CFD model.

Carried out several DES
simulations.
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2. Methods

This chapter presents a summary of the numerical approaches and analy-
sis methods used in the thesis. All publications consider a two-phase flow
that is solved by the finite-volume method (FVM) using the open source
CFD code OpenFOAM [50]. The governing equations of interFoam, a stan-
dard two-phase solver in OpenFOAM, and the numeric method of the GFM
solver, are presented here. The discretisation principles and an improved
free surface location definition in the GFM solver are also discussed herein.
The methods to analyse the ship aft body flow phenomena and their con-
nection to the pressure resistance are discussed. Furthermore, discussion
is provided on surface roughness definition along with the implementation
of the wall function used in Publication III.

2.1 Governing equations

2.1.1 The interFoam

The implementation of the interFoam solver supports a two-phase flow
solution, including the surface tension effect. The solver supports laminar,
RANS and LES turbulence approaches, dynamic mesh including topology
changes, and adaptive mesh refinement. The existing libraries related to
this solver offer a good starting point to develop an improved version of the
two-phase solver from a ship hydrodynamics perspective.

The continuity and momentum equations that are used in the interFoam

can be written:
∂ρ

∂t
+∇ · (ρu⃗) = 0 (2.1)

∂ρu⃗

∂t
+∇ · (ρu⃗u⃗)−∇ ·

(︂
µ(∇u⃗+∇u⃗T )

)︂
= −∇pd − g⃗ · x⃗∇ρ, (2.2)

where the dynamic pressures are pd = p− ρg⃗ · x⃗, velocity u⃗, density ρ, and
dynamic viscosity µ. This form of the momentum equation is based on
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the dynamic pressure and it is important to note the pressure and density
gradient terms (∇pd and ∇ρ) in the RHS. The gradient terms are not well
defined over a sharp interface and Meyer et al. [51] have reported that
this is one factor for the unphysical velocity at the interface. Queutey
et al. [60] and Meyer et al. [51] formulates the momentum equation by
using the total pressure to avoid this issue. In this thesis the development
and testing cases for the two-phase solver based on interFoam and dynamic
pressure formulation is presented.

2.1.2 Ghost Fluid Method

OpenFOAM implementation of the GFM is originally presented in Vukče-
vić et al. [53]. The GFM method utilizes the same VOF method with
MULES correction factor [47] as used in the interFoam solver. However,
the discretization of the pressure and velocity gradients is implemented
by taking the interface discontinuity into account in the GFM. The GFM
implementation covers the continuity and momentum equations without
the surface tension and is reduced to the following form by using dynamic
pressure, the mass continuity equations

∇ · u⃗ = 0 (2.3)

and the momentum

∂u⃗

∂t
+∇ · (u⃗u⃗)− β∇ ·

(︂
µ(∇u⃗+∇u⃗T )

)︂
= −β∇pd, (2.4)

equations. Comparing this form to the interFoam equivalents, the density
gradient term vanishes by dividing the density ρ out from all the terms
in the LHS. On the RHS, the inverse density field β is left, which is the
inverse density of the liquid β+ = 1/ρL or the gas β− = 1/ρG; i.e., this
field is discontinuous over the interface. There is still a dynamic pressure
gradient term that is already noted to be undefined in the sharp interface.
The product of the term β∇pd is continuous over the interface in this case.
This is a key feature of the GFM implementation and requires a pressure
jump term definition into the interface cells to include the gravitation
effect (g⃗), see more details in Section 2.1.3.

The transport equation of the marker field α with the compression term
is:

∂α

∂t
+∇ · (αu⃗) +∇ · (uc⃗α(1− α)) = 0. (2.5)

The aim of the compression term is to sharpen the interface with the
velocity gradient-based term.

The main difference of the GFM implementation between Vukčević and
the presented methods is in the viscous term. The density ρ is included
in the momentum flux ϕ in the interFoam N-S equation formulation. The
GFM formulation from the N-S equation is divided by density, and the
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Figure 2.1. Solver comparison in the HTC case. Top pair: Pressure coefficient Cp = 2pd
ρU2

in longitudinal cut. Solver difference is visible in the free surface I, dynamic
pressure pd jump between phases is sharp in GFMFoam solver, respectively.
interFoam pressure change over several cell layers. Bottom pair: Spurious
velocity on the free surface I at undisturbed location and in the bow wave II.

momentum flux includes only velocity. There is a systemically tested
different version of the viscous term in Publication I with two test cases,

25



Methods

Table 2.1. Summary of the different viscous treatments used in the Publication I.

ID Viscous term Momentum term ϕ

GFMFoam β(∇ · (µ∇u⃗) + (∇u⃗)T · ∇µ) ∇ · (ϕu⃗) u⃗ · n⃗
GFMFoam-V1 β(∇ · (µ∇u⃗)) ∇ · (ϕu⃗) u⃗ · n⃗
GFMFoam-V2 ∇ · (ν∇u⃗) ∇ · (ϕu⃗) u⃗ · n⃗
interFoam ∇ · (µ∇u⃗) ∇ · (ϕu⃗) ρu⃗ · n⃗

in Publication II and Publication III, respectively, where GFMFoam solver is
used. Table 2.1 shows the solvers’ names and the viscous terms.

2.1.3 GFM discretisation

The core of the Ghost Fluid Method lies within the extrapolation of the
field values over the free surface. The face value is interpolated from
the cell values in the traditional methods, for example, with the central
differencing scheme. The GFM replaces this by the extrapolated values
on both sides of the interface. Figure 2.2 shows the pressure field p at the
interface. The figure presents both the field value interpolation method
(traditional) and extrapolation (GFM) from the cell values pP and pN . By
assuming a uniform grid, the face value f is an average of the cell values
in the traditional method. GFM specifically produces the face f pressure
values to the wet and dry sides, i.e., p+f and p−f .

