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Abstract

Due to environmental, economical and safety related issues, power prediction
for operational conditions is desired within the maritime industry. In this
context, accurate and reliable predictions of ship performance in waves is
essential.

In this thesis, advanced numerical methods based on the solution of the
Reynolds-averaged Navier-Stokes (RANS) equations were used to perform
extensive and systematic investigations of the performance of ships in reg-
ular and irregular waves. In particular, the effects of ship speed, skin fric-
tion, wave steepness, and encounter angle on the wave-added resistance, and
the interaction between wave radiation and wave diffraction forces were an-
alyzed. Moreover, the influence of waves on the nominal wake fraction and
the propulsion characteristics was investigated. Therefore, the ship’s resis-
tance, propeller open water characteristics and propulsion forces were com-
puted for calm water and for waves. Additionally, the attainable ship speed
of a free-running cruise ship in calm water and in regular and irregular waves
was computed, and the speed loss was determined. Grid studies has been
performed, mean values and oscillation amplitudes were determined care-
fully using Fourier analysis, and actual wave heights were monitored and
used for normalization. Whenever possible, computational results were com-
pared with the results of scale model test measurements. Overall, very good
agreement was obtained.

Generally, it was shown that RANS methods are well suited for the predic-
tion of ship performance in waves considering most nonlinear effects. The
findings obtained in this work contribute to the understanding of the funda-
mental physics related to the wave-added resistance and about the propulsion
of ships in waves in a sustainable manner. Furthermore, these findings may be
used to further develop efficient prediction tools suitable for the ship design
process.
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1 Introduction

The installed power of a ship is generally defined by the contractually agreed
design speed. The design speed needs to be proven by the shipyard during
sea trials. The environmental conditions that are contractually specified for
these sea trials typically represent nearly ideal fair weather conditions: the
prevailing wind speed does not exceed two on the Beaufort scale, and the sig-
nificant wave height of the seaway is stipulated to be less than 0.5m. There
are three principal reasons for why sea trials are performed and why the ship
power performance is consequently assessed and optimized under calm wa-
ter conditions. First, calm water conditions are relatively unambiguous and
thus better suited for use in contracts. Second, during sea trials, it is easier to
reach an agreement between the owner and shipyard on calm water conditions
if the wave height is obtained from weather forecasts or visually observed.
Third, power prediction and design optimization based on scale model tests
and computations are easier to perform for calm water conditions. However,
to ensure that a ship is also capable of reaching its contractual design speed
under less favorable operating conditions, a general experience-based 15 per-
cent of reserve power, called “sea margin”, is added to the power required for
calm water conditions according to ITTC (2008). An additional 10 percent
engine margin accounts for aging of the ship’s hull (caused by fouling) and the
installed machinery. To date, this procedure has proven to be suitable for prac-
tical applications and has seldom been questioned. This was brought about
by the increasing size of modern ships operating at higher service speeds and
the associated increased installed power, as well as the available long-term
experience with these ships. Thus, ships are equipped with sufficient reserve
power for adequate maneuverability in severe seaways. However, the disad-
vantage of this approach is that a ship is optimized for conditions that it may
rarely encounter, and the added reserve power is generally considered to be
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independent of ship size or type. This situation may lead to both underpow-
ered smaller ships and overpowered larger ships operating in the same sea
areas. Due to increasing operational costs and business competition, ship op-
erators are becoming increasingly motivated to critically scrutinize the fuel
consumption of their fleet. Consequently, ships are requested to be designed
and optimized for their operational conditions. Therefore, the current design
procedures should be challenged and possibly adapted to optimize ships for
near-service operational conditions.

Both the economic crisis starting in 2008 and increasing oil prices led the
maritime sector to reconsider its planning and to modify the operating profile
of their fleets. New concepts were adopted, such as “slow steaming”, which
is characterized by the continuous operation of ships at installed power lev-
els that are reduced by 40 percent or more. Subsequently, new builds were
ordered, which were designed to operate at 40 to 70 percent of the installed
power compared to previous designs. Furthermore, the demand for designs
that can be operated at not only one but several power ranges has increased.
Consequently, the entire maritime community – ranging from engine manu-
facturers to logistics companies - is in the process of developing concepts that
allow ships to continuously operate at their most efficient and economical op-
erational point by installing reduced power.

It was initially believed that this course of action would be of short du-
ration for the period of high oil prices. However, such concepts are also
fueled by eco-political agreements (e.g., the Kyoto Protocol). The Interna-
tional Maritime Organization (IMO) has introduced a new indicator: the En-
ergy Efficiency Design Index (EEDI), see MEPC (2011). The target was to
limit CO2 emissions relative to a ship’s load capacities and the service speed.
To achieve the agreed upon reduction of emitted greenhouse gases specified
in the Kyoto Protocol, it is necessary to continuously reduce the EEDI. In-
stalling reduced power is an effective way to comply with the reduction of
ship-specific EEDI. For ship owners, the present concepts for new builds are
likely to remain financially interesting, even with falling fuel prices, because
exceeding an EEDI will be penalized in the future. However, the reduced
power requirements of new builds with unchanged size raise safety-related
concerns, particularly for institutions responsible for ship safety matters, such

2
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as the IMO, flag state administrations, classification societies and insuring
companies. Two aspects are mainly of importance: adequate maneuverability
(maintaining and changing course) even in heavy seaways and the assumed
ship speed (speed loss) in waves as a prerequisite for a global strength analysis
of the ship’s hull girder. Consequently, selection of the propelling machinery
installed on board may be based not only on the desired service speed but also
on the required maneuverability in severe seas.

Consequently, due to economic, environmental and safety issues, a ship’s
performance in operational conditions is of increasing interest in the mar-
itime industry. In addition to the calm water values, a ship’s performance in
operational conditions is significantly influenced by environmentally caused
changes of the resistances (wind, waves, ice, and fouling) and the propulsion
characteristics. The flow around ships in waves is very complex, particularly
in the vicinity of the operating propeller and the free surface. It is signifi-
cantly influenced by nonlinearities, such as flow separation, ventilation, wave
breaking, and turbulence, among others. Widely used methods to predict ship
performance in seaways are based on empirical formulas or on the potential
theory. These methods do not cover most of the nolinearities. In this thesis,
advanced numerical methods solving the Reynolds-averaged Navier-Stokes
equations (RANS), which best cover the mentioned effects, were used for a
extensive and systematic investigation of the influence of waves on the perfor-
mance of ships, namely the wave-added resistance, the wake field, the propul-
sion characteristics, and the speed loss in waves. Thus, the basic investigation
of nonlinearities related to the performance of ships in waves represents the
most substantial research progress by this thesis. The major research ques-
tions are:

• How accurate and reliable are RANS methods for predicting wave-
added resistance, and how are the results influenced by discretization
errors?

• How does ship speed influence the wave-added resistance?
• How does friction affect the wave-added resistance?
• How do the radiation and diffraction forces interact in the nonlinear

regime? Can these problems be considered separately?

3
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• How does the wave-added resistance depend on the wave height? Does
the quadratic correlation also hold for steep waves?
• How does the encounter angle influence the wave-added resistance in

waves?
• How do waves influence the nominal wake fraction of ships?
• How can ship propulsion in waves be reliably and efficiently computed

using RANS methods?
• How do waves and ship motion influence the propulsive efficiency of

different ship types?
• How do waves and ship motion influence the effective wake fraction

and the thrust deduction factor?
• How accurate and effective are RANS methods for determining the

speed loss of ships in regular and irregular waves?
• How does the engine dynamic influence the speed loss in irregular

waves?

Within this work the research questions are deduced, the numerical meth-
ods and computational procedures are presented and the results are discussed
to address the research questions. Therefore this thesis is structured as fol-
lows: In chapter 2, the theoretical backgrounds on a ship’s resistance, the
wave-added resistances and propulsion theory are given. Chapter 3 presents
the numerical methods used in this work. In chapter 4 the considered ship
types, experimental setups and validation work are presented. In chapters
5,6,7 and 8 the computational procedures to determine the wave-added re-
sistance the nominal wake fraction, the propulsion characteristics in waves
and the speed loss are explicitly introduced. Furthermore, the results are pre-
sented and discussed in these chapters. Chapter 9 provides an overview on
the outcomes of this work and possible directions for future work.

4



2 Theoretical Background and

State of the Art

In this work the performance of a ship is evaluated based on economical, eco-
logical, and safe operation. Key aspects in this context are the hydrodynamic
characteristics of the hulls itself and its appendages, as well as the interaction
among them. Regardless of whether in waves or in calm water, these hydro-
dynamic properties of a ship are summarized and most commonly evaluated
on basis of the propulsive efficiency, ηD. It is defined as the ratio of the effec-
tive power, PE = R ·v, and the delivered power, PD = 2πQn, required to drive
the ship:

ηD =
PE

PD
=

R · v
2πQn

(2.1)

where R is the towed ship’s resistance, v is the ship speed, Q is the propeller
torque, and n is the propeller speed. The propulsive efficiency is clearly influ-
enced by resistance as a characteristic of the hull and by the propeller torque
as a characteristic of the propeller. However, the flow field that the propeller
operates in is changed by the (typically located upstream) hull. The propul-
sion system in turn changes the flow field at the hull of the ship. Since these
complex propeller/ hull interactions are contained in the delivered power, PD,
identifying the efficiency optimization potential of a ship is difficult. The
hope is that advanced numerical methods will allow a comprehensive opti-
mization of the ship interacting with the propeller as a whole system in the
future. At present, however, ship optimization is performed on the basis of the
propulsion characteristics obtained in the traditional propulsion model based
on experimental fluid dynamics. The model considers the propeller and ship
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separately and introduces special efficiencies and factors to account for the
effects of interaction (Bertram, 2000).

In this chapter, the relevant physics of the ship resistance, the propeller/ hull
interaction and the evaluation of the ship propulsion characteristics in waves
will be presented. In addition, the prediction methods that are available in
this field of ship hydrodynamics are introduced and discussed.

2.1 Ship Resistance

Ship resistance, R, is of fundamental importance in ship hydrodynamics. R is
one of the values that characterize a ship, and influences nearly all its tech-
nical aspects, e.g., hull shape, propulsion components and load capacity. For
practical reasons, it is common to split the resistance that a ship experiences
under operational conditions into the calm water resistance, RT , and the added
resistances and consider them separately.

The calm water resistance is defined as the longitudinal force that a towed
ship experiences under idle conditions without environmental disturbances
and without appendages (Krüger, 2004a). Calm water is clearly defined and
it is relatively easy to reproduce in test or computations. Thus, the calm
water resistance is considered as an important criterion for the ship design.
According to the design stage, the calm water conditions can be predicted
using empirical methods, numerical methods, and model scale tests.

However, ships face additional resistance components when in service. The
added resistances are caused by seaways, wind, shallow water, ice, ship aging
and appendages (Krueger, 2004b). For a sea-going ship, in many cases, the
added resistances due to seaways, RSEA, is causing the most considerable
increase in the ships total resistance. It is defined as the difference of the calm
water resistance and the time-averaged longitudinal hydrodynamic force in a
seaway.

To illustrate this point, figure 1 shows the total longitudinal force in waves,
FX , the time-averaged longitudinal force in waves, F̄X , and the calm water
resistance. Meanwhile, the total resistance of a ship in a seaway caused by

6
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Figure 1: Wave-added resistance of a cruise ship in a regular head waves
with a relative length of 1.09 times the ship length - Difference of
mean longitudinal force in waves, F̄X , and calm water resistance,
RT

hydrodynamic forces is defined as the sum of the calm water resistance and
the added resistance due to a seaway:

R = RT +RSEA (2.2)

Characteristics of seaways are usually provided in a statistical way. Very
long physical times of deterministic simulation with randomly realized wave
elevations would be required to determine statistical values of ship responses.
Time-domain methods that can be used for deterministic simulations are rel-
atively expressive and typically exceeds a reasonable effort. Instead, the sea-
way is expressed as the superposition of a finite set of regular waves with
different heights, phases and periods, represented by a wave energy density
spectrum, S(ω). By knowing the quadratic transfer function of the wave-
added resistance, RAW/ζ 2

a , for every considered regular wave frequency, ω ,
the added resistance of a ship in a seaway can be determined as follows:

7
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RSEA = 2
∫

∞

0

∫ 2π

0
(

RAW

ζ 2
a

)(ω)S(ω)D(µ)dµdω (2.3)

where RAW represents the wave-added resistance and ζa the wave ampli-
tude. Since seaways are short crested, a spreading function D(µ) is intro-
duced, which depends on the wave propagation angle µ . Now, the wave-
added resistance for a finite number of wave frequencies needs to be predicted
only. This significantly reduces the computational effort and allows the use
of efficient potential flow methods stated in the frequency-domain. Since this
spectral method is frequently used in practical applications, the wave-added
resistance is of great interest in ship hydrodynamics.

The wave-added resistance primarily depends on the following:

• ship speed
• ship motion
• hull shape
• wave height
• wave length
• encounter angle.

Especially in steep waves, nonlinearities such as flow separation, venti-
lation, wave breaking, turbulence, and other viscous effects are occurring.
Moreover, common bow shapes together with ship motion and water surface
elevation are causing nonlinear changes of the immersed hull area in waves.
For this reasons the waves-added resistance is very difficult to predict. In the
literature however, the wave-added resistance is considered to be a pressure-
dominated phenomenon that is not significantly influenced by viscous effects
(Ström-Tejsen et al., 1973). It can be extrapolated from the model scale to the
ship scale using Froude similarity. Furthermore, following potential theory,
in very flat waves the problem can be linearized and the forces that cause the
wave-added resistance can be classified in two separate problems (Soeding,
1982):

8
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• Excitation forces act on the fixed hull, and they are caused by incom-
ing waves. These forces can be further divided into Froude-Krylov
forces and diffraction forces. Froude-Krylov forces are excited by the
hydrostatic pressure caused by elevation of the free surface, including
the Smith effect. The diffraction forces are a result of the dynamic
effects produced by the wave’s orbital velocities.

• Radiation forces act on the moving hull in calm water. These forces
are caused by a hydrostatic pressure due to the ship’s current floating
position and a hydrodynamic part as a result of the movement of the
ship.