P f N x

p

pf

pN

pP

Γf P f N x

p pN

pP

p+f
p+

p+P

p−f p− p−N

Γf

Figure 2.2. Interpolation examples: at left, the traditional, and at right, the GFM method.
Subscripts P and N denote cell centres’ values and f denotes the cell’s face.
The interface is at location Γf .

Due to the discrete pressure field over the free surface, the jump term J

is defined by
p− − p+ = (ρ+ − ρ−)g⃗ · xΓ⃗ = J. (2.6)

Where the interface location xΓ⃗ between the centres of the interface cells
P and N is defined as

x⃗Γ = x⃗P + λd⃗, (2.7)

where x⃗P is the location of the cell centre P and d⃗ is a vector from P

to N and λ is the dimensionless distance from P to the free surface. The

26



Methods

P

N

d⃗

x⃗Γ β−

β+

α = 0.5

dry cell, αN < 0.5

wet cell, αP > 0.5

Figure 2.3. Interface face is marked by a red line. The free surface is presented by a blue
dashed line.

GFM implementation presented by Vukčević et al. in [53] is noted to cause
an inadequate propagation of the wave tip in the Kelvin wave pattern
Publication I. The same finding about the bent wave’s tip is faced by Ferro
et al. [54] when GFM is implemented by using the equation 2.8 for the free
surface location definition. Distance λ is proposed by Vukčević:

λ =
αP − 0.5

αP − αN
(2.8)

This problem occurs especially at a place where the free surface deviates
only slightly from the undisturbed level, such as where a low wave height
is expected, see the top side of Figure 2.4.

A disturbance generally occurs where the free surface shape is close to the
cell height, see the top of Figure 2.4. An improved version is presented in
Publication III where the dimensionless distance λ is defined by calculating
the sum of the wet and the dry cell α values.

λ =

{︄
αP + αN − 0.5 αP ≥ 0.5

1.5− (αP + αN ) αP < 0.5.
(2.9)

The interface cells hold following criteria:

(αP − 0.5)(αN − 0.5) < 0 (2.10)

Then the sum of α values is always within the range of 0.5 to 1.5.

2.1.4 Discretisation methods

This thesis uses the standard OpenFOAM discretisation methods in all the
simulation cases shown. Table 2.2 presents the schemes used in the RANS,
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Figure 2.4. Kelvin wave in KCS case, top λ is defined by equation 2.8 and below λ is
defined by 2.9. Difference of a wave tip bent, II disturbances on the wave
shape.

DES and LES cases covering all the publications. The RANS simulation
used the local time stepping (localEuler) scheme to reach the steady-state
condition. This method is first order accurate with a spatially varying time
step. Second order time discretisation schemes are used in the DES and
LES cases, respectively.

The LES cases used the Gamma-limited scheme [61] for divergence term
discretisation. The method blends the upwind and cantered discretisation
method by a weighting factor that the user can define.

2.2 Turbulence models

This thesis considers a modelled and resolved turbulence approach. The
RANS cases modelled turbulence, and all turbulence is resolved in the
whole computational domain in the LES cases, respectively. DES is a
combination of these two methods, where only the boundary layer turbu-
lence is modelled, and the LES method resolves the mean flow turbulence.
These methods have major differences in the required computation power.
Today it is possible to simulate the RANS solution of the full-scale ship
with a powerful workstation; however, the wall-resolved LES required
a supercomputer already in the model-scale Reynolds number. Figure
1.4 shows the grid points requirement of the boundary flow by the LES
method. In the model-scale, Reynolds number ReL is approximately 1×107,
which means that the grid point requirement is below 1× 109. This means
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Table 2.2. Numerical schemes in RANS, DES and LES cases.

term scheme
∂
∂t LTS

gradient ∇ Gauss linear

gradient ∇(u⃗) cellLimited Gauss linear

divergence ∇ · (ϕ u⃗) Gauss vanAlbada

divergence ∇ · (ϕ α) Gauss vanLeer

divergence ∇ · (ϕ k) Gauss upwind

divergence ∇ · (ϕ ω) Gauss upwind

Laplacian ∇2 Gauss linear uncorrected

cell to face

interpolations linear

component of gradient

normal to a cell face limited 0.333
∂
∂t backward (DES LES)
∂α
∂t CrankNicolson 0.9 (DES LES)

divergence ∇ · (ϕ u⃗) Gauss linear upwind (DES-RANS region)

divergence ∇ · (ϕ u⃗) Gauss linear (DES-LES region)

divergence ∇ · (ϕ u⃗) Gauss GammaV 0.5 (LES)
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that it is possible today to simulate a model-scale ship model by using
wall-modelled LES. The full-scale Reynolds number is over two decades
higher, i.e., on level 1× 109, and also leads to a too-expensive computation
task for a supercomputer.

The RANS model used in all publications is Menter’s STT k − ω [62, 63],
precisely SST-2003 [64, 65], which is available in OpenFOAM libraries.
The main difference from the original SST model is in an eddy viscosity
definition. The version used is based on the strain invariant S

µt =
ρa1k

max(a1ω, SF2)
(2.11)

where S =
√︁

2SijSij and some minor differences in k and ω equations. The
turbulent kinetic energy equation can be written

∂(ρk)

∂t
+

∂(ρUik)

∂xi
= Pk − β∗ρkω +

∂

∂xi

[︂
(µ+ σkµt)

∂k

∂xi

]︂
(2.12)

and specific dissipation

∂(ρω)

∂t
+
∂(ρUiω)

∂xi
= αρS2−βρω2+

∂

∂xi

[︂
(µ+σωµt)

∂ω

∂xi

]︂
+2(1−F1)

ρσω2
ω

∂k

∂xi

∂ω

∂xi
(2.13)

where the first blending function is

F1 = tanh

{︄{︂
min

[︂
max

(︂ √
k

β∗ωy
,
500ν

y2ω

)︂
,
4ρσω2k

CDkωy2

]︂}︂4
}︄

(2.14)

and second blending function.