Often, the quadratic transfer function of the wave-added resistance is pre-
sented. Here, the non-dimensional wave-added resistance, CAW , is plotted
against the non-dimensional wave frequency, ω̃ . The typical characteristics
of the quadratic transfer function of the wave-added resistance for different
ship types are shown in figure 2. Its maximum is where the wave length is
approximately equivalent to the ship length. Here, motion responses are rel-
atively large; thus, the radiation forces are dominating. In shorter waves, the
radiation forces decrease along with ship motions. In these areas, the diffrac-
tion forces are dominant.

Further information regarding sea-keeping and the wave-added resistance
of ships and offshore structures are available in Faltinsen (1998), Journee
(2001) and Lloyd and Frina (1998).

As discussed earlier, predicting the wave-added resistance is of high practi-
cal interest. Therefore, a considerable amount of research effort has naturally
been devoted to this problem. In general, there are experimental, empirical
and numerical methods for predicting the wave-added resistance.

In experimental fluid dynamics, model tests are generally performed to pre-
dict the wave-added resistance. The model’s resistance is measured in calm
water and in regular waves of different frequency at the same speed. The
differences between calm water resistance and total resistance in the various
waves define the wave-added resistance. The challenge is to measure forces
without influencing the ship’s motion. This measurement is often realized
using springs in a rectangular or diamond-shaped frame. Furthermore, the

9
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Figure 2: The wave-added resistance for a cruise ship, a containership and
a tanker at nearly the same speeds

wave-added resistance is generally small compared to the calm water resis-
tance and the total resistance in waves. Consequently, small measurement er-
rors significantly influence the results. Occasionally, full-scale measurements
are also performed. The wave-added resistance is determined based on the
measured thrust and ship speed. Here, challenges originate from the unknown
influence of waves on the propulsion characteristics. Despite the aforemen-
tioned uncertainties, experimental results are the most important reference for
validating theoretical methods.

Empirical methods (e.g., Dilk, 2012; Liu et al., 2013; Tsujimoto et al.,
2008) allow for an efficient prediction of the wave-added resistance. These
methods are based on very few design features (e.g., length, breadth, and
flare angle) of the ship only. Thus, these methods are particularly used in
early design stages. However, the reliability is limited and depends strongly
on the wave conditions and hull shape.
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The techniques based on potential theory can be classified into two main
categories, namely, far-field methods, which are based on considering the
diffracted and radiated wave energy and momentum flux at infinity, and near-
field methods, which are based on direct integration of the steady second-
order hydrodynamic pressure acting on the wetted ship surface. Maruo (1957)
introduced the first far-field approach, which was later extended by Maruo
(1960,1963) and Joosen (1966). Boese (1970) developed the first near-field
direct pressure integration method, albeit by considering a highly simpli-
fied pressure distribution. Gerritsma and Beukelman (1972) introduced the
radiated energy approach, which basically followed Maruo’s far-field ap-
proach. Evaluating the above approaches, Strom-Tejsen et al. (1973) found
large discrepancies between the numerical results and comparative model
test measurements. Using ship motions obtained from the strip theory of
Salvesen et al. (1970), Salvesen (1978) obtained satisfactory predictions by
applying Gerritsma and Beukelman’s method, thereby confirming the im-
portance of accurate ship motion predictions to reliably estimate added re-
sistance in waves. By introducing a simplified added resistance formula to
model the complicated interaction of diffracted waves and the steady flow
around the ship, Faltinsen et al. (1980) presented a more accurate potential
theory near-field direct pressure integration approach. In this way, they val-
idated their results even for short waves. Recently, Liu et al. (2011) used
a well-established frequency-domain panel method and a new hybrid time-
domain Rankine source Green function method to predict the added resistance
in waves by obtaining first-order velocity potentials and Kochin functions,
which are terms that are necessary for computing added resistance accord-
ing to Maruo’s far-field method. They used a wide range of case studies to
validate their results and concluded that their method is satisfactory for pre-
dicting the added resistance of ships in waves. They recently developed a
three-dimensional Rankine panel method that accounts for the interaction of
the linear periodic wave-induced flow with the nonlinear steady flow caused
by the ship’s forward speed in calm water, taking nonlinear free surface con-
ditions and dynamic squat into account (Söding et al., 2012). In this method,
added resistance in waves is obtained by pressure integration. Kashiwagi et al.
(2010) also investigated the prediction accuracy of added resistance in short
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waves when forward speed is present and attributed inaccuracies to hydrody-
namic nonlinear effects (Kim and Kim, 2011; Kim et al., 2012; Papanikolaou
and Schellin, 1993; Lyu and el Moctar, 2017; Duan and Li, 2013; Guo and
Steen, 2011; Kashiwagi et al., 2010; Kuroda et al., 2008; Seo et al., 2013;
Seo et al., 2014; Sportelli and Huijsmans, 2012; Turnock et al., 2014; Söding
et al., 2014).

Although boundary element methods based on Rankine sources are effi-
cient and therefore predominantly used to screen relevant wave scenarios for
design issues, computational fluid dynamics (CFD) methods based on the nu-
merical solution of RANS or Euler equations are increasingly being applied
to account for nonlinearities, breaking waves, and so forth. Such methods
have demonstrated their ability to provide results with accuracy comparable
to model test measurements in many problems of ship hydrodynamics (Lars-
son et al., 2010; Oberhagemann et al., 2012; el Moctar, 2001; el Moctar et al.,
2011, 2016; Schellin and el Moctar, 2007; Carrica et al., 2011). However, the
application of such methods to added resistance predictions is still rare. Al-
though such methods might, in principle, also directly address the problem of
power increase in irregular waves, both long waves (and the correspondingly
large ship motions) and short waves (which contribute to the added resistance
through diffraction) should be resolved simultaneously, which significantly
increases the required grid size and computational time. Therefore, the ap-
plication of CFD methods to the added resistance problem has thus far been
limited mainly to regular wave situations in a restricted range of wave fre-
quencies (el Moctar et al., 2016; Ley et al., 2014; Sadat-Hosseini et al., 2013;
Simonsen et al., 2013).

For a systematic investigation of the wave-added resistance, RANS-based
methods have been used in this work. The obtained forces and the motion
amplitudes were normalized as follows:

CAW =
(F̄X −RT ) ·L

ρgB2ζ 2
a

(2.4)

12
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Cθ =
θa

kζa
(2.5)

CZ =
Za

ζa
(2.6)

where ρ is the density of the water; g is gravity; B is ship breadth; L is ship
length; ζa and λW are wave amplitude and length; Za and θa are heave and
pitch amplitude, respectively; and k = 2π/λW is wave number. For normal-
ization, it is essential to use actual wave amplitudes rather than target values.
Therefore, the amplitudes of undisturbed waves next to the ship’s bow need
to be monitored in all simulations.

The calm water resistance coefficient, CT , reads:

CT =
RT

0.5ρv2SW
(2.7)

where SW is the wetted surface of the hull.
Because model tests are not suitable for predicting the frictional resistance

component for ships, it is common practice to rely on the ITTC 1957 fric-
tion line (Hadler, 1958; ITTC, 2008) to specify a ship’s frictional resistance
coefficient:

CF =
0.075

log(Re−2)2 (2.8)

with the Reynolds number, Re = v ·L/µ , where v denotes the ship speed
and µ is the kinematic viscosity of water. Frictional resistance, RF , then
reads:

RF =CF 0.5ρv2SW (2.9)
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The response amplitude operators are plotted against the dimensionless
wave frequencies defined as follows:

ω̃ =
√

L/λW (2.10)

2.2 Propeller / Hull Interaction

Propeller / hull interaction is a complex issue and important to take into ac-
count when evaluating the propulsive performance of a ship. Propeller / hull
interaction is primarily dominated by two effects: the wake and the thrust
deduction. In this section, both phenomena will be presented briefly. De-
tailed information are provided in, e.g., Bertram (2000), Krüger (2004c) and
Verhoelt (2001).

2.2.1 Wake Flow

A moving body in water can be idealized as a disturbance of the homogeneous
flow. Downstream of the body, the disturbance will be highly developed, and
the wake flow establishes. Since its propeller is usually placed in the wake
flow area, this phenomenon has great importance for ship design. To evalu-
ate the influence of the wake flow on the propulsion behavior of a ship, the
velocity distribution and flow direction in the propeller plane, the wake field,
is considered. In calm water conditions the wake field is primarily character-
ized by three components. The first component is the potential wake, which
is the wake field that would be generated in an inviscid fluid. It features small
axial velocity components near the stagnation points directly in front of and
behind the body. The second component is called wave wake. It is induced
by the orbital velocities of the ship’s wave system. The third and most impor-
tant component is the frictional wake. Whereas the first and second effects
are typically small, the third component considers the behavior of the flow in
the boundary-layer region due to viscous effects. In addition, possible flow
separation and the generation of vortices, for example, in the bilge region,
contribute to the frictional wake. Consequently, only methods that consider
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the viscosity of the fluid are suitable to investigate the wake flow. A more
detailed description of the different influences on the wake can be found in
Verhoelt (2001).

Figure 3: Current effective wake field for a free-running twin-screw cruise
ship in waves. The influence of the ship’s hull is clearly visible in
the velocity distribution

Figure 3 shows a wake field of a free-running twin-screw ship advancing
in waves. The footprint of the hull and its appendages (struts and so forth)
can clearly be observed in the vicinity of the stern tube. Generally, the flow
in the propeller plane is accelerated by the operating propeller. In particular,
in regions close to the ship’s surface, large velocity losses can be observed.
This figure is obtained from the RANS computation with a cruise ship that
will be discussed later.

As previously mentioned, the wake field of a ship significantly influences
the behavior of the propeller (typically located behind the ship). This issue is
generally quantified using the wake fraction, which is defined as the ratio of
the mean propeller inflow velocity, va, and the ship’s velocity, v.

The wake fraction reads as follows:
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w = 1− va

v
(2.11)

There are two different ways to determine the mean axial velocity in the
propeller plane and thus the wake fraction:

• Effective wake fraction is obtained with the operating propeller. va in
the propeller plane is obtained by comparing the propeller character-
istics behind the ship (propulsion test) and in the homogeneous inflow
(propeller open water test).
• Nominal wake fraction is obtained without a propeller. The mean

axial velocity in the propeller plane is obtained by averaging the com-
puted or measured axial velocities at discrete points within the propeller
plane determined in a towing test.

The nominal wake is an important input for the design of wake-adapted
propellers and is the subject of many design optimization studies, such as
the propeller example presented in Stück et al. (2011) and Fahrbach (2004).
Thus, the pitch of the propeller blade at different radii is specified based on
the wake field. Tangential variations of the inflow velocity cause oscillations
of propeller forces and propeller cavitation, which may result in ship vibration
and structural damage.

2.2.2 Thrust Deduction

The propeller thrust required to drive a ship at a constant speed is significantly
higher than the resistance of the towed ship at the same speed. This increase in
the ship’s resistance is called thrust deduction and is caused by the propeller-
induced acceleration of the flow at aft ship, which influences the pressure
distribution on the hull.

For the propulsion condition of a ship, this leads to:
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T = R+T HD (2.12)

where T is propeller thrust and T HD is the trust deduction. Thrust deduc-
tion is generally presented as the non-dimensional thrust deduction factor, t,
and it reads as follows:

t = 1− R
T
. (2.13)

Both wake fraction and thrust deduction factor depend on the velocity field
in the aft ship region. It is obvious that the velocity field is significantly in-
fluenced by the orbital velocities of incident waves and also by velocity com-
ponents induced by ship motions in operational condition. However, during
ship design, typically the wake field and thrust deduction are considered only
under calm water conditions and less is currently known about the influence
of waves on the propeller/ hull interaction. Only a few investigations using
numerical methods have been performed to address this issue (e.g., Wu et
al. 2012, 2013) and only the nominal wake fraction is considered. Investiga-
tions on the influence of waves on the effective wake fraction or on the thrust
deduction factor are not known to the author.

2.3 Propulsion Characteristics

To determine the propulsion characteristics, the resistance of the towed ship,
propeller open water characteristics and propulsion forces are needed. Brief
descriptions of the necessary experiments, the associated computations and
the calculation of the propulsion characteristics are given in this section.

The propeller open water characteristics are determined by running the pro-
peller in undisturbed inflow conditions at different propeller advance ratios,
J = va/nD. For this purpose, propellers of diameter D are tested for constant
propeller speed, n, whereby the propeller inflow axial velocity, va, is varied.
Propeller thrust, T , and torque, Q0, are measured and normalized as follows:
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kT =
T

ρD4n2 (2.14)

kQ0 =
Q0

ρD5n2 (2.15)

η0 =
J

2π
· kT

kQ0
(2.16)

where kT is the thrust and kQ the torque coefficient. Index 0 indicates open
water conditions.

The ship resistance is evaluated in the towing test. The bare hull is towed
by a carriage at a constant speed. The forces required to tow the model are
measured. The result is the ship resistance as a function of ship speed.

In the propulsion test, the model is equipped with propulsion components
and it is self-propelled. The results are the propeller thrust and the propeller
torque according to the propeller speed required to drive the model at a prede-
fined speed. Friction deduction, FD, needs to be applied to account for scaling
effects shifting the operating point of the propeller. It is defined as:

FD = (CT,M−CT,S)
1
2

ρv2
MSW,M (2.17)

Here, indices M and S denote model scale and full scale, respectively. To
apply friction deduction force during experiments, two methods are common:
the British method and the continental method (Bertram, 2000). Follow-
ing the continental method, the friction reduction force is applied, and the
propeller speed is adjusted until the target speed is achieved. Following the
British method, two runs with different propeller speeds per considered ship
speed are conducted. For every run, the propeller speed is constant. The re-
maining forces are measured at the towing carriage. At the self-propulsion
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point of the model, corresponding to full scale, the residual force equals the
predefined friction deduction force. The propeller speed, force and moment
are determined by performing interpolation. Both methods are used in prac-
tice.

As mentioned above, the propulsive efficiency is defined as the ratio of the
effective power and the delivered power:

ηD =
PE

PD
=

Rv
2πQn

(2.18)

The propulsive efficiency of a ship is a very complex and sensitive con-
struct that depends on multiple effects caused by different physical phenom-
ena. To prove the physical consistency of computationally or experimentally
obtained results and to identify optimization potential, the propulsive effi-
ciency is split into partial efficiencies. Therefore, equation 2.18 is extended
by Q0

Q0
and rearranged as follows:

ηD =
PE

PD
=

T va

2πQ0n
Q0

Q
(1− t)
(1−w)

= η0ηRηH (2.19)

The propeller open water efficiency, η0, provides the ratio of the thrust
power, PT , and the delivered power:

η0 =
PT

PD
=

T va

2πQ0n
(2.20)

The propeller thrust is obtained from the propulsion test and is used to de-
termine va and Q0 from the propeller open water characteristics (thrust iden-
tity). Consequently, η0 is the open water efficiency according to the thrust
obtained under self-propelled conditions. It provides information about the
general suitability of the chosen propeller to propel the ship. Typically, it
ranges from 0.65 to 0.75.

19



Theoretical Background and State of the Art

The relative rotative efficiency, ηR, is defined as the ratio of the propeller
torque in open water and in self-propelled conditions:

ηR =
Q0

Q
(2.21)

This parameter provides information about the influence of the wake field
on the propeller torque. Typical values range from 1.0 to 1.05.

The hull efficiency, ηH , is defined as the ratio of effective power and thrust
power, and sets thrust deduction factor, t = 1− RT/T , and wake fraction,
w = 1− JnD/v, in relation. It reads as follows:

ηH = PE/PT =
(1− t)
(1−w)

(2.22)

The hull efficiency evaluates the propeller/ hull interaction and can reach
values of greater than one. The wake fraction is generally calculated using
thrust identity, which means that va is obtained from the propeller curves
using kT (rather than kQ) as an input value.

This experimental procedure has been developed in test facility and is pre-
dominantly used for calm water. Experiments are reliable and considered to
be a reference for other methods. However, they are very expensive, and only
a limited number of design variations can be investigated without the need
for a new model. Furthermore, it is not possible to investigate the system
holistically. Obtaining details about small-scale flow conditions, such as flow
separation, is extremely expensive or simply not possible.

Till now the influence of the seaway on the propulsion characteristics has
been barely investigated explicitly. However, experimental procedures for
required power in waves have been developed at different institutions (e.g.
ITTC 2012, 2014, Kitagawa et al., 2014). Presumably, due to the added resis-
tance in waves, this influence only shifts the operation point of the propeller.
However, propulsion is decisively affected by the velocity distribution in the
propeller plane, and this distribution in turn is influenced by not only the
seaway-induced ship motions, but also the orbital wave particle velocities.
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Propulsion tests in waves at the propeller’s operating point are difficult to
conduct because implementing a speed-dependent frictional deduction is dif-
ficult. Moreover, measuring the propeller’s wake in a seaway is complex and
thus difficult to perform. Techniques based on potential theory may be inap-
propriate due to the associated frictionless and irrotational flow assumptions.
In contrast, approaches based on solving the Navier-Stokes equations repre-
sent a good approximation of the physical flow conditions. To date, such ap-
proaches have mainly been used to compute a ship’s resistance in calm water,
where for the case of calm water propulsion, the geometric modeling of the
rotating propeller is generally dispensed with. Rather, so-called body force
methods are widely used. Such methods vary from a simple preset distribu-
tion of propulsion forces in the propeller plane (e.g., Choi et al., 2010; el Moc-
tar, 2001; Winden et al., 2014) to coupling a boundary element method with
a RANS solver (e.g., Cura-Hochbaum and Vogt, 2008; Krasilnikov, 2013).
Using body force methods leads to a significant savings of computational
time; nevertheless, such methods impose limits in mapping the physical flow,
and they are also subject to uncertainties. To date, RANS computations of
propulsion based on the geometric modeling of a rotating propeller (using
sliding or overset grid techniques) have mainly been performed by neglecting
the free surface or under calm water conditions (e.g., Lübke, 2005; Carrica,
et al., 2010, 2011) for a specified propeller rate and a given ship speed. The
results from these investigations often showed good agreement with measure-
ments. However, numerical studies of propulsion characteristics for ships in
waves based on solving the Navier-Stokes equations are rarely found in the
literature.

Although CFD offers completely different strategies to evaluate and opti-
mize ship propulsion, in this work, the presented classical experimental-based
procedure was used to determine the propulsion characteristics in waves.
Rather than using calm water values of resistance and propeller forces in self-
propelled conditions, average values (Fourier analysis) obtained in waves are
used (except for propeller open water characteristics). For this, the hull, the
rotating propeller using the sliding grid technique, and the rudder were geo-
metrically modeled and the free surface was taken into account in all compu-
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tations. The computations were conducted at model scale and compared to
model test measurements.
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3 Numerical Methods

The Navier-Stokes equations (NSG) and the mass conversation equation are
the mathematical foundation of the numerical methods used, since they pro-
vide a description of the flow of Newtonian fluids. Due to high Reynolds
numbers and consequently fully turbulent flows, NSG are Reynolds-averaged
and turbulence models are applied to reduce the numerical effort. An interface-
capturing method is used to model two-phase flow. The governing equations
are implicitly coupled with a 6-degree of freedom (DOF) rigid body equation
in combination with various grid techniques to account for ship motion. The
obtained system of non-linear partial differential equations cannot be solved
analytically. Thus, the equations are spatially and temporally discretized us-
ing second-order schemes and linearized by applying Picard iteration. Then,
the equations are solved iteratively in a segregated procedure, coupling pres-
sure and velocity semi-implicitly.

The fundamentals of the governing equations and of the methods and pro-
cedures used are presented in this chapter. More details are available in
Ferizger and Peric (2002), Muzaferija and Peric (1999) and el Moctar et al.
(2016).

3.1 Governing Equations

Since the finite volume method (FVM) for discretization is used, the gov-
erning equations are presented in integral form (Hirt, 1981). For an isother-
mal, viscous, turbulent flow of an incompressible fluid, mass conservation,
d
dt m = 0, and momentum conservation, d

dt (mv) = ∑F , can be expressed as
follows:
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∂

∂ t

∫
V

ρdV +
∫

S
v ·ndS = 0 (3.1)

∂

∂ t

∫
V

ρvdV +
∫

S
ρvv ·ndS =

∫
S

T ·ndS+
∫

V
ρbdV (3.2)

Here, V denotes a control volume (CV) bounded by its surface, S, and with
the normal vector, n, pointing outward. Body forces are denoted as b, and
fluid density is indicated by ρ . v represents the velocity vector.

With the unit tensor, I, pressure, p, and the dynamic viscosity, µ , the stress
tensor, T, reads as follows:

T =−pI+µ[∇v+(∇v)T ] (3.3)

For typical Reynolds numbers in marine applications (Re >> 106), direct
numerical solution (DNS) is not yet applicable. Due to small turbulent vortex
structures that need to be resolved spatially and temporally, the computational
effort is far too high for practical use. To overcome this issue, different ap-
proaches to model turbulence were developed. These approaches differ in
computational effort depending on the rate of physical correctness. In marine
applications, turbulence models based on Reynolds-averaging of the Navier-
Stokes equations are widely used. Here, the flow variables in Equations (24)
and (25) are decomposed into an average value, φ̄ , and a turbulent fluctuation,
φ ′:

φ(x, t) = φ̄(x, t)+φ
′(x, t) (3.4)

The averaging takes place over a time interval, T, which is much longer
than the time scale of the turbulent fluctuations, but shorter than the time
scale of non-turbulent flow unsteadiness (e.g. blade passing period):
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lim
T→∞

1
T

∫
T

φ(x, t)dT = φ̄(x) lim
T→∞

1
T

∫
T

φ
′(x)dT = 0 (3.5)

By time averaging of the equations, the fluctuation disappears in the linear
terms. The non-linear convection term yields an additional term, the Reynolds
stress tensor, Rn, which contains another six unknowns:

Rn =−ρ ¯(v′v′) (3.6)

Now, NSGs are expressed for Reynolds-averaged flow quantities.
The eddy viscosity assumption of Boussinesq (1877), stating that the ef-

fects of Rn can be modeled as additional diffusion, is basis of all two equa-
tion turbulence models and introduces the effective dynamic viscosity, µEFF .
The effect dynamic viscosity is defined as the sum of dynamic viscosity, µ ,
and turbulent viscosity, µT :

µEFF = µ +µT (3.7)

The turbulent viscosity is determined based on velocity and length scale,
νT and lT , of the turbulence:

µT ≈ ρνT lT (3.8)

The velocity scale is usually taken corresponding to the square root of the
turbulent kinetic energy, k = 1/2 ¯uiui. The turbulent kinetic energy is obtained
by solving a transport equation first. In the two equation turbulence models,
the length scale is obtained from relations involving k and either the turbulent
dissipation rate ε or the specific turbulent dissipation, ω , e.g. lT ≈ k3/2/ε ,
leading to:
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µT ≈CPρ
k2

ε
(3.9)

Using these turbulence models additional transport equations are solved to
obtain ω or ε .

In this work, Menter’s shear stress transport (SST) k−ω turbulence model
is used predominately (Menter, 1994). It combines the k-ω and the k-ε model.
The turbulent viscosity is determined with the turbulent kinetic energy, k, and
the specific turbulent dissipation, ω , as

µT =
a1k

max(a1ω,ΩF2)
(3.10)

where a1 is the closure coefficient, Ω is the invariant measure of strain
rate, and F2 is the formulation for the blending from k−ω to k− ε . The
scalar quantities k and ω/ε of the model have to be transported. The transport
equation for generic scalar quantities reads as follows:

∂

∂ t

∫
V

ρφdV +
∫

S
ρφv ·ndS =

∫
S

Γ∇φ ·ndS+
∫

V
ρbφ dV (3.11)

where φ is the scalar variable (k or ω), Γ is the diffusivity coefficient, and
bφ represents sources or sinks of φ . For details about source terms and model
parameters, see Menter (1994). the Turbulent viscosity varies within solution
domain by several orders of magnitude and makes the system of equations
that needs to be solved highly non-linear.

3.2 Free Surface Treatment

To model two-phase flows, the Volume of Fluid method (VOF) is used. For
the entire computational domain, only one velocity and pressure field exists.
A fluid is considered to consist of two phases, namely, water and air. The
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distribution of water within the domain is defined by the volume fraction
scalar α , which represents the water fraction in every CV. The value of α is
computed using an additional scalar transport equation:

∂

∂ t

∫
V

αdV +
∫

S
αv ·ndS = 0 (3.12)

The density, ρ , and viscosity, ν , of fluids within each cell are then deter-
mined as follows:

ρ = ∑
i

ρiαi (3.13)

ν = ∑
i

νiαi (3.14)

The VOF approach has proven to be suitable to account for complex free
surface phenomena, such as wave breaking and overturning waves. However,
the position of the free surface cannot be computed explicitly. Rather, the
water surface needs to be reconstructed from the α field by interpolation. The
free surface is assumed to be located where α equals 0.5. To avoid smearing
of the free surface and nonphysical fluid properties, the values of α need to
be bounded (0 6 α 6 1), and cells with 0 < α < 1 need to be minimized. To
satisfy these requirements, special numerical schemes were used to discretize
the α transport equation (see the next section).

3.3 Discretization

The conservation equations cannot be solved analytically. Thus, these equa-
tions are transformed into algebraic equations and solved numerically. Using
the finite volume method, the fluid domain is subdivided into a finite number
of control volumes, which contain flow variables in their center. For each
CV, an algebraic equation is set up using a finite approximation for volume
and surface integrals and for spatial and temporal derivatives. Integrals are
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approximated using the midpoint rule in combination with 2nd-order inter-
polation schemes. Derivatives are estimated using finite differences based on
a Taylor polynomial. Generally, temporal derivatives are approximated us-
ing Crank-Nicolson or implicit three time level time marching scheme. When
possible, all approximations are of second-order accuracy. The first order
Euler implicit scheme is only used marching toward steady-state solution,
when the flow development does not have to be time accurate. In rare cases,
the discretization schemes for convection were changed to first-order upwind
differences for stability reasons. Special discretization schemes were used for
the α-transport equation to guarantee a sharp water surface during the com-
putation. Here, schemes blending between central, upwind and downwind
differences were used; see Muzaferija and Peric (1999)for more details on
the HRIC-scheme (high-resolution interface capturing).

3.4 Velocity-Pressure Coupling

To obtain a consistent solution of velocity and pressure, both conversation
equations (24) and (25) need to be fulfilled simultaneously. Since it is not
possible to compute all equations simultaneously, they are solved using pro-
jection methods coupled in a semi-implicit manner. First, the velocity field
is computed using linearized momentum equations and the pressure field of
the previous time step or iteration. Then, the pressure-correction equation is
solved, which is derived from the discretized momentum and mass conserva-
tion equations. Subsequently, the velocity and pressure fields are corrected
using the pressure-correction field. Various algorithms, e.g., SIMPLE, PISO,
and PIMPLE, based on this concept are available in the software used in this
work. In general, these algorithms vary in the way that the pressure-correction
equation is set up and the velocity field is corrected. Here, the SIMPLE algo-
rithm is most often used to couple pressure and velocity. The major steps of
SIMPLE are summarized as follows:
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• Solve iteratively the linearized momentum equations using the latest
pressure and velocity fields to estimate a provisional velocity field, vm∗,
which does not satisfy the continuity equation (inner iterations)

• Solve the pressure-correction equation to obtain p′ (pm = pm−1 + p′)
• Correct the velocity and pressure field to satisfy the continuity equa-

tion, getting vm and pm

• Repeat the procedure using vm and pm as improved starting estimation
until the convergence criteria are satisfied, this completes the outer it-
eration loop

• Advance to the next time step

The SIMPLE algorithm is widely used in marine applications. However,
the SIMPLE algorithm involves approximations which may introduce insta-
bility. This problem is solved by under relaxing the pressure and velocity
fields. The following convergence criteria are usually used:

• When solving the linearized equation system (inner iteration), residuals
are reduced by one order of magnitude

• Outer iterations are continued until residuals are reduced by three or-
ders of magnitude

For more details on SIMPLE and related , see Ferziger and Peric (2002).

3.5 Modeling of Waves

Waves are specified at inlet using an appropriate boundary condition. In most
cases , Stokes 5th order wave theory after Fenton (1985) is used to prescribe
regular waves. For irregular long-crested waves, the Jonswap spectrum is
used. From these wave theories, the variation of the velocity and volume
fraction at the inlet boundary over time is prescribed. In order to avoid wave
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reflection from outlet boundary, wave damping is used; that is achieved by
using source term in the momentum equation which forces the vertical veloc-
ity component to zero over certain distance from boundary. For optimal setup
of the wave damping, see Peric and Abdel-Maksoud (2017).