F2 = tanh

[︄[︂
max

(︂ 2
√
k

β∗ωy
,
500ν

y2ω

)︂]︂2]︄
(2.15)

The production term with limiter is defined as.

Pk = min

(︄
τij

∂Ui

∂xj
, 10β∗ρkω

)︄
(2.16)

The variables CDkω and α are defined in the following equations

CDkω = max

(︄
2ρσω2

1

ω

∂k

xi

∂ω

∂xi
, 10−10

)︄
(2.17)

α = α1F1 + α2(1− F1) (2.18)

where are constants

α1 =
5

9
α2 = 0.44 β1 =

3

40
β2 = 0.0828 β∗ =

9

100

σk1 = 0.85 σk2 = 1.0 σω1 = 0.5 σω2 = 0.856
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Publication II immersed flat plate simulations are carried out with the
wall-resolved implicit LES method in the second publication. The range of
the Reynolds number was 1−3×106; it is possible to conclude by looking at
Figure 1.4 that the Reynolds number used is close to the highest possible
in the 2020 decade. The subgrid-scale turbulence model is not present in
the implicit LES, only the truncation error causes some level of numerical
viscosity [66, 67]. As already mentioned, surface tension effects are not
taken into account in the present thesis.

The third publication, Publication III, shows the scale-resolved turbu-
lence in the full-scale ship. The resolved turbulence covered only the mean
flow, and the boundary layer is modelled so that it is comparable to the
wall-modelled LES, see Figure 1.4. The submodel approach also reduces
the size of the computation domain. The submodel used Spalart-Allmaras
(S–A) Delayed Detached Eddy Simulation (DDES) model. There is some
improvement in the blending function in the DDES model that affects how
fast the model switch from the RANS to the LES model occurs. The model
switch occurs when the flow separation occurs, and this functionality is
the core feature of the DES method [68, 69, 70].

The DES model used includes the S–A one equation turbulence model on
the subgrid and close of the walls. The model solves the transport equation
of the viscosity like variable ν̃ [71]. The implementation of the turbulence
model in OpenFOAM follows the S–A model version where the turbulence
trip term is left out. The S–A model with density can be written as [72]:

Dρν̃

Dt
= cb1S̃ν̃ +

1

σ

[︂
∇ · (√ρν̃∇(ρν̃)) + cb2(∇(

√
ρν̃))2

]︂
− cw1fwρ

[︂ ν̃
d

]︂2
(2.19)

The production term, is

S̃ = Ω+
ν̃

κ2d2
fv2 (2.20)

where the vorticity magnitude is Ω =
√︁
2WijWij and wall distance d. The

turbulent eddy viscosity is computed from:

µt = ρν̃fv1 (2.21)

where all other variables are defined:

fv1 =
χ3

χ3 + c3v1
fv2 = 1− χ

1 + χfv1
fw = g

[︄
1 + c6w3

g6 + c6w3

]︄1/6
(2.22)

χ =
ν̃

ν
g = r + cw2(r

6 − r) r = min

[︄
ν̃

S̃κ2d2
, 10

]︄
(2.23)

and all constants are:

cb1 = 0.1355 cb2 = 0.622 cw2 = 0.3 cw3 = 2.0 cv1 = 7.1

σ = 2/3 κ = 0.41 cw1 =
cb1
κ2

+
1 + cb2

σ
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The eddy viscosity production depends, among other things, on the wall
distance d in the RANS model. The same parameter is d̃ in the DES and is
defined as

d̃ = min(d, CDES∆) (2.24)

where it considers a grid spacing ∆ = max(∆x,∆y,∆z) and includes a
user-defined parameter CDES , which is order 1 [70]. In that way, it controls
the eddy viscosity production close to the wall and on the free flow in the
DES model.

2.3 Stern wave modelling

For the purposes of identifying the uncertainty of CFD modelling, it is
important to understand the mechanism of how the different resistance
components contribute to the total resistance. Naturally it is only possible
to measure total resistance RT in model test. The friction resistance
RF is defined by a friction line correlation based on the actual Reynolds
number. The residual resistance RR is calculated from the total resistance
RR = RT−RF . The Froude hypothesis assumes that the residual resistance
is the same in the model and the ship scales. Resistance results consist
of pressure and viscous components in the CFD simulations, respectively.
The viscous components are comparable to the friction resistance based on
the friction line and pressure resistance component presents the residual
resistance by the scaling term. The results of the CFD simulation where
the free surface is modelled can be explained by the scaling term where
the pressure resistance consists of the wave resistance and the viscous
pressure resistance.

The dimensionless resistance coefficients definition based on CFD results,
total CT and friction resistance CF :

CT =
2Ftot

ρSU2
CF =

2Fvis

ρSU2
(2.25)

where S is a wetted surface area, ρ density and U velocity.
Figure 2.5 shows a closer look at the distribution of the resistance compo-

nents. The top of the figure shows the pressure coefficient at the middle
section and hull surface. Over pressure in the bow causes the pressure
resistance to the bow area; the flow accelerates at the shoulder location and
causes a negative resistance. The under pressure causes a resistance from
the mid towards the aft ship, and the over pressure causes a pushing force
in the most aft body, i.e., pressure resistance is the sum of high resistance
and of the forward pushing components. Pressure resistance is normally
in the range of 10 to 30 % of the total resistance, but as the most bottom
histogram shows, the total resistance distribution follows clearly from the
pressure resistance distribution. Due to the high magnitude of forces that
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Figure 2.5. Top: Pressure coefficient Cp = 2pd
ρU2 in the hull surface and middle section.

Rest: Histogram plots of resistance coefficient C = 2Fx
ρSU2 with pressure P ,

friction F and total T hull resistance force x-component Fx. Resistance force
calculated from dynamic pressure pd.

mainly compensate each other, it is possible to conclude that the total
pressure resistance can be sensitive to the local phenomena related to the
pressure resistance. In Figure 2.5, pressure resistance is calculated from
the dynamic pressure to show a connection between pressure force CP and
pressure field Cp distributions. The same phenomena are still present by
using the total pressure: A resistance force is in front of the ship and a
pushing force is in the aft, directed forward.

The hydrostatic pressure component is defined as ph = ρg⃗ · z⃗ where z

is the vertical position in the system. It is common practice in the CFD
solver used that the reference height z0 is defined to the free surface
height. Figure 2.6 is a schematic presentation of the hydrostatic pressure
distribution in the aft ship. Depending on the ship draft, the transom
is above the water level (z0) at zero speed in many cases. The water
separation point moves towards the transom due to the ship’s increasing
speed, and water separation occurs in the transom in design speed. This is
one reason why the total pressure is the correct component to define the
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pressure resistance. The reason to use the total pressure can be explained
by the phenomenon where the water level is not the same at the bow and
the stern, causing resistance components to the ship pressure resistance.

z0

ρ~g(z − z0)

z

x

~g

+

−

Figure 2.6. Schematic presentation of the stern hydrostatic pressure distribution. The
stern wave that separates at the transom corner is in green; the stern wave
that causes a wetted transom is in blue.

Figure 2.6 shows the two stern wave shapes: in green, flow separation
occurs at the transom corner; in blue, the stern wave causes a so-called
wetted transom. The wetted transom can be caused, for example, by a
breaking wave that spills towards the transom.

Publication II investigates the free surface backward-facing step (FSBFS).
FSBFS is a simplification of the stern wave case where the transom flow is
simplified with a 2D immersed flat plate. The publication presents how
the immersion of the transom height referred Froude and flat plate length
referred Reynolds number affect the stern wave shape.

The FSBFS studies found a difference between the free surface shape
between the resolved and the modelled turbulence. The stern wave depen-
dency of the Reynolds number in the RANS cases is stronger compared to
the LES equivalent. Publication II shows where a stern wave Reynolds
number dependency is noted in the FSBFS studies by using LES.

Figure 2.7 FSBSF case shows the Froude number 3.17 with three differ-
ent Reynolds numbers. The difference between the RANS and LES results
increase by increasing the Reynolds number. This study indicates that
the RANS solution of the stern wave can be different from the resolved
turbulence in a full-scale ship. The resolved turbulence at a full-scale ship
Reynolds number is computationally very demanding task. It is possi-
ble to reduce the computational cost to a feasible level by reducing the
computational zone size and by selecting the DES method.

Publication III investigates a stern wave phenomenon by using the mod-
elled and resolved turbulence with ship geometry. The DES method is
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Figure 2.7. FSBFS case: at left, the LES solution; at right, the RANS solution. Froude
number Fr = 3.17 Reynolds number top to down 1, 2, 3,×106. Red line is
the wave shape and grey colour is the scale turbulent kinetic energy k =
u′
iu

′
i/(2U

2).

used to reduce the computation cost of the full-scale ship stern wave. The
submodel approach is also used to reduce the computation domain size
where the domain inlet is at location 0.1 x

Lpp . The boundary conditions
for the submodel are taken from a steady RANS model solution, and the
turbulence is tripped by using a numerical tripwire.

2.4 Wall surface roughness

The hull roughness needs to be considered in some way in the full-scale
resistance prediction. ITTC [73] proposed the Townsin formula for the
defined roughness allowance.

∆CF = 0.044

[︃(︃
AHR

Lwl

)︃ 1
3

− 10Re−
1
3

]︃
+ 0.000125 (2.26)

The Townsin formula is a convenient correlation between measurable
Average Hull Roughness (AHR) and additional resistance ∆CF [74]. AHR
is a feasible definition for a new hull coating roughness, but the direct
roughness measuring is more complicated in a fouled case.

Based on the literature [75, 76, 77, 78, 79], there is a common understand-
ing of the fouled roughness definition based on additional skin friction. The
measurement procedure, mainly in the towing tanks, includes a reference
test using hydraulically smooth surface and rough surface samples. It
is possible to define coefficients k+ and ∆U+ from the skin friction dif-
ference, for example, with the Granville’s procedure. From the equality
∆U+ = f(k+) the off-set factor ∆U+ it is possible to add to the logarithmic
velocity profile, see Figure 2.8.

The dimensionless wall distance y+ and roughness Reynolds number k+
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Figure 2.8. Left: the smooth case Log-law by blue and by red the rough case velocity
profile at some roughness value k+. Right: Grigson roughness function [80].

are defined by viscous length δν

δν =
Uτ

ν
y+ =

y

δν
k+ =

k

δν
(2.27)

where friction velocity is Uτ =
√︂

τw
ρ , kinematic viscosity ν, wall distance y

and roughness length scale k.
The roughness function links the roughness length scale and the offset

factor in the logarithmic wall law. The equivalent sand grain roughness ks
is the commonly referenced length scale due to the history of the Moody
diagrams and the Nikuradse experiment. The sand grain roughness orig-
inally represents the average of the sand grain size that is cemented to
the wall, in which case it is not possible to measure the roughness di-
rectly from the surface. A commonly used roughness function with ks
consists of three regimes: hydraulically smooth, transitionally rough and
fully rough [81, 82, 83]. This kind of roughness function is unsuitable for
low roughness values like new coatings, due to the hydraulically smooth
regime.