3.6 Ship Motion

For the computation of the ship motion, a rigid body motion solver for 6-DOF
is implicitly coupled with the governing equations. Flow forces and moments
are present in the global coordinate system (GS). However, the inertia matrix
of the ship is constant only in the body-fixed coordinate system (BS), which
moves with the ship. Thus, the inertia matrix needs to be transformed in every
time step from BS to GS. The relative orientation of BS in GS is expressed
using the Euler angle. After determining ship motions, the numerical grid
constantly needs to adapt to the new ship position.

In this section, Euler angle, the rigid body motion equation and the com-
mon grid techniques are presented. Detailed information is available in Brunswik
and el Moctar (2004), Oberhagemann (2016), Ferziger and Peric (2002).

3.6.1 Euler Angle

The orientation of any reference frame relative to another can be defined by
three angles. These Euler angles are consecutive rotations about the x-y-
z axes. Thus, the order of rotation does not commute. Consequently, the
sequence of rotations needs to be fixed. A common convention is to perform
x-y-z rotations. The cycle of such a rotation sequence, often also denoted as
rotation, is shown in figure 4 and consists of the following steps:

• The starting coordinate system is x,y,z. Rotation ψ about Z carries the
axis to the intermediate position x∗,y∗,z. ψ is called the azimuth or
yaw angle.
• From x∗,y∗,z, rotation θ about y∗ further carries the axis to ξ ,y∗,z∗. θ

is the elevation or pitch angle.
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Figure 4: Sequence of rotations of yaw, pitch and roll (top to bottom); here,
(ξ ,η ,ζ ) are ship fixed and (x,y,z) are global coordinates. G de-
notes ζ̄0, the origin of the body fixed coordinate system, (Brunswig,
2004).

• Finally, from ξ ,y∗,z∗, rotation φ about ξ carries the axis to the final
position ξ ,η ,ζ . φ is the bank or heel angle.

This rotation sequence can be combined in the transformation matrix TT
from BS to GS as a series of subsequent principle rotation matrices as follows:

TT =

cosψ −sinψ 0
sinψ cosψ 0

0 0 1

 ·
 cosθ 0 sinθ

0 1 0
−sinθ 0 cosθ

 ·
1 0 0

0 cosφ −sinφ

0 sinφ cosφ

(3.15)
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Note that to express TT in terms of the Euler angles, the sequence of rota-
tion has to be reversed. Since the product of any number of rotation matrices
is itself a rotation matrix, this yields the following:

TT =

cosθcosψ sinφsinθcosψ− cosφsinψ cosφsinθcosψ + sinφsinψ

cosθsinψ sinφsinθsinψ + cosφsinψ cosφsinθcosψ− sinφsinψ

−sinθ sinφcosθ cosφcosθ

(3.16)

3.6.2 Rigid Body Motion Equations

Translation and rotation of the rigid body in 6 DOF is determined by inte-
grating the equation of linear and angular momentum. The equation for the
variation of linear momentum with respect to the center of gravity reads as
follows:

d
dt
(mvG) = F (3.17)

where m is the mass of the investigated body, vG represents the linear ve-
locity of the center of gravity, G, and F is the resulting force acting on the
body. With constant mass, Eq. (45) may be written as follows:

mv̇G = F (3.18)

where v̇G is the total linear acceleration of the center of gravity in the GS
reference frame. The equation for the angular momentum with respect to the
center of gravity in BS reads as follows:

d
dt
(IGωG) = MG (3.19)
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where ωG represents the angular velocity of the rigid body and MG is the
resulting moment acting on the body, all with respect to G. IG is the tensor
of the moment of inertia of the investigated body with respect to BS.

IG =

 IxxG −IxyG −IxzG
−IyxG IyyG IyzG
−IzxG −IzyG −IzzG

 (3.20)

With constant mass and moments of inertia of the rigid body with respect
to BS, eq. (47) may be rewritten as follows:

d
dt
(IGωG) = IGω̇G +ωG× IGωG = MG. (3.21)

When expressing the tensor of the moments of inertia with respect to the
center of mass expressed in the GS reference system, it changes with every ro-
tation motion of the body. The equations for transforming linear and angular
momentum in GS may be written as follows:

mv̇GS
G = FGS TTIGT−1

T ω̇
GS
G +ω

GS
G ×TTIGT−1

T ω
GS
G = MGS

G (3.22)

where TT is the transformation matrix from the BS to GS reference system.
This equation implies that the tensor moment of inertia of the body with re-
spect to the GS, IG

GS is not constant. It changes with the motion of the body
and therefore has to be updated every time that the body changes position.
The columns of the matrix TT are the unit vectors x,y,z expressed in the GS
system attached to the BS system.

3.6.3 Grid Techniques

Different grid techniques are available to move the ship within the numerical
domain and to perform the movement of appendages such as the propeller
or rudder. It is important to know the abilities and limits of such techniques
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to choose the most suitable one corresponding to the specific flow problem.
Often, grids need to be adapted to the grid technique. The most common
techniques are as follows:

• Mesh moving
• Mesh morphing
• Sliding grid
• Overlapping grid

In this chapter, the basic principals of these grid techniques are presented.
The abilities, benefits and drawbacks of these techniques are briefly discussed.

Mesh Moving When using the mesh moving technique, the entire grid is
kept rigid, and the whole grid is moved coupled with the ship’s motion. In
general, this technique is robust, and the computational effort is relatively
small. However, large ship rotation in combination with large fluid domains
(used to avoid wave reflection) lead to large relative motion between the wa-
ter surface and the numerical grid. Consequently, the free surface needs to be
smoothly resolved in a wide range of the numerical grid to avoid interpola-
tion errors. This requires immense manual efforts and significantly larger cell
numbers. Furthermore, the method is only applicable for the motion of one
body. Simulating the interaction of multiple bodies is not possible. Never-
theless, particularly for the propulsion computation in moderate wave heights
and with relatively small motion angles in combination with the sliding grid
technique for propeller rotation, the mesh moving technique delivers good
results with relatively low effort. A moving grid surrounding a cruise ship in
regular waves is shown in figure 5.

Mesh Morphing The mesh morphing technique allows some boundaries
(here, the ship) of the grid to move, whereas others are fixed (far-field bound-
aries). Ship motions are performed by deforming cells in between. The ad-
vantage of this method is that only a portion of the grid has to be highly
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Ship Motion

Figure 5: Computation of the wave-added resistance for a cruise ship in
head waves using the mesh moving technique at Fn = 0.223,
λ W/L = 0.98 and hW = 3.6m

refined, whereas in the far-field, the higher resolution is only necessary in the
vicinity of the fixed free surface interface, see figure 6.

Maintaining mesh quality is challenging especially for large rotation an-
gles. Oberhagemann (2004, 2007) introduced a fast and robust grid morphing
approach. The criterion on grid quality is explicitly enforced; therefore, this
morphing approach has no inherent mechanism to preserve grid quality. Roll
angles of more than 60◦ can easily be realized without producing degenerated
volumes (Oberhagemann, 2016). Most of the added resistance computations
were performed using this method.

Sliding Grid Within the sliding grid technique, a rotating grid region, e.g.,
around a ship’s hull or propeller, and a non-rotating grid region are connected
via a sliding interface. Translations are fulfilled by both regions. The ex-
change of flow variables is performed by interpolation, which significantly
increases the computational effort. However, a great benefit of this technique
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Figure 6: Computation of the wave-added resistance for a containership in
head waves using the mesh morphing technique at Fn = 0.218,
λ W/L = 1.125 and hW = 6m

is the opportunity to model relative rotation between grid regions of more
than 180◦. Therefore, the sliding grid technique is used to enable turning
of the geometrically modeled propeller in propulsion computations and per-
forming turning circle maneuvers in waves. Figure 7 shows a computation of
a free-running turning circle of a containership in waves. Propeller and ship
rotations are realized using the sliding grid technique. Ship translations are
performed using the mesh moving technique.

Overlapping Grid The background grid, overlapped by the overset grid
around the moving body, is employed using the overlapping grid technique.
The overset grid is allowed to move freely within the background grid. Con-
trol volumes within the overlapped region in the background grid are set
as inactive, and transfer cells (donor / acceptor cells) between background
and overset grids are identified. Flow variables are interpolated from donor
cells to the acceptor cells. The overlapping gird technique offers nearly unre-
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Figure 7: Computation of a free-running turning circle for a containership
using sliding grid in combination with the mesh moving technique
at Fn = 0.139, λ W/L = 0.85, hW = 3.8m and n = 10rps

stricted movement of multiple bodies; however, it comes with some disadvan-
tages inherent to the method. The most important is that mass conservation
across the overlapping zone is not guaranteed. Furthermore, the necessary
determination of donor and acceptor cells and the interpolation between them
adds a significant amount of computational effort to the simulation. Due to
these significant disadvantages and uncertainties, the overlapping grid tech-
nique is not used in the present work.

3.7 Computational Procedure

In general, the procedure presented in figure 8 is used to couple rigid body
motion solver with the RANS equation. Within one outer iteration, initially
the new velocity and pressure field as well as fields of the volume fraction
and turbulence parameters are computed (inner iteration). With the obtained
flow forces, the position of the floating body is determined and the grid is
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accordingly updated. This sequence is repeated till convergence is achieved
and the procedure starts for the next time step.

Figure 8: Schematic solution procedure of the employed numerical methods,
(Peric and Schreck, 2009)

The residuals for the inner iterations were set to 10−3 with a limit of 1000
for each equation. For transient computations, the outer iterations were set
to 5-10 per time step, depending on the specific case. In general, very small
time steps of max δ t = 0.005 seconds were used; when modeling the operat-
ing propeller, the time step was even smaller. Computations were performed
on the computer cluster of the ISMT of the University of Duisburg-Essen.
Using MPI (www.mpi.com), the computational domain was subdivided and
computed in parallel on 8− 32 CPUs. With exceptions, the solution time
was approximately 5 days for the wave-added resistance computations and
3 weeks for propulsion computations. Overall, approximately 500 cases of
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the wave-added resistance and approximately 100 self-propelled cases were
computed and considered in this work. Computations were performed us-
ing the solvers Comet (Ley et al. 2014), OpenFOAM (OpenFOAM, 2016),
STAR-CCM+ (Siemens, 2016) and fine/Marine (Numeca, 2013).
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4 Veri�cation and Validation

To validate the numerical methods and simulation setups, different well-known
test cases were used. Initially grid studies were performed. Then the calm wa-
ter resistance, time histories, amplitudes and averaged values of motions and
forces of the test cases in waves were computed and carefully compared with
experimental results. Moreover, computed and measured propeller forces in
open water conditions and behind the ship (calm water and waves) were com-
pared. Used test cases and their experimental setups, numerical grids, dis-
cretization errors, and selected results of the performed validation work are
presented in this chapter.

Figure 9: Considered test cases
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4.1 Test Cases

To cover a wide range of practical needs, investigations were performed for
four different conventional ship types. Specifically, studies were performed
for a modern medium-size cruise ship (Ley et al., 2014; Valanto and Hong,
2015), a post-Panamax 14000 TEU containership referred to as the Duisburg
Test Case (DTC) (el Moctar et al., 2010; el Moctar et al., 2016; Sprenger
et al., 2016), the MOERI tanker KVLCC2 (Simman, 2008), and the well-
known Wigley hull (Journee, 2003). Figure 9 presents an overview of the test
cases. Beside the ship length, the block coefficient and the bow shape varies
significantly, which may have great influence on the performance of the test
cases in waves. Their main parameters are presented in Table 1. Figure 10
shows all section plans.

Extensive model tests in calm water and in waves were performed for all
test cases. The Hamburg Ship Model Basin (HSVA) performed the model test
for the cruise ship. The Norwegian Marine Technology Research Institute
(MARINTEK) and the SVA Potsdam conducted the test for the containership
(with different sized models). The tanker was tested at the Maritime and
Ocean Engineering Research Institute (MOERI). Finally, the Delft University
of Technology performed the test for the Wigley hull. To measure forces in
waves, the cruise ship and the containership were moored with soft springs
that held the models captive and allowed them to move with six degrees of
freedom, see figure12. Transducers were attached to the springs to measure
the towing force. The tanker and the Wigley hull were only free to heave and
pitch. All other degrees of freedom were suppressed.

For the cruise ship and the containership, the propulsion characteristics in
waves were determined in addition. For these computations, the two ships
were equipped with all appendages, including rudder and propeller. The con-
figurations of the propulsion components are shown in figure 11. The pro-
peller and rudder data are summarized in Table 2.
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(a) Containership DTC

(b) Cruise Ship

Figure 11: Configurations of the propulsion components of the Containership
DTC (left) and the Cruise Ship (right)
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Test Cases

Figure 12: Experimental setup for the Cruise Ship (top) and the Container-
ship DTC (bottom) (el Moctar, 2016)
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4.2 Numerical grids and discretization errors

To determine wave-added resistance and propulsion characteristics in waves
it is essential to use identical numerical methods, setups and grids for all
associated computations (see section 2). Especially the discretization of the
hulls and the appendages and of the incident waves was kept unchanged for
all computations. To evaluate discretization errors, initially, grid studies in
calm water and in waves were performed. When necessary, only very small
changes of the spacial discretization were made (e.g. when adding propeller
geometry) and all associated computations (e.g. calm water or propeller open
water computations) were performed again with the updated grid. If serious
changes were needed (e.g. for oblique wave computations), a new grid study
for the changed grid was performed. In this section representative numerical
grids are presented and related grid studies are shown.

Figure 13: Representative numerical grid of the performed computations;
here for the Cruise Ship

Computations were performed on unstructured grids consisting of hexa-
hedral control volumes. Dimensions of the computational domain were ori-
entated to the length of the ship models. The inlet boundary was located at
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least one model length ahead of the models’ forward perpendicular to reduce
the free running length of incident waves; the outlet boundary, at least three
model lengths behind the models’ aft perpendicular to avoid wave reflection;
the side boundaries, two-and a-half model lengths to port and starboard of
the models’ central symmetry plane; the bottom, at two model lengths be-
low the calm water surface; and the top, at one model length above the calm
water surface. To illustrate, figure13 shows the computational fluid domain
for the cruise ship. To accurately resolve the wave pattern and the incident
wave field, grids were locally refined in the vicinity of the free surface and
in areas surrounding the hull. To dampen incident and hull-induced waves,
the control volumes were smoothly stretched towards the outlet boundaries.
To properly account for the boundary layer on the hull surface, prism layers
were included and wall functions applied. The grids used comprised between
1.6 ·106 and 20.0 ·106 control volumes for the entire flow domain.