The new coating and fouled surface cases need to define the function
k = f(R) of roughness length scale k by some measurable roughness R

dimension. The literature presents multiple functions for this purpose.
One example in fouled condition is from Schultz [75] k = 0.059Rt

√
SC

where Rt corresponds to the highest barnacles and SC to the percentual
surface coverage. The experimental data covers the length scale range
10 < k+ < 1000 in this case. The experiment includes lower barnacle
heights presented in [78] where the range is 1 < k+ < 100. The roughness
scale fits well to the Grigson roughness function in both cases. The new
coatings roughness data are fitted to the Grigson roughness function in [77]
by using the function of surface roughness statistic, average Ra, maximum
peak-to-trough Rt and root mean square Rq together with skewness Sk.
The roughness scale is in the range of 0.08 < k+ < 4 in this case.

The conclusion of the literature review is that the available multiple
experimental data are fitted to the Grigson roughness function (at right
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Figure 2.8). The data range covers everything from new coatings to heavily
fouled conditions and makes it useful in the roughness function. Publica-
tion III presents the hull roughness effect on the stern wave where cases
are studied with smooth surface, new coating, light, moderate and heavy
fouled conditions. The model is implemented in the Grigson roughness
function in all cases.

37





3. Results

3.1 Publication 1

Publication I presents a two-phase flow solver improvement. The open
source CFD toolbox OpenFOAM offers the interFoam solver with a Volume
of Fluid (VOF) free surface modelling technique. The present publication
demonstrates the Ghost Fluid Method (GFM) implementation based on the
interFoam solver using the same VOF method. The GFM implementation is
tested and compared to interFoam in four different test cases.

The first case is a two-dimensional free surface flow over a step where an
analytical solution is available. The GFM and standard interFoam solvers
nearly converge to the same solution, and no major spurious velocity is
present in the results. Such a small difference between solvers could be
explained as the flow is assumed to be inviscid, more about the viscous
treatment is presented later.
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Figure 3.1. Dimensionless velocity (u/U ) and shear stress (f ′′) through the interface.

The second case is also two dimensional where a shear layer at the
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liquid/gas interface is simulated. The flow setup is laminar, and the
difference between different GFM versions and interFoam become clearly
visible, see Figure 3.1. Four different viscous terms in a momentum
equation are tested. The viscous term proposed by Vukčević et al. [53]
is defined by kinematic viscosity, which is used in the GFMFoam-V2 solver.
The GFM implementation momentum flux does not include density, which
causes a nearly continuous shear layer between phases with the GFMFoam-V2

solver. GFM solvers where the viscous term is implemented by using the
dynamic viscosity give a results which fit better to the similarity solution.

The third test case is the Wigley hull, in which resistance is calculated at
25 different Froude numbers and three different mesh densities. interFoam
results are more consistent with coarse mesh while more numerical venti-
lation is observed, which is a remarkable which is a remarkable difference
from the GFMFoam solver. The unwanted spurious velocity field is clearly
visible in the interFoam results.

GFMFoam GFMFoam-V1

GFMFoam-V2 interFoam

III

III

1000ζ
Lpp

pd

Figure 3.2. Stern wave heights ζ
Lpp

and dynamic pressure pd distribution on the aft body
surface, model-scale. I more wet transom and II higher over pressure on the
hull in case GFMFoam-V2 comparing to other cases.

The Hamburger test case (HTC) is related to a real ship hull form. Hull
resistance is calculated in model and full-scale. Solvers with all viscous
terms are tested, and the interFoam solver is also used as a reference
solution. The results are well in line with the literature references except
for GFMFoam-V2, in which the viscous term is defined by kinematic viscosity.
The same phenomena as the shear layer case are present in the ship wake
field. An unphysical water velocity field causes a wetted transom and

40



Results

clearly lowers the pressure resistance by -42 %. The resistance difference
can be explained by the water starting to follow the ship due to the lower
air velocity behind the ship, see Figure 3.2. This is considered as an
essential finding of how sensitive the ship resistance is for how the shear
between the fluids are resolved. A similar numerical ventilation does not
occur in the HTC case due to the smaller cell aspect ratio in the boundary
layer.

In summary, the main finding of Publication I was that implementation
of the GFM solver is sensitive to the formulation of the viscous term. In
the hydrodynamic context, GFM causes less numerical ventilation to the
hull surface and it also removes spurious velocity oscillations from the
vicinity of the free surface.

3.2 Publication 2

The focus in Publication II was a stern wave simulation with resolved
turbulence. Stern wave phenomena are investigated by using an immersed
flat plate where the parameters are the Froude number referred to the
immersion depth and the Reynolds number referred to the flat plate length.
An experimental study on the similar setup has been previously presented
in Maki [84], where the Froude number levels that predict the wave shape
are classified. The GFM method presented in Publication I is used for a
two-phase flow solution. Here, turbulence is resolved by using the implicit
LES method. The Reynolds numbers used are 1, 2, 3,×106, which is the
same level as in model scale ship tests.

Re = 1 × 106

Re = 2 × 106

Re = 3 × 106

Figure 3.3. Snapshots of the free surface at Fr = 3.17 in FSBSF case. The breaking toe
dependency on the Reynolds number is visible.
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The simulation results are in line with Maki’s experiments. Based on the
experiment, the critical Froude number is Frc ∼ 2.5. Transom ventilation
either occurs or stays wet for Fr < Frc, and the transom remains dry above
Frc, respectively. When Fr > Frc, water does not spill to the transom
even for the breaking toe case. In the present simulations, the critical
Froude number is approximated to be Frc ≈ 2.66 being consistent with
Maki’s prediction. At Frc = 2.66, the breaking toe location is noted to
depend significantly on the Reynolds number because it moves closer to
the transom by increasing the Reynolds number. The simulations indicate
that the breaking toe vanishes at Re = 1 × 106 with a higher Froude
number (Fr=3.17) and the location stays at nearly the same position with
a higher Re, see Figure 3.3. For Fr = 1.75, the transom stays wet and the
Reynolds number does not appear to affect the results. The location of the
first wave crest is dependent on the Reynolds number in all cases where
the stern wave separates smoothly.

Figure 3.4. Top: The free surface shape and slope θ. Bottom: The velocity magnitude
|u⃗|/U and fluctuations urms

i at the free surface. All Re = 2 × 106, at left:
Fr = 2.66. At right Fr = 3.17.

Water velocity |u⃗|/U at the free surface is close to zero creating a so-called
’dead water’ region in the wet transom case Fr = 1.75. The size of the
region is nearly independent of the Reynolds number. In contrast, for a
separating wave at Fr = 2.66, only at Re = 1× 106, water velocity at the
free surface exceeds the value 0.5|u⃗|/U ; otherwise, velocities remain at a
lower level at higher Re values, see Figure 3.4. Water velocity at the free
surface has a correlation with a visible breaking toe. In case Fr = 3.17, the
breaking toe occurs by Re = 2 and 3× 106, and in both cases the surface
velocity |u⃗|/U reaches a level of 0.5, respectively. For Re = 1 × 106, the
surface velocity ratio exceeds clearly the value 0.5. The surface velocity
is noted to be correlated with the breaking toe phenomenon in the dry
transom cases. A wave breaking occurs if 0.3 ≲ |u⃗|/U ≲ 0.6 is realised.
A high turbulence level and free surface fluctuation occurs at the wave
breaking location.

The main conclusion of Publication II is that by resolving turbulence,
i.e. by using LES method, it is possible to predict wave breaking and
capture phenomena, such as Re/Fr trends, that are better in line with
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the experimental data than typical RANS model predictions. Additionally,
it was observed that the stern wave shape is dependent on the Reynolds
number via the boundary layer thickness.

3.3 Publication 3

In Publication III, stern wave flow phenomena in the full-scale Kriso
container ship (KCS) were investigated. A literature review on the hull
roughness and modelling methods in the past were presented. The studied
hull roughness values correspond to four different situations: a new an-
tifouling coating as well as slight, moderate and heavy fouling conditions.
The roughness scale data is fitted to the Grigson roughness function in
all rough cases. The RANS model is capable of predicting the boundary
layer thickness, which is validated with the rough flat plate experiment.
The accuracy of the boundary layer thickness is good, but the inflow tur-
bulence intensity affects the results. The hull roughness is noted to affect
the boundary layer thickness and stern wave shape. A comparison of
the modelled and resolved turbulence in the ship aft body indicates a
clear difference in the stern wave shape and the wetting of the transom.
The transom flow is investigated in the towed case and with propulsion.
Transom wetting is noted to cause additional resistance. The present
results indicate that this depends on the velocity at the transom corner
and boundary layer thickness although the topic should still be further
investigated.
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Figure 3.5. Top row: stern wave elevation ζ. Bottom row: velocity profile from the transom
corner towards downstream with smooth and four different hull roughness
values. At left a towed case and at right a case with propulsion. The blue box
represents the ship transom location. SMS corresponds to the model-scale
predictions (1:31.6).

The towed and propulsion simulation results are in line with other re-
spective studies. Naturally, the frictional resistance is largely affected by
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hull roughness. The frictional resistance change ∆CF is well in line with
the reference data: the difference is only about 1 % with reference data in
which the same roughness function as herein was used. For example, the
moderate fouling can increase frictional resistance by 100 %. Additionally,
as a relatively new aspect, the results indicate that hull roughness affects
pressure resistance as well. For example, moderate fouling increases the
pressure resistance by 5 % with respect to a smooth surface. A pressure
resistance formation mechanism is presented by considering the longi-
tudinal distribution of the resistance on the hull surface. The pressure
resistance decrease is in the range of 0.1 < x

Lpp < 0.3 and it increases when
x

Lpp < 0.1. The hull roughness increases the boundary layer thickness
and causes lower velocity. Thereby, the roughness affects the first crest
location and height of the stern wave, see Figure 3.5. The results show that
hull roughness affects the aft body pressure resistance as well. The hull
roughness effect on the trust deduction and wake factor can be explained
by a thicker boundary layer.

The resolved turbulence in the stern wave is more pronounced, especially
in the propulsion case. DES predicts a wetted transom in the smooth case,
whereas RANS does not. This can be explained by the higher level of
turbulence in the stern wave, which is resolved using DES. The wetted
transom causes a resistance component that is 2.8 % of the total resistance
in the DES case. Both methods predict a wetted transom with the highest
hull roughness case, but it does not cause pressure resistance components
in the transom. The conclusion is that a wetted transom itself does not
mean additional resistance, but such unwanted resistance increase would
require a sharp reduction of the velocity field at the transom location. The
velocity is lower in the same location, and the effect of the wetted transom
does not cause pressure resistance in the case of hull roughness.

In summary of Publication III, it is essential to mention that the hull
roughness effect not only shows in the friction resistance but it also influ-
ences the pressure resistance. Pressure resistance of the ship is clearly
noted to be sensitive to the flow field in the aft ship and by resolving
turbulence it is possible to investigate unsteady phenomena which are not
captured by time-averaged RANS methods.

3.4 Overall conclusion

The reliability of the full-scale speed power prediction using CFD can
include many uncertainties. In the present thesis, complex flow phenomena
were investigated in the ship aft body where free surface phenomena and
turbulence characteristics may pose limitations to the traditionally used
numerical approaches. Here, full-scale ship simulations were investigated
by focusing on improving free surface discretisation (GFM) and a scale-
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|u⃗|air/Us |u⃗|water/Us

Figure 3.6. Snapshot of the velocity field with resolved turbulence at longitudinal section
of KCS case. At top towed and at bottom with propulsion. The velocity
magnitude is scaled by the ship speed Us.

resolved turbulence modelling approach (DES).
As mentioned in Publication I one of the main benefits of the GFM in

hydrodynamic simulation is noted to be the lower occurrence of numerical
ventilation. Also in the GFM solution the spurious velocities at the free
surface vanish, which directly affects the turbulence model behaviour as
well. The spurious velocity is noted to generate an additional velocity
gradient and this results in higher turbulence production close to the
free surface, see Publication I. Especially the full-scale ship simulations,
discussed in Publication I - Publication III, indicate that GFM may offer
certain advantages in comparison to the standard two-phase solvers in
OpenFOAM.