To investigate the influence of spatial and temporal discretization on the
wave-added resistance, grid studies for all ships were performed advancing
in calm water as well as in waves. Grids were refined systematically by mul-
tiplying the grids’ base size in all directions by a factor of about

√
1.7. For

each ship, a coarse, a medium, and a fine grid comprising 1.6 million to 7.5
million control volumes, extending over both port and starboard sides, were
generated. For the containership, additional computations were conducted
on a very fine grid comprising 20 million control volumes. To minimize
the influence of turbulence modeling and wall functions, the dimensionless
wall distance, y+, on hulls’ wetted surfaces was kept constant for all grids
at a mean value of approximately 80. Figure14 depicts this situation for the
containership at Fn = 0.218 and Re = 1.0 ·107. Grid studies for the contain-
ership were performed with scaling factor of 59.407 according to the model
tests performed at SVA-Potsdam.

For the containership and the cruise ship, figure15 plots computed total and
frictional calm water resistance coefficients, CT , and the frictional resistance
coefficient, CF , according to the ITTC ’57 friction line, versus the total num-
bers of control volumes. Frictional resistance coefficients compare favorably
to the ITTC ’57 value and remain nearly constant, whereas total resistance
coefficients decrease with increasing number of control volumes. The reason
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Figure 14: Dimensionless wall distance, y+, on wetted surfaces of the Con-
tainership DTC at Re = 1.0 ·107 and Fn = 0.218

for this is numerical diffusion, which influenced the viscous pressure resis-
tance and decreased with decreasing discretization errors resulting from finer
grids.

Grid uncertainty studies for calm water resistance based on the ITTC pro-
cedure have been performed (ITTC, 1999). Table 3 presents the total re-
sistance coefficient and the grid uncertainty, UG, for the containership as an
example.

Table 3: Containership DTC at Fn = 0.218: Results of the grid study and
grid uncertainty, UG

Grid 4 Grid 3 Grid 2 Grid 1 UG

CT ·103 3.702 3.526 3.444 3.414
1.25%

% of finer grid value −4.75% −2.33% −0.87%

To evaluate the influence of the discretization on the results of the com-
putations with waves, RAOs of the heave and pitch motion and of the wave-
added resistance have been computed with the coarse, medium and fine grid.
To consider wave damping, affecting especially the short waves, normaliza-
tion was performed using the actual computed (instead of the target) wave
heights. Figure 16 - 18 plot the RAOs versus wave length to ship length ra-
tio, λW/L, and normalized wave frequency, (L/λW )1/2. The relatively small
deviations between coefficients computed with the different sized grids led to
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the conclusion, that the spatial discretization does not significantly influence
the normalized wave-added resistance coefficient as long as the wave height
at bow and stern of the model was constant, and the actual computed wave
height was used for normalization.

To determine the propulsion characteristics, the propeller open water char-
acteristics need to be computed (see section 2). Therefore, grids with either
hexahedral or polyhedral cells were used. To assess grid sensitivity, coarse
grids consisting of approximately 0.12 · 106 control volumes and fine grids
consisting of approximately 1.3 ·106 control volumes for each propeller blade
were generated. A representative grid dicretizing a propeller is shown in fig-
ure 19.

Figure 20 presents the propeller open water characteristics computed with
a coarse and a fine grid. While the grid size used here hardly influenced
computed propeller thrusts, the propeller torques computed on the coarse
grid deviate slightly from measured values as seen on the left side of fig-
ure 20. The maximum deviation between measured and computed propeller
thrust and torque obtained with the fine grid does not exceed 3% for all pro-
pellers. However, maximum deviation of the propeller thrust computed with
the coarse grid is 3.8% and of the propeller torque is 5.3% (cruise ship pro-
peller only).
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Tanker KVLCC2 at Fn = 0.142 versus normalized wave fre-
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Figure 19: Representative spatial discretization of a propeller for numerical
investigations
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Figure 20: Measured and computed propeller open water characteristics for
the Cruise Ship

For the propulsion computations, the above presented grids were com-
bined. Depending on resistance or propulsion tests, the propeller domain
with or without the geometry of the propeller was cross-linked to the grid.
Figure 21 shows a side view of grid resolution of the computational fluid do-
main ahead of the models (left) and in the vicinity of the turning propeller
(right) for self-propulsion simulations. Propulsion simulations utilized the
sliding grid technique by generating a cylindrical block around the propeller
region which glides along the surrounding grid of the hull and rudder region.
The grid interface between the two grid regions was locally refined. To re-
solve the boundary layer at the hull, rudder and propeller prism layers were
included and wall functions were applied. For comparison purposes, simu-
lations in calm water as well as in waves were performed on identical grids
again. When symmetry conditions allowed it, only half of the flow domain
was modeled. This was the case for the computation with the cruise ship.
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Figure 21: Local refinements of the numerical grids ahead of and behind the
models

To validate grids and setup, propulsion tests were computed for calm wa-
ter condition first. In table 4 the measured and computed coefficients of the
propeller thrust and torque are presented. The computed results show ex-
cellent agreement with the experimental data. Thus, the numerical methods
and grids showed their suitability for the intended investigation of the ship’s
performance in waves and were used for the computations.
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5 Wave-Added Resistance

As discussed in section 2, the wave-added resistance is of high practical in-
terest. Thus, in this work, a fundamental investigation of the wave-added
resistance was performed using the RANS-based field method. The objective
was to investigate the basic physics of the wave-added resistance. Specifi-
cally, particular emphasis was placed on the following research questions:

• How does ship speed influence the wave-added resistance?
• How does friction affect the wave-added resistance?
• How do the radiation and diffraction problems interact in the nonlinear

regime? Can these problems be considered separately?
• How does the wave-added resistance depend on the wave height? Does

the quadratic correlation also hold for steep waves?
• How does the encounter angle influence the wave-added resistance?

In this chapter, the investigation of the wave-added resistance will be de-
scribed in detail. Thereby, the computational procedure, pre- and post-processing,
and the results will be presented. The content of this chapter has been pub-
lished in Sigmund and el Moctar (2017), partly in exact wording.

5.1 Computational Procedure

The wave-added resistances of the cruise ship, the containership, the tanker
and the Wigley hull were computed for 10− 12 regular head waves of dif-
ferent length. With the wave length ranging from 0.2 to 2.5 times the ship
length, both short and long waves were considered. Relatively short waves
are of special interest, since large ships operate nearly all their lifetime in
these waves. The test matrix for each ship is shown in Table 5 and 6. The



Wave-Added Resistance

wave-added resistance of the containership has been investigated at a model
scale of 63.64 according to the model tests performed at MARINTEK.

Determining the wave-added resistance of a ship using RANS methods
comprises three steps. First, the calm water resistance for each specific ship
speed is computed. Second, the averaged longitudinal force in waves is de-
termined. Here, the ships were free to heave and pitch. All other degrees
of freedom were suppressed. Third, the wave-added resistance is calculated
by subtracting the calm water resistance from the time-averaged longitudinal
force in waves. These steps, were performed in the same way to determine the
frictional part of the wave-added resistance. For this procedure, it is essential
to use the same numerical grids and test setups for all computations (in calm
water as well as in waves) to minimize possible errors caused by spatial and
temporal discretization, model test scale effects, and iterative computational
techniques. For model scale conditions the numerical grids consisted of ap-
proximately 3.2×106 control volumes, and it relied on a time step of 0.005s,
whereby the Courant number, on average, was less than 0.5. Representative
grids are presented in section 4. At inlet boundaries, velocities, volume frac-
tions, turbulent kinetic energies, and dissipation rates were specified. The
hull surface was defined as no-slip wall. At outlet and top boundaries, hydro-
static boundary conditions were specified. The origin of the inertial frames
was located on the ships’ base line at their aft perpendiculars. The origin of
the ship-fixed reference frames was situated at the ships’ center of gravity.
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Table 5: Speed and wave parameters of the performed computations with the
Cruise Ship and the Containership DTC in ship scale

Ship Type Fn [-] λW/L [-] hW [m] hW/λW [%]

Cruise Ship 0.159, 0.223

Calm Water
0.28 1.55 2.52
0.39 2.17 2.53
0.49 3.6 3.34
0.66 3.6 2.48
0.79 3.6 2.07
0.89 3.6 1.84
0.98 3.6 1.67
1.09 3.6 1.50
1.23 3.6 1.33
1.41 3.6 1.16
1.8 3.6 0.91
2.5 3.6 0.65

DTC 0.052, 0.139

Calm Water
0.22 2.99 3.83
0.28 5.66 5.70
0.36 8.27 6.47
0.44 12.09 7.74
0.60 7.51 3.53
0.80 9.93 3.50
0.91 9.04 2.80
1.00 10.18 2.87
1.09 11.20 2.90
1.20 10.18 2.39
1.40 12.73 2.56
1.80 12.73 1.99
2.50 12.73 1.43
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Table 6: Speed and wave parameters of the performed computations with the
Tanker KVLCC2 and the Wigley Hull in ship scale

Ship Type Fn [-] λW/L [-] hW [m] hW/λW [%]

KVLCC2 0.142

Calm Water
0.2 6.0 4.69
0.3 6.0 3.13
0.4 6.0 2.34
0.5 6.0 1.88
0.6 6.0 1.56
0.7 6.0 1.34
0.9 6.0 1.04
1.0 6.0 0.94
1.1 6.0 0.85
1.2 6.0 0.78
1.4 6.0 0.67
1.6 6.0 0.59
1.8 6.0 0.52
2.0 6.0 0.47

Wigley Hull III 0.30

Calm Water
0.50 1.35 2.71
0.59 1.26 2.13
0.75 1.37 1.82
0.91 1.04 1.15
1.00 1.19 1.19
1.05 1.04 0.99
1.11 0.91 0.82
1.25 1.01 0.81
1.38 0.90 0.65
1.50 0.81 0.54
1.75 1.42 0.81
2.00 1.28 0.64
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5.2 Results

Wave patterns in calm water (top) and in incoming waves (bottom) for the
containership computed on the same numerical grid are shown in figure 22.
Obviously, the ship induced wave pattern is more pronounced in waves. Fur-
thermore, waves were damped behind the model to avoid wave reflection.

Response amplitude operators were computed using only one numerical
grid and one setup for all wave frequencies. The actual wave amplitudes of
shortest waves were slightly lower than the amplitudes specified at the inlet
boundary. Due to the increasing numbers of cells per wavelength, the differ-
ence between target and actual wave amplitude was decreasing for longer
waves. In waves longer than 0.6 times ship length (λW/L > 0.6), devia-
tions between target and actual wave amplitude were negligible. However,
computed wave amplitudes of undisturbed waves were monitored next to a
ship’s bow in all computations, and actual amplitudes were used for normal-
ization. Exemplary, figure 23 depicts target and actual wave amplitudes for
λW/L = 0.3. For the tanker in wave lengths up to λW/L = 0.6, table 7 lists
the percentage deviations of actual wave amplitudes from their target values.
Deviations in longer waves were negligible.

Table 7: Actual and target wave amplitude of short waves computations with
the tanker KVLCC2 at Fn = 0.142

λW/L[−] Target Amp. [m] Actual Amp. [m] Deviation [%]

0.2 0.03 0.023 23.0
0.3 0.03 0.025 16.6
0.4 0.03 0.028 6.6
0.5 0.03 0.029 3.3
0.6 0.03 0.03 0.0

Table 8 summarizes computed and measured calm water resistance coef-
ficients for the four ship types advancing at constant forward speeds. This
table also lists the associated Froude number as well as the percentage devia-
tion between computed and measured values. These deviations are less than
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Figure 22: Computed wave pattern in calm water (top) and in regular
head waves (bottom) of the Containership DTC at Fn = 0.218,
λ W/L = 1.125 and hW = 0.12m
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Figure 23: Actual and target short wave amplitude near bow of the Tanker
KVLCC2 at Fn = 0.142 and λ W/L = 0.3

five percent, i.e., they are small and therefore deemed sufficiently accurate to
carry on with the computations of the wave-added resistance.

Figure 24 presents time histories of computed and experimentally mea-
sured heave and pitch motions for the containership in regular head waves.
The solid line identifies computed motions; the dotted line, experimentally
measured motions. These motions are nearly harmonic and, generally, their
amplitudes and phase angles compare favorably to measurements. The devi-
ation between computed and measured amplitudes is less than 2%. Although
not shown here, the corresponding time histories for the other three ships were
similar; however, in the shortest waves, measured motions for these other ship
typed were not always harmonic.

Figures 25 - 30 present time histories and mean values of computed longi-
tudinal force, FX , for the four investigated ships advancing at constant forward
speed in calm water as well as in short, intermediately long, and long regular
head waves. A dashed line identifies the force in calm water; a solid fluctu-
ating line, the total longitudinal force in waves; and a dash/ dotted line, the
mean force in waves. The difference between dashed and dash/dotted lines
defines the wave-added resistance. This difference is largest in figures 27
and 28. Here, waves length is about equal to ship length and the wave-added
resistance attains its maximum (λW/L ≈ 1). This is so because at this wave
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Figure 24: Computed and measured time histories of heave and pitch mo-
tion of the Containership at Fn = 0.139, λ W/L = 0.91 and
hW = 0.14m

length radiated waves contribute most to the wave-added resistance at this
wave length and the relative motion between hull and water surface is largest.

Furthermore, it is seen that, in shorter waves, nonlinearities of longitudinal
force for the cruise ship and the containership are especially pronounced (see
figures 25 and 27). It is these ships that are characterized by higher bow flare
angles. Especially for the tanker in short waves, additional lower oscillation
frequencies are visible. Generally, these low frequencies were considered
determine mean values.
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Figure 29: Computed time histories and mean values of longitudinal forces
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5.2.1 E�ects of Heave and Pitch Motions on the

Wave-Added Resistance

The wave-added resistance is significantly influenced by ship motion responses
and an accurate prediction of motion amplitudes and phase angels is very im-
portant. The comparative response amplitude operators of heave and pitch
motions, shown in figures 31 - 34, demonstrate the generally fair agreement
between computations and measurements. The maximum value of the re-
sponse operators is slightly shifted towards longer waves for blunt ships, i.e.,
the tanker. Computed heave motions in the range of wave length λW/L ≈ 1
deviate noticeably from measured motion responses of the cruise ship and
the Wigley hull. Thus, computations of the heave and pitch motions using
a Rankine source boundary element method (BEM), Soeding et al. (2014),
Lyu and el Moctar (2017) were performed. BEM and RANS show similar
tendency, see figure 31 (top). The unexpected deviations between computed
and measured heave motions in the range of the above mentioned wave length
cannot be explained and might be due to uncertainties related to the measured
heave motions.