Based on the present numerical findings, hull fouling has an impact
on friction resistance and it has thereby an effect on the needed power
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by increasing frictional losses and decreasing propulsion efficiency, see
Publication III. As noted in Publication III the boundary layer thickness
increases and causes a slower velocity in the aft ship due to hull roughness.
This affects the stern wave so that the first wave crest moves towards the
transom when the hull roughness increases. The wave crest height also
decreases when the boundary layer thickness increases. As an interesting
observation in the simulations, moderate hull fouling on full scale yields a
boundary layer thickness closer to a linear scaling between smooth model-
and full-scale predictions. In contrast, for smooth surfaces, model- and
full-scale boundary layer thicknesses do not scale linearly with the physical
length scale.

As expected, the breaking wave phenomenon is better captured when
turbulence is resolved. This thesis analysed scale-resolved turbulence
effects on the stern wave characteristics. The dependence of the stern wave
shape on the boundary layer Reynolds number is investigated by using
implicit LES in the immersed flat plate case (see Publication II). The main
findings from Publication II and Publication III are that the boundary
layer thickness has a profound effect on the stern wave characteristics and
a high turbulence level and free surface fluctuation occur at the breaking
location. Importantly, scale-resolved simulations are essential in capturing
the physics of such complex flow situations.

The stern wave of the full-scale ship with resolved turbulence shows the
same characteristics as an immersed flat plate (see Publication II and Pub-
lication III). The difference between modelled (RANS) and resolved (DES)
turbulence in the stern wave confirms the expectations that scale-resolved
method is needed to capture the complex physics in such circumstances.
With DES, stern wave breaking causes a wetted transom in cases where
RANS does not. In the DES case, the wetted transom causes an addi-
tional pressure resistance that is not observed in the RANS solution. The
numerical results indicate that a wetted transom does not automatically
mean additional resistance to the transom because it also requires a major
velocity decrease at the transom location. The additional resistance does
not occur in the heavily fouled case, where the transom is clearly wetted in
both RANS and DES simulations. This can be explained by the fact that
flow velocity is lower at the transom location due to the thicker boundary
layer. The same phenomenon is observed in the case where the two-phase
solver shear stress between phases is solved in an unphysical way, as noted
in Publication I. Such a phenomenon was found by chance in the case when
the water starts to follow the ship and the wetted transom clearly causes
too-low pressure resistance. This shows how sensitive a ship resistance
prediction is for wrong physics implementation.

Benefits of the resolved turbulence methods, like DES and LES, are
best observed in situations where the unsteady fluid flow fluctuation is of
interest. As noted in Publication II and Publication III the free surface
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flow fluctuation can cause wave breaking and affect the results. In this
kind of a case using the RANS method includes the risk of making wrong
conclusions if, for example, wave breaking is not well captured. LES
method is computationally demanding, but it is still possible to utilize
LES by reducing the size of the domain by using a submodel approach.
The submodel refers to a part of the computational domain in the ship
aft where the higher grid resolution is used, see Publication III. The
submodel receives boundary conditions from the global RANS solution and
turbulence is triggered by a numerical tripwire close to the inlet boundary
of the submodel domain.

It is possible to conclude that the accuracy of the full-scale ship simula-
tion requires hull roughness to be considered for two reasons. Firstly, a
new anti-fouling coating already increases the total resistance (5 % in Pub-
lication III) let alone that a completely fouled hull increases the resistance
to an order of magnitude higher level. Secondly, the thicker boundary layer
affects the propulsion coefficients and the flow field in the ship aft. The
hull roughness effect to the transom height optimisation can cause the
same difference as compare a simulation results between model- or full-
scale. It is expected that if the spilling stern wave occurs, then the resolved
turbulence improves the simulation accuracy. As noted in Publication III,
the difference in total resistance was approximately 2.8 % between RANS
and DES predictions.

3.5 Future work

The resistance caused by hull openings is a potential uncertainty source
for the resistance predictions in full-scale simulations. In Publication III, a
sub-model approach was utilized where DES was used in smaller part of the
domain while RANS solution, along with a numerical trip wire approach,
was utilised in generation of the boundary conditions. Such a sub-model
approach (see Publication III) could offer a potential avenue for defining
resistance contribution from details such as hull openings. A sub-model can
be built, for example, to model bow thruster tunnels or fin stabiliser recess
in order to gain high resolution insight to the space-/time-dependent flow
phenomena. One of the benefits of the DES method is a better capability
to predict flows with strong separation. Resolved turbulence also improves
the propeller wake definition by making it possible to consider the inflow
fluctuation that can affect the propeller cavitation behaviour.

In future, the computational tools investigated in the present thesis
may offer valuable information on full-scale ship flows with modelled and
resolved turbulence approaches and different ship designs. Furthermore,
such information could enable systematic study campaigns to analyse the
speed ratio on the free surface. It can thus be possible to find a critical
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speed ratio to assess the occurrence of the stern wave breaking. Such
information gives the opportunity to identify cases in which wave breaking
may occur and the traditional RANS method does not correctly predict the
stern wave pattern. More simulations on transom wetting are also needed,
e.g. at various speeds and drafts, in order to obtain more information on
the additional resistance.

48



References

[1] J. Faber and S. Hanayama, Fourth IMO GHG Study 2020: Executive Sum-
mary and Final Report. 2020.

[2] T.-H. Joung, S.-G. Kang, J.-K. Lee, and J. Ahn, “The IMO initial strategy for
reducing greenhouse gas(GHG) emissions, and its follow-up actions towards
2050,” Journal of International Maritime Safety, Environmental Affairs, and
Shipping, vol. 4, pp. 1–7, Jan. 2020.