Not only the motion amplitudes, but also their phase angles between in-
cident (head) waves and the particular motions influenced the wave-added
resistance (Kashiwagi et al., 2010). Figures 35 - 37 plot these phase angles
against wave parameters ω̃ and λW/L. For the tanker, experimental mea-
surements were available for comparison; for the containership and the cruise
ship, computed results obtained from a boundary element method (Lyu and el
Moctar, 2016; Riesner et al., 2017). Generally, measurements and computed
results correlate favorably. As expected, in long waves (λW/L≤ 2), the phase
angle between wave and heave motion develops against zero; the phase angle
between wave and pitch motion against 90◦. In the range of waves where
the wave-added resistance attains peak values (λW/L ≈ 1), phase angles are
around 50◦ (except phase angles of the tanker’s heave motion). Here, relative
motions between the ship’s bow and the wave elevation were largest. This
caused pressures acting at the ship’s bow to increase, thereby leading to a
distinctly higher wave-added resistance.
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Figure 31: Computed and measured RAOs of heave and pitch amplitudes in
regular head waves for the Cruise Ship at Fn = 0.223
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Figure 32: Computed and measured RAOs of heave and pitch amplitudes in
regular head waves for the Containership DTC at Fn = 0.139
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Figure 33: Computed and measured RAOs of heave and pitch amplitudes in
regular head waves for the Tanker KVLCC2 at Fn = 0.142
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Figure 34: Computed and measured RAOs of heave and pitch amplitudes in
regular head waves for the Wigley Hull III at Fn = 0.30
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Thus, in the vicinity of peak values of the wave-added resistance, a distinct
correlation existed between phase angle and the wave-added resistance. In
short waves (λW/L ≤ 0.6), it was impossible to identify clear trends for any
of the ships. Although some of these phase angles were large, the associated
motion amplitudes were small.

The comparable normalized response amplitude operators of the wave-
added resistance in regular head waves, CAW , shown in figures 38 and 39,
demonstrate here also the generally favorable agreement between computa-
tions and measurements. Nonlinear effects in short (λW/L < 0.3) and steep
waves are seen to be more pronounced, and often these waves are not har-
monic. Computational techniques that account for these (nonlinear) effects
are important for an accurate prognosis. Boundary element methods are ef-
ficient and offer a good compromise between accuracy and computer time.
However, they may be unable to entirely represent these nonlinear phenom-
ena. In short waves, the agreement between computations and measurements
is especially favorable. Here, wave diffraction dominates, and the wave radi-
ation part of the wave-added resistance is nearly negligibly small.

The increase of the (normalized) wave-added resistance in shorter waves
is predicted well by the computations. As mentioned above, the wave-added
resistance in short waves is of practical relevance for larger (longer) ships be-
cause large ships operate under such conditions most of the time. However,
it is appropriate to point out that in very short waves (e.g. λW/L = 0.2 and
less) the absolute value of the wave-added resistance is relatively small com-
pared to, for example, the calm water resistance. All wave-added resistance
coefficients show a significant peak in the range of wave length equal to ship
length. Here, ship motions and, consequently, radiation forces are highest.
In the range of peak values for the cruise ship, the wave-added resistance
coefficient is slightly overestimated. This is due to the relatively large devia-
tions between computed and measured ship motions (see figure 31) at wave
frequencies where radiation is dominant. In this case additional computation
using a Rankine source method (BEM), see Soeding et al. (2014), Lyu and el
Moctar (2017) were performed. BEM and RANS show similar tendency.
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Figure 35: Computed and measured phase angles of heave and pitch motions
in regular head waves for the Cruise Ship at Fn = 0.159
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Figure 36: Computed and measured phase angles of heave and pitch motions
in regular head waves for the Containership DTC at Fn = 0.139
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Figure 37: Computed and measured phase angles of heave and pitch motions
in regular head waves for the Tanker KVLCC2 at Fn = 0.142
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Figure 38: Computed and measured wave-added resistance coefficients in
regular head waves for the Cruise Ship at Fn = 0.223 and the
Containership DTC at Fn = 0.139
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Figure 39: Computed and measured wave-added resistance coefficients in
regular head waves for the Tanker KVLCC2 at Fn = 0.142 and
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Figure 40 compares the wave-added resistance coefficients of three investi-
gated ship types at similar Froude numbers. For the two slender ships (cruise
ship and containership), the wave-added resistance in short waves is simi-
lar. For the tanker (characterized by a relatively large block coefficient), the
wave-added resistance (coefficient) increases in shorter waves, and its peak
value shifts towards longer waves.
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5.2.2 E�ects of Ship Speed on the Wave-Added

Resistance

To investigate effects of ship speed on the wave-added resistance, heave and
pitch motion and the wave-added resistance were computed at various for-
ward speeds, albeit only for the cruise ship and the containership. For the
cruise ship, computations were performed at full-scale speeds of 15 kts and
21 kts, corresponding to Froude numbers of 0.159 and 0.223, respectively;
for the containership, at 6 kts and 16 kts, corresponding to Froude numbers
of 0.052 and 0.139, respectively.

The comparative response amplitude operators of heave and pitch ampli-
tudes shown in figures 41 and 42 demonstrate the generally fair agreement
between computations and measurements. It is seen that pitch motions are
nearly unaffected by ship speed. In contrast, with heave motions in the range
of wave length equal to ship length, this is not the case. Here, heave motions
are distinctly less at slower ship speeds.

This is reflected by the associated wave-added resistance coefficients for
these two ships presented in figure 43. As expected, at slower ship speeds the
wave-added resistance is less. This effect is more pronounced at peak values
of the wave-added resistance coefficient and in long waves, where radiation
is dominant. In short waves, where diffraction is dominant, the effect of ship
speed on the wave-added resistance is moderate.
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Figure 41: Response amplitude operators of computed and measured heave
and pitch motions for the Cruise Ship advancing at two different
ship speeds in regular head waves
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ing at two different ship speeds in regular head waves
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5.2.3 E�ects of Viscosity on the Wave-Added

Resistance

It is assumed that the wave-added resistance is driven by pressure forces and
hence can be extrapolated using Froude similarity (Söding, 1982). Traditional
methods such as physical tests and potential theory based methods are hardly
suitable to investigate the frictional wave-added resistance. In the present
work the frictional-added resistance was determined by subtracting the calm
water friction force from the mean friction force in waves. Figures 44 - 46
present time histories of the longitudinal friction force of the cruise ship and
the tanker in a short, intermediate and long waves. Furthermore the average
longitudinal friction force in waves and the calm water friction force are in-
cluded. The oscillation amplitudes of the friction force are relatively small
compared to those of the total force (see figure 27). However, significant dif-
ferences between mean friction force in waves and calm water friction force
are obvious.

Figures 47 and 48 show computed and measured total wave-added resis-
tance together with the computed frictional component of the wave-added
resistance, including its percentage of the total wave-added resistance for all
investigated ships. The non-dimensional frictional wave-added resistance in-
creases with decreasing wave lengths. At their peaks, the frictional part con-
tributes about 5% to total wave-added resistance in waves. In short waves
(e.g., λW/L = 0.2), the frictional part exceeds 20% of the total value.
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Figure 44: Computed time histories, mean and calm water values of
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Re = 2.5 ·106 in short waves
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Figure 47: Computed and measured coefficients of total (red) and frictional
(blue) wave-added resistance for the Cruise Ship at Fn = 0.223
and the Containership DTC at Fn = 0.139 in regular head waves
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Figure 48: Computed and measured coefficients of total (red) and fric-
tional (blue) wave-added resistance for the Tanker KVLCC2 at
Fn = 0.142 and the Wigley Hull III at Fn = 0.30 in regular head
waves
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To better understand these results, computed representative shear stress dis-
tributions on the hulls of the containership and tanker advancing at constant
forward speed in calm water and in waves are shown in figure 49. Total shear
force in the picture is almost equal to the mean shear force in waves. The
orbital velocities in waves caused the molecular and turbulent shear stresses
to increase and led to higher frictional forces acting on the wetted hulls. High
shear stresses, marked by dark areas in figure 49, are noticeable underneath
the wave crests. Beyond that, the viscous pressure distribution in waves may
contribute. However, we did not investigate this phenomenon, because it was
impossible to readily separate viscous and wave-induced pressures.

As mentioned above, all computations so far were performed at model
scale. However, viscous effects depend strongly on the Reynolds number;
therefore, we performed computations in short waves with full-scale Reynolds
numbers and a mean dimensionless wall distance of y+ = 1000.

Figure 50 shows computed and measured coefficients of total and frictional
wave-added resistance at model scale (MS) and full scale (FS) of the contain-
ership at Fn = 0.14 in regular head waves. As expected, the frictional wave-
added resistance is smaller at full scale than at model scale. Its contribution is
roughly halved compared to model scale. Consequently, the frictional com-
ponent of the wave-added resistance is overestimated when predictions are
performed at model scale. Nevertheless, this component is still significant
and should not be neglected.

At this stage, it can be noted that in short waves, the total amount of the
wave-added resistance is relatively small (in some instances, it only amounts
to a few percent of calm water resistance for a ship at service speed). That
is, in waves the viscous part of the wave-added resistance may not contribute
substantially in the total resistance (calm water and wave-added resistance).
Nevertheless, these viscous effects may still be useful, e.g., to correct the
more efficient potential theory based wave-added resistance predictions.
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(b) Containership DTC

(d) Tanker KVLCC2

Figure 49: Representative shear stress distributions in calm water (upper
hull) and in regular head waves (lower hull) for the Containership
DTC at Fn = 0.139 and Re = 6.1 ·106 and the Tanker KVLCC2
at Fn = 0.142 and Re = 2.5 ·106
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5.2.4 E�ects of Wave Steepness on the Wave-Added

Resistance

In linear regime, the wave-added resistance depends quadratically on wave
height (Söding, 1982). However, ships also operate in nonlinear waves of
variable steepness. Thus, the question arose in what way this dependency is
also valid in nonlinear regime. To address this issue, the wave-added resis-
tance was computed for the cruise ship, the containership, and the tanker in
waves of different steepness, defined as wave height divided by wave length.

For these two ships advancing in head waves of different steepness, fig-
ures 51 and 52 plot the results, together with experimental measurements, in
terms of wave-added resistance coefficients against wave length and normal-
ized wave frequency. For the cases investigated, a distinct dependence of the
wave-added resistance on wave steepness can be observed. At their peaks, the
wave-added resistance coefficients decrease with increasing wave steepness.
In this range of wave lengths radiation is dominant, and nonlinear effects are
moderate. In short waves nonlinear effects are important, and diffraction is
dominant.

The distinct influence of wave steepness on the added resistance coefficient
becomes noticeable in wave lengths that are shorter than one-half ship length
(λW/L< 0.5); that is, as waves get shorter, the influence of wave steepness in-
creases. The slope of the wave-added resistance coefficient as wave frequency
increases gets distinctly larger with greater wave steepness. The influence of
wave steepness on the wave-added resistance is more pronounced for the full-
bodied tanker than for the relatively slender containership. In wave lengths
of λW/L < 0.28, increasing the wave steepness from 2.1% to 3.5% causes
a 35.2% increase in the wave-added resistance coefficient for the container-
ship. In waves of this same length (e.g., when λW/L < 0.28), increasing the
wave steepness from 0.6% to 1.9% causes a 201% increase in the wave-added
resistance coefficient for the tanker.
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Figure 50: Total and frictional wave-added resistance coefficients at
Re = 6.1 ·106 and Re = 2.9 ·109 (full scale) of the Containership
DTC at Fn = 0.139 in regular head waves
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Figure 51: Computed and measured wave-added resistance coefficients in
regular head waves of different steepness for the Cruise Ship at
Fn = 0.223
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Figure 52: Computed and measured wave-added resistance coefficients in
regular head waves of different steepness for the Tanker KVLCC2
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An experimental study performed by Yasukawa et al. (2016) shows similar
trends. Most of the literature dealing with computational and experimen-
tal investigations of the wave-added resistance does not specify wave steep-
ness, and one aim of this work was to demonstrate its importance. In this
regard, a comparison between computations and experimental measurements
of the wave-added resistance, especially for ships advancing in short waves,
is meaningful only for waves of the same wave steepness.
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5.2.5 Interaction between Radiation and Di�raction

Forces

In the current work, the interaction between radiation and diffraction in non-
linear regime was investigated. To quantify these interactions, diffraction
and radiation forces were determined separately for the four investigated ship
types. To this end, three different computations were performed. First, the
total wave-added resistance was computed. Second, the resistance of the
fixed ships advancing with constant forward speed in incoming head waves
(diffraction) was determined. Third, the resistance of the moving ships ad-
vancing in calm water was determined by prescribing the computed motions
obtained in the first step (radiation).

Figures 53 and 54 plot computed and measured total wave-added resis-
tance as well as the associated computed radiation and diffraction forces
against wave length to ship length ratios as well as against normalized wave
frequencies. Although interaction between radiation and diffraction is more
pronounced in long waves, it vanished almost completely in short waves, as
was expected. In long waves (e.g., when λW/L > 1) the radiation part of the
wave-added resistance becomes significant, and the diffraction part is only
moderately influenced by waves. Nevertheless, interaction between radiation
and diffraction is important. In short waves (e.g., when λW/L < 0.50) radi-
ation forces are nearly zero, and diffraction forces depend only moderately
on wave frequency. Thus, in short waves diffraction forces match the total
wave-added resistance. Consequently, the radiation part of the wave-added
resistance coefficients display a significant peak in the range of large motion
response (e.g., when λW = L). These findings were found to be valid for all
ships at all Froude numbers. The interaction between radiation and diffraction
was also addressed and discussed by Kashiwagi et al. (2010).
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Figure 53: Coefficients of total wave-added resistance (solid), diffraction
force (dotted line) and radiation force (dashed line) for the Cruise
Ship at Fn = 0.223, the Containership DTC at Fn = 0.139
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Figure 54: Coefficients of total wave-added resistance (solid), diffraction
force (dotted line) and radiation force (dashed line) for the Tanker
KVLCC2 at Fn = 0.139 and the Wigley Hull III at Fn = 0.30
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5.2.6 In�uence of Encounter Angle on the Wave-Added

Resistance

To investigate the influence of the encounter angle on the wave-added re-
sistance computations of the cruise ship in oblique waves were performed.
Thereby, encounter angles of µ = 180◦,150◦,120◦ and 90◦ were considered.
In the model tests, springs were used to enable first order oscillation motions
in six degree of freedom while simultaneously restricting drift motions, see
Valanto and Hong (2015). In the computations the model was only free to
heave, pitch, and roll. Yaw, surge and sway were suppressed. Springs or
other arrangements to keep the model in position were thus not necessary.
That significantly reduces the computational effort. The complete fluid do-
main was discretized because no symmetry could be exploited. Grid and
boundary conditions were adapted accordingly. A numerical grid and rep-
resentative free surface elevation of a computation with oblique waves are
shown in figure 55.

Figures 56 shows the transfer functions of heave, pitch and roll at an en-
counter angle of 150◦. Computed heave and pitch amplitudes show fair agree-
ment with model test data. As seen earlier, computed heave amplitudes are
slightly overestimated in the computation. Roll amplitudes are generally un-
der predicted in the computations, which may be caused by the restriction of
the yaw motion in the computation.

The quadratic transfer functions of the wave-added resistance are shown in
figures 57 and 58. Wave-added resistances coefficients in the peak range are
of the same magnitude for µ = 180◦,150◦ and 120◦. However, the peaks are
shifted toward higher frequencies due to decreasing encounter frequencies.
The response amplitude operators for µ = 90◦ show no peak in the considered
range of wave lengths. In general, fair agreement between the computation
and experiment is achieved even though different motion setups were used in
the computations and tests.
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Figure 55: Numerical grid used for oblique wave computations (top) and
wave pattern of the Cruise Ship at Fn = 0.159, λ W/L = 1.09 and
µ = 150◦ (bottom)
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regular oblique waves for the Cruise Ship at Fn = 0.159
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5.3 Conclusions

Predicting the wave-added resistance of ships remains a challenge. Never-
theless, the practical relevance of this subject motivated systematic investiga-
tions in the use of advanced numerical methods to analyze the wave-added
resistance of ships.

Initially, discretization errors were investigated. Then, based on the out-
come, spatial and time-dependent discretizations suitable for simulations were
identified. Furthermore, appropriate numerical methods to predict the wave-
added resistance were introduced. Two findings were important. On the one
hand, computations of the calm water resistance and the wave-added resis-
tance in waves should be conducted on the same numerical grid. On the other
hand, the wave-added resistance should always be normalized against the ac-
tual wave amplitude, not the targeted wave amplitude.

Ship motions and the wave-added resistance were computed for the four
ship types and compared to the experimental model test measurements. In
general, the computations and measurements correlated favorably. This was
also the case for the wave-added resistances in short and long waves, thereby
demonstrating that the methods based on solving the Reynolds-averaged Navier-
Stokes equations were capable of predicting reliable wave-induced first- and
higher-order responses, such as ship motions and the wave-added resistance,
respectively. The results showed that radiation forces were affected more
strongly by ship speed than diffraction forces. Thus, peaks of the wave- added
resistance coefficients were less pronounced at lower ship speeds.

By subtracting the frictional resistance in calm water from the frictional
resistance in waves, the frictional wave-added resistance was determined. The
computations showed that, in short waves, friction accounted for a significant
part of the total wave-added resistance, namely, 20% or even more. However,
full-scale computations showed that this effect was less pronounced at full
scale.

Diffraction and radiation forces at different frequencies were investigated,
where diffraction forces were obtained by restraining the ship in waves and
the radiation forces were obtained by prescribing the motions of the ship in
calm water. In long waves, the sum of diffraction and radiation forces did
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not match the total resistance, i.e., the interaction of these two force compo-
nents had to be accounted for. In short waves, the diffraction part of the total
resistance was dominant as almost no ship motions were induced.

Generally, the assumption of a quadratic correlation between wave height
and the wave-added resistance was confirmed for ships advancing in waves of
moderate to long wave lengths (almost linear). However, this assumption did
not hold for ships advancing in short waves because diffraction was dominant
in short waves and nonlinear effects are pronounced.

The computed wave-added resistances in oblique waves considering only
heave, pitch, and roll motions showed fair agreement with measurements also
considering surge, sway, and yaw. This does not hold for side force and yaw
moment.
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6 Nominal Wake Field in Waves

Efficiency and comfort, in terms of vibration and noise, of a ship are signifi-
cantly influenced by the conditions, a propeller works in: the wake field. Hull
design attempts to optimize the nominal wake field to create good operating
conditions for the propeller. Consequently, the prediction and optimization of
a reasonable wake field are major issues in ship hydrodynamics.

Although wave-induced orbital velocities and ship motions may have a sig-
nificant influence on the wake field, it is common to consider the wake field
only under calm water conditions during the design process. Systematic in-
vestigations of the influence of waves on the wake field are still rare. Thus,
the influence of waves on the wake field, particularly the axial wake fraction,
was investigated here considering both the average and the time histories of
the nominal wake fraction in waves. A preliminary study of the influence of
the spatial discretization was performed. The numerical methods, settings,
boundary conditions and grids presented above were used for the computa-
tion of the nominal wake fraction. For detailed information, please refer to
section 5.

6.1 Grid Sensitivity Study

Since detailed information of the velocity field is essential to determine the
nominal wake fraction, the influence of the spatial discretization in the vicin-
ity of the propeller plane was investigated. Therefore, local refinements around
the aft ship were included in the fine grids presented above. The refined aft
ships of the containership and resulting wake fields in calm water conditions
are shown in figure 59. The nominal wake fractions obtained with the various
grid refinements are listed in table 9.
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Table 9: Containership DTC at Fn = 0.139: Influence of local refinements
on the computed nominal wake fraction

w/o Refinement 1st Refinement 2nd Refinement

Wake Fraction 0.314 0.321 0.323

The wake field is nearly unaffected by grid fineness in the aft ship area and
the wake fraction changes negligibly when refining the aft ship as presented.
Thus, for determining the nominal wake fraction, the fine grids used earlier
(section 5) were used.

6.2 Results

To determine the nominal wake fraction in waves, axial velocities defined in
ship fixed coordinates were interpolated at 316 points in the propeller plane
and averaged. The points were attached to the ship’s movement, which was
updated every time step. With the averaged axial velocity in the propeller
plane and the constant ship speed, the wake fraction was determined with a
time step of 0.04 seconds. The mean wake fraction in waves was determined
by averaging all wake fractions within one encounter period. With the con-
stant time interval the wake fraction was computed between 12 and 120 times
per encounter period, depending on the current wave period.

Figure 60 shows twelve wake fields of the containership within one en-
counter period at Fn = 0.218, λW/L = 1.125, and hW = 0.12m. The colors
contours indicate the ratio of the current axial velocity, va, and the ship speed,
vs. From examining the series of images, it is obvious that a significant change
in the inflow conditions occurs.

To illustrate the pronounced fluctuation of the wake fraction, time histories
in short, intermediate and long waves are presented in figures 61 - 63. These
graphics also contain time-averaged and calm water values. The time histories
extend over one encounter period.
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Figure 61: Time histories and time-averaged values of the wake fraction in
short waves as well as calm water values for the Cruise Ship
at Fn = 0.223, the Containership DTC at Fn = 0.139, and the
Tanker KVLCC2 at Fn = 0.142
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Figure 62: Time histories and averaged values of the wake fraction in
medium long waves as well as calm water values for the Cruise
Ship at Fn = 0.223, the Containership DTC at Fn = 0.139, and
the Tanker KVLCC2 at Fn = 0.142
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Figure 63: Time histories and averaged values of the wake fraction in
long waves as well as calm water values for the Cruise Ship
at Fn = 0.223, the Containership DTC at Fn = 0.139, and the
Tanker KVLCC2 at Fn = 0.142
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In all cases, the wake fraction oscillates with the encounter frequency and
time histories have considerable amplitudes. The amplitudes change signifi-
cantly for different wave length. Although, calm water values are completely
different for the considered ships, the amplitudes of the time histories are
comparable in similar waves. Due to the different mean values, in peak range
(λW/L ≈ 1) the amplitudes range from 150% of the averaged value for the
cruise ship to 25% of the averages value for the tanker. The nominal wake
fraction of the cruise ship in regular waves with a length equal to ship length
oscillates between −0.06 and 0.225. Consequently, during one encounter pe-
riod, the axial inflow velocity oscillates between 106% and 77.5% of the ship
speed.

The ratio of the time-averaged nominal wake fraction in waves and the calm
water value are plotted against λW/L in figures 64 and 65. For all ship types,
the nominal wake fraction decreases in waves (which means an acceleration
of the inflow velocity). The maximal decrease occurs when the ship’s motion
is the greatest (λW/L ≈ 1). For the cruise ship, in a wave of λW/L = 1, the
wake fraction presents 86.1% of the calm water value, whereas for the single-
screw container ship and tanker, the lowest wake fraction is ≈ 78% of the
calm water value. Regarding the time averaged values, there appears to be
a relation between the influence of waves on the nominal wake fraction and
the calm water wake fraction: the lower the calm water wake fraction is, the
less is the influence of waves on the time-averaged wake fraction in waves.
However, this assumption needs to be proven by considering far more ships.
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Figure 65: Ratio of wake fraction in calm water and in waves against dimen-
sionless wave frequency for the Cruise Ship at Fn = 0.223

6.3 Conclusion

In general, RANS methods are well-suited to investigate the wake field of
a ship in waves. The nominal wake fraction has been determined for three
different ship types in twelve different wave length ranging from 0.2 to 2
times the ship length. The time-averaged nominal wake fraction decreases
in waves. Its change depends on the ship type. The wake fraction of the
twin-screw cruise ship was at maximum 13.9%, and the single-screw ships
(container ship and tanker) was at most≈ 22% lower than the according calm
water values. In contrast, the oscillation amplitudes of the wake fraction in
waves were almost independent of ship type. For all ship types, the ampli-
tudes of the wake fraction time histories due to orbital velocities and ship
motions were in the same range. It may be summarized that the change of the
time-averaged wake fraction in waves depends on ship’s hull form and the
position of the propeller, whereas the oscillation amplitudes of the wake frac-
tion in waves depend on the wave parameters. Furthermore, the amplitudes
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of the wake fraction time histories in waves are larger than the changes of
the averaged wake fraction. Thus both effects should be taking into account
when designing a propeller.
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7 Ship Propulsion in Waves

This section presents an investigation of the propulsion characteristics of
ships in waves. This investigation focuses on the change of the propulsion
characteristics due to waves and ship motion, compared to the calm water
values. Initially, the setup and results of all the computations, namely re-
sistance tests, the propeller open water tests, and the propulsion tests are
shown. In general, numerical grids and boundary conditions were similar to
those used for the computations of the wave-added resistance presented ear-
lier (section 5). To avoid repetition at this point, the resistance computations
will be presented only briefly. Then, the propulsion characteristics in waves
are shown together with calm water values. Computational results are com-
pared with experimental data. The content of this chapter has been published
in Sigmund and el Moctar (2017), partly in exact wording.

7.1 Experimental and Computational

Procedure

The investigation was performed using the twin-screw cruise ship and the
single-screw containership (see section 4). Calm water towing tank tests for
both ships were performed without the propeller(s), but with bilge keels and
rudder(s) attached to the hull. Propulsion tests in waves were performed with
self-propelled models with propeller(s) turning at a constant rate. A viscous
drag component was not deducted for the containership. The propeller(s)
thrust and torque, the model’s motions as well as the model’s speed were
measured. For additional details of the experimental setup, see Valanto and
Hong (2015), Sprenger, et al. (2016) and el Moctar et al. (2016).
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Table 10: Wave parameter and propeller speed in ship scale

Fn [-] λW/LPP [-] hW [m] hW/λW [] n [1/s]

Cruise Ship 0.223

Calm Water 78.8
0.28 1.22 0.02 79.152
0.39 1.70 0.02 80.070
0.49 2.14 0.02 81.438
0.66 3.02 0.02 84.270
0.79 3.20 0.02 87.984
0.89 3.20 0.02 90.498
0.98 3.36 0.02 92.382
1.09 3.59 0.01 93.180

Containership 0.087

Calm Water 52.532

0.44
4.20 0.03 76.179
6.36 0.04 83.185

0.85
4.20 0.01 63.951
6.36 0.02 72.226

Propulsion tests of the cruise ship were performed for a velocity of 21kts
(ship scale) and wave length with λ/L = 0.21− 1.09. The wave steepness,
hW/λ , was kept constant at a value of 2.3 percent. The model was free to
heave and pitch, the influence of the other degree of freedom was assumed to
be small in head waves (Ley et al., 2014). The test conditions are summarized
in Table 10 including non-dimensional wave length, λW/L, and steepness,
hW/λW , as well as propeller speed, n.

Although advanced numerical methods allow using new concepts to eval-
uate propulsion performance of ships, numerical propulsion computations
were performed in the same way as the physical tests described above. This
holds for towing tests as well as for open water tests and made it possible to
directly compare computations and model test measurements. Consequently,
numerical computations comprised open water propeller characteristics, ship
resistance tests, self-propulsion tests in calm water, and wave-added resis-
tance and propulsion tests in waves. Whereas the propeller open water test
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was performed only once, the resistance and propulsion tests need to be per-
formed for each considered wave. The propulsion characteristics in waves
were determined using averaged values. To minimize errors based on dif-
ferent discretization, model and iterative errors, all computations were per-
formed using the same numerical method and numerical grids. Resistance
computations were performed again, to take into account adjustment of nu-
merical setup and grids.

Grids presented in section 4 were used for the computations. At the inlet
boundary, velocities, volume fractions, turbulent kinetic energies, and dissi-
pation rates were specified. The hull and appendages surfaces were defined
as no-slip walls. At the outlet and top boundaries, the pressure boundary
condition was defined, while at the symmetry plane, a symmetry boundary
condition was imposed. The origin of the ship-fixed reference frames was
situated at the ship’s center of gravity. To guaranty best comparability, com-
putations were performed in model scale. The computations were performed
for the same conditions as in physical tests. Propeller speed, ship speed etc.
were taken from model tests.