[3] V. Eyring, “Emissions from international shipping: 1. the last 50 years,”
Journal of Geophysical Research, vol. 110, no. D17, 2005.

[4] I. P. IEA (2021), International Shipping, “CO2 emissions from international
shipping,” 2021.

[5] J. Kizielewicz, “Eco-trends in energy solutions on cruise ships,” Energies,
vol. 14, p. 3746, June 2021.

[6] A. AIJJOU, L. BAHATTI, and A. RAIHANI, “STUDY ON CONTAINER
SHIP ENERGY CONSUMPTION,” in Energy and Sustainability VIII, WIT
Press, Sept. 2019.

[7] W. B. Morgan and W.-C. Lin, “Predicting ship hydrodynamic performance in
today’s world,” Naval engineers journal, vol. 110, no. 5, pp. 91–98, 1998.

[8] V. Bertram, Practical ship hydrodynamics. Burlington: Elsevier Science,
2011.

[9] J. N. f. b. J. G. Newman, Marine Hydrodynamics, 40th anniversary edition.
2017.

[10] F. Pistani, Influence of Large Scale Breaking Wave in the Near Field of Ships.
PhD thesis, Ph.D. Thesis, Department of Mechanical Engineering, University
of Rome, 2005.

[11] ITTC, “Testing and extrapolation methods high speed marine vehicles resis-
tance test,” Recommended Procedures and Guidelines, 2008.

[12] E. Baba, “A new component of viscous resistance of ships,” Journal of the
Society of Naval Architects of Japan, vol. 1969, no. 125, pp. 23–34, 1969.

[13] E. Baba, “Wave breaking resistance of ships,” Mitsubishi Heavy Industries
Ltd, Technical Bulletin No. 110, vol. 1976, no. Bulletin No. 110, 1976.

[14] T. Yamano, T. Ikebuchi, and I. Funeno, “Stern waves consisting of forward-
oriented breaking waves and the remaining following waves,” Journal of
Marine Science and Technology, vol. 6, pp. 13–22, Mar. 2001.

49



References

[15] T. Yamano, Y. Kusunoki, F. Kuratani, T. Ikebuchi, and I. Funeno, “On scale
effect of the resistance due to stern waves including forward-oriented wave
breaking just behind a transom stern,” in Practical Design of Ships and
Other Floating Structures, pp. 485–492, Elsevier, 2001.

[16] T. Yamano, Y. Kusunoki, F. Kuratani, T. Ogawa, T. Ikebuchi, and I. Funeno,
“A method to confirm scale effect of stern waves due to a transom stern,”
Journal of the Kansai Society of Naval Architects, Japan, vol. 2002, pp. 133–
137, 2002.

[17] R. Muscari and A. D. Mascio, “Numerical modeling of breaking waves gen-
erated by a ship?s hull,” Journal of Marine Science and Technology, vol. 9,
pp. 158–170, Dec. 2004.

[18] H. Raven, A. Ploeg, and A. Starke, “Towards a cfd-based prediction of ship
performance - progress in predicting full-scale resistance and scale effects,”
RINA - International Conference - Marine CFD 2008 - Papers, 01 2008.

[19] A. van der Ploeg and B. Starke, Prediction of the Transom Flow Regime
with Viscous Free Surface Computations, pp. 261–272. Dordrecht: Springer
Netherlands, 2013.

[20] L. Larsson, F. Stern, and V. Bertram, “Benchmarking of computational fluid
dynamics for ship flows: the gothenburg 2000 workshop,” Journal of Ship
Research, vol. 47, no. 1, pp. 63–81, 2003.

[21] D. Ponkratov and C. Zegos, “Validation of ship scale cfd self-propulsion
simulation by the direct comparison with sea trials results,” in Proceedings
of the Fourth International Symposium on Marine Propulsors, 2015.

[22] S. B. Pope, Turbulent Flows. Cambridge University Press, 2000.

[23] M. Mortazavi, V. L. Chenadec, P. Moin, and A. Mani, “Direct numerical
simulation of a turbulent hydraulic jump: turbulence statistics and air en-
trainment,” Journal of Fluid Mechanics, vol. 797, pp. 60–94, May 2016.

[24] J. Wackers, B. Koren, H. C. Raven, A. van der Ploeg, A. R. Starke, G. B. Deng,
P. Queutey, M. Visonneau, T. Hino, and K. Ohashi, “Free-surface viscous
flow solution methods for ship hydrodynamics,” Archives of Computational
Methods in Engineering, vol. 18, pp. 1–41, Feb. 2011.

[25] B. Starke, H. Raven, and A. van der Ploeg, “Computation of transom-stern
flows using a steady free-surface fitting rans method,” in 9th International
Conference on Numerical Ship Hydrodynamics, 2007.

[26] T. Li, J. Matusiak, and R. Lehtimäki, “Numerical simulation of viscous flows
with free surface around realistic hull forms with transom,” International
Journal for Numerical Methods in Fluids, vol. 37, pp. 601 – 624, 11 2001.

[27] S. Osher and J. A. Sethian, “Fronts propagating with curvature-dependent
speed: Algorithms based on hamilton-jacobi formulations,” Journal of Com-
putational Physics, vol. 79, pp. 12–49, Nov. 1988.

[28] C. Hirt and B. Nichols, “Volume of fluid (VOF) method for the dynamics of
free boundaries,” Journal of Computational Physics, vol. 39, pp. 201–225,
Jan. 1981.

[29] S. S. Deshpande, L. Anumolu, and M. F. Trujillo, “Evaluating the perfor-
mance of the two-phase flow solver interFoam,” Computational Science &
Discovery, vol. 5, p. 014016, Nov. 2012.

[30] G. C. J. Morgan, “Application of the interfoam vof code to coastal wave/struc-
ture interaction,” 2013.

50



References
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