7.2 Results

Computed results comprised, first, propeller open water characteristics, then
resistance predictions of the towed models and, finally, propulsion character-
istics in waves.

7.2.1 Propeller Open Water Test

The computations employed a so-called rotating reference frame, where the
coordinate system rotated with the propeller. Momentum conservation equa-
tions were extended to account for centrifugal and Coriolis forces (el Moc-
tar, 2001). Outer boundaries of the computational domain were situated a
sufficiently large distance away from the propeller to largely eliminate dis-
turbances caused by the boundaries. The diameter of the cylindrical compu-
tational domain was five propeller diameters large; the inlet boundary was
located three propeller diameters ahead of the propeller; the outlet boundary,
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ten propeller diameters behind the propeller. Numerous studies examined the
associated discretization errors as well as the influence of the size of the com-
putational domain; for details, see el Moctar (2001) and Abdel-Maksoud et
al. (1998). Computations were performed at model scale and with a con-
stant turning rate of n = 15rps and various inflow velocities. The velocity
distribution around the propeller is shown in figure 66.

Figure 66: Axial velocity distribution around the propeller of the Container-
ship DTC in homogeneous inflow

Figure 67 presents computed propeller open water characteristics. The
maximum deviation between measured and computed propeller are less than
3%. The computed open water characteristics were used for the determination
of the propulsion characteristics discussed later on.
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Figure 67: Computed and measured propeller open water characteristics for
the Cruise Ship and the Containership DTC
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7.2.2 Resistance Test

Based on the computations performed to investigate the wave-added resis-
tance, described in section 5, resistance computations in calm water and
waves were performed again, since small adjustment on the grid has been
made to integrate appendages and the propeller domain. In principle how-
ever, computational procedure, post-processing and results were similar to the
results presented above. To avoid repetition, only the results are presented.

Table11 summarizes computed and measured calm water resistances of the
cruise ship and the containership for the considered forward speeds. Also
listed are the associated percentage deviations between computed and mea-
sured values. Deviations were less than 3.0% for the cruise ship. Unfortu-
nately, no experimentally-determined calm water resistances were available
for the containership.

Table 11: Computed and measured calm water resistance for the Cruise Ship
and the Containership DTC determined for propulsion investiga-
tion

CT ·103

Fn [-] Computation Experiment Diff [%]
Cruise Ship 0.223 4.21 4.088 2.98

Containership DTC 0.087 3.88 − −

The results in waves are presented in table 12 and are similar to those per-
formed earlier (see section 5). They show fair agreement with results com-
puted earlier and with experimental data in the range of short waves. Dif-
ferences between computed and measured values in peak range of the cruise
ship, were also observed earlier and are discussed in section 5.

7.2.3 Self-Propelled Model

The above investigations demonstrated that the applied numerical method to-
gether with the chosen grids were capable to adequately predict not only pro-
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Table 12: Computed and measured wave-added resistance for the Cruise
Ship and the Containership DTC determined for propulsion inves-
tigation

CAW
Fn [-] λW/L Computation Experiment Diff [%]

Cruise Ship 0.223

0.28 2.894 2.76 4.97
0.39 2.904 2.85 1.76
0.46 3.546 3.53 0.41
0.66 3.845 3.71 3.62
0.79 5.731 5.61 2.22
0.89 7.254 7.05 2.93
0.98 8.329 7.40 12.60
1.09 8.077 6.66 21.29

Containership 0.087
0.44 2.5 − −
0.85 3.46 − −

peller characteristics, but also ship resistance in clam water and in waves.
Fine grids surrounding the propeller(s) and the ship were combined to con-
sistently assess propulsion forces. A sliding interface connected both grids,
thereby allowing the geometrically modeled propeller to rotate.

Propulsion computations were performed initially under calm water con-
ditions and, afterwards, under wave conditions summarized in table 10. For
these cases, the forward speed of the cruise ship corresponded to Fn = 0.223;
the forward speed of the containership, to Fn = 0.087. The aim of the physi-
cal tests of the containership was to investigate minimum power requirements
in adverse conditions where the ship speed is supposed to be low. The scaling
factor for the containership was 63.64 according to model tests performed at
MARINTEK.

Based on previous investigations (el Moctar, 2001), it was found neces-
sary to specify a small time step to yield accurate propeller forces. This time
step was so small that the propeller rotated only one degree over the dura-
tion of this time step. However, to reduce the overall computational effort,
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computations were started with a ten times larger time step, that is, with the
propeller now rotating 10◦ over the duration of this time step. Computations
with the larger time step lasted until the wave pattern and ship motions were
sufficiently stable. Only then was computing continued with the smaller time
step and accurate and reliable propeller and hull forces were obtained there-
after. Figure 68 shows wave patterns of the self-propelled containership and
the cruise ship in waves.

(a) Cruise Ship (b) Containership DTC

Figure 68: Wave pattern for the Cruise Ship at Fn = 0.223, λ W/L = 1.09,
hW = 0.1m and n = 15.53rps and for the Containership DTC at
Fn = 0.087, λ W/L = 0.85, hW = 0.1m and n = 9.05rps

Orbital velocities and motion induced velocities affect flow conditions around
the hulls significantly. To illustrate this, figures 69 - 71 show non-dimensional
axial velocities, Vx/VS, at aft ship of the containership and the cruise ship dur-
ing a encounter period. The axial velocity directly ahead of the propeller
varies between 80% and 120% of the model’s speed.
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Figure 71: Variation of axial propeller inflow for the Cruise Ship at
Fn = 0.223, λ W/L = 1.09, hW = 0.1m and n = 15.53rps
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Figure 72 presents representative computed and measured time histories
and mean values of the vertical motion in the propeller plane for the cruise
ship at Fn = 0.223, λW/L = 1.09 and n = 15.53rps. Due to wave non-
linearities and their interaction with hull and appendages, the computed and
measured time histories do not behave purely harmonic. This issue is taken
into account when determining averaged values.
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Figure 72: Time history of the vertical motion in the propeller plane for the
Cruise Ship at Fn = 0.223, λ W/L = 1.09 and n = 15.53rps

Figures 73 and 74 presents comparative heave and pitch motion time his-
tories of the towed and self-propelled ships. These time histories extend over
one encounter period, TE . The wave length for the cruise ship corresponds
to λW/L = 0.98; the wave length for the containership, to λW/L = 0.85.
The wave height was 0.1m and 0.095m, respectively. The wave steepness
was moderate and, therefore, heave and pitch motions are seen to behave
linearly. Overall, motion behavior is nearly similar under towed and self-
propelled conditions. Under the wave conditions considered here, motion
amplitudes of the ships when towed are slightly larger than when the ships
are self-propelled. Apparently, the turning propeller dampened the wave-
induced heave and pitch motions of the self-propelled ships. This trend is
also noticeable from the heave and pitch RAOs of the cruise ship presented
in figure 75. Here, coefficients CZ and Cθ are heave and pitch amplitudes
normalized against wave amplitude and wave slope, respectively.
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Figure 73: Non-dimensional heave and pitch for the Cruise Ship at
Fn = 0.223, λ W/L = 0.98, hW = 0.1m and n = 15.4rps under
towed and self-propelled conditions (see Tabel 10)
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Figures 76 - 79 show computed and measured time histories, extending
over one encounter period, for the two ships advancing in regular head waves
at speeds corresponding to Fn = 0.223 for the cruise ship and Fn = 0.087
for the containership. In these figures, the upper graphs trace time histories
and mean values of vertical motion at the propeller hub; the center graphs,
time histories and mean values of propeller torque coefficient, kQ; and the
bottom graphs, time histories and mean values of propeller thrust coefficient,
kT . Figures 76 and 78 are valid for results obtained in relatively short waves
(λW/L = 0.49 for the cruise ship and λW/L = 0.44 for the containership);
figures 77 and 79, for results obtained in longer waves (λW/L = 0.98 for the
cruise ship and λW/L = 0.85 for the containership).

The propeller torque and thrust traces are characterized by pronounced
fluctuations. Qualitatively, propeller torque and thrust resemble each other,
indicating the direct coupling that exists between both. The cause of these
thrust fluctuations is related to propeller inflow variations induced by or-
bital velocities and ship motions. Angle of attack and relative velocity at the
blades vary now with radius and blade position during propeller revolution, el
Moctar (2001). Higher frequency fluctuations are related to blade frequency,
whereas the low frequency corresponds to the encounter frequency. In short
waves the phase angle between vertical propeller motion and propeller forces
is small. Propeller forces exhibit extreme values whenever vertical motions
reach their upper or lower dead centers. At these instants of time, heave mo-
tions reach their maxima/minima values. Further on, the wave crest/trough is
located at the propeller level and, consequently, the longitudinal components
of orbital fluid velocities attain their maxima/minima. Thus, the influence of
orbital velocities is dominant in short waves (figure 69, left). In longer waves,
ship motion amplitudes become larger, and consequently motion-induced ve-
locities. The phase angle between vertical motions and propeller forces in-
creases. As expected, in longer waves ship motions have a greater influence
on propeller forces.
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Figure 76: Time histories of the propeller’s vertical motion (top), the torque
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Cruise Ship at Fn = 0.223, λ W/L = 0.49, hW = 0.1m and
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Figure 78: Time histories of the propeller’s vertical motion (top), the torque
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Figure 79: Time histories of the propeller’s vertical motion (top), the torque
coefficient (center) and the thrust coefficient (bottom) for the Con-
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Figures 80 and 81 present computed and measured time series, extend-
ing over one encounter period, of the wake fraction, w, and thrust deduction
fraction, t, pertaining to the cruise ship advancing in regular head waves at
a speed corresponding to Fn = 0.223. The graphs in figure 80 are valid
for results obtained in relatively short waves of λW/L = 0.49; the graphsin
figure 81, for results obtained in longer waves of λW/L = 0.98. The wake
fraction was calculated based on the thrust identity approach (the propeller
produces the same thrust in a wake field of wake fraction as in open-water
with speed va = v(1−w) for the same propeller rate (Bertram, 2000)). Dis-
tinctive fluctuations are noticeable, and they are more pronounced in longer
waves. For example, in long waves the wake fraction varies between 0.04
and 0.12, which corresponds to an 8% fluctuation of axial propeller inflow
velocities.

Figure 82 plots computed and measured coefficients of propeller torque,
kQ, and propeller thrust, kT , versus the wave length to ship length ratio,
λW/L, as well as the normalized encounter frequency, ω̃ , for the two ships
advancing in calm water and in regular head waves at speeds corresponding
to Fn = 0.223 for the cruise ship and Fn = 0.087 for the containership. Solid
lines represent computed values, measured values are marked with points, and
dashed and dotted lines identify measured and computed calm water values,
respectively. Generally, computed and measured values compare favorably.
For the cruise ship, the time-average values of computed thrust coefficients
deviate on average 3.15% and at most 4.84% from measured values; for the
containership, these values deviate on average 2.25% and at most 4.8% from
measured values. For the cruise ship, the time-average values of computed
torque coefficients deviate on average 3.42% and at most 4.24% from mea-
sured values; for the containership, these values deviate on average 1.79%
and at most 4.66% from measured values. In short waves diffraction domi-
nates and ship motions are small. In long waves ship motions and thus also
the inclined flow into the propeller plane are more pronounced, consequently,
the propeller forces and moments increase (el Moctar, 2001). Furthermore,
the propeller’s operating point changed with increasing ship resistance. Con-
sequently, propeller forces and moments increase in longer waves.
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Figure 82: Computed and measured coefficients of thrust and torque for
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7.2.4 Propulsion Characteristics in Waves

Values of ship resistance and propeller forces, computed on fine grids as de-
scribed above, were used to determine the propulsion characteristics accord-
ing procedures recommended by the ITTC (2008), and these results were
compared with available model test measurements. For the cases investigated
and listed in table 4 of the cruise ship at Fn = 0.223 and the containership at
Fn = 0.087, figure 83 plots computed and measured effective and delivered
power, PE and PD, in calm water and in regular head waves against non-
dimensional wave length and non-dimensional wave frequency. Measured
values are given only for the cruise ship because these were not available for
the containership. In calm water as well as in waves within the range of fre-
quencies plotted in table 10, the computed effective power and the propeller
delivered power compared favorably to measurements. For the cruise ship,
mean and maximum values of delivered propeller power deviate from mea-
surements by 4.77 and 5.48%, respectively; mean and maximum values of
effective power, by 5.6 and 6.3%, respectively. As expected, the required
power increases in longer waves. In waves of λW/L = 1.09 the propeller de-
livered power of the cruise ship is almost 100% higher than in calm water,
and the effective power increases by 78%. In contrast, in shorter waves of
λW/L = 0.49 the propeller delivered power of the cruise ship is only 14.3%
higher than in calm water, and the effective power increases by only 12.8%.

For the containership, this trend is similar. In waves of λW/L = 0.85 and
hW = 0.067m, delivered power and effective power increase by 197% and
122%, respectively; in waves of λW/L = 0.44 and hW = 0.062m this increase
is only 96% and 66%, respectively. The relatively large power increase of
the containership is related to its relatively low forward speed (Fn = 0.087).
As expected, the propeller delivered power increases at a greater rate than
effective power.

Consequently, the propulsion efficiency, ηD, decreases in waves, as seen in
figure 84. Measured values are given only for the cruise ship because these
were not available for the containership. For the cruise ship, computed and
measured propulsion efficiency compare favorably to measurements. Over
the entire frequency range, their mean and maximum deviation is only 0.95%
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and 2.96%, respectively. For the containership, the propulsion efficiency in
waves is up to 9.95% less than in calm water, for containership this value
reduces by maximum 24.2%.

Propulsion efficiency can also be expressed by the product of hull effi-
ciency, ηH , relative rotative efficiency, ηR, and propeller open water effi-
ciency, η0; that is, ηD =ηHη0ηR. Decomposition of the propulsion efficiency
enabled a detailed look into the underlying physics.

For the cruise ship at Fn = 0.223 and the containership at Fn = 0.087, fig-
ure 85 plots computed propeller open water efficiency, η0, in calm water and
in regular head waves against normalized wave length and normalized wave
frequency. Here again, measured values are given only for the cruise ship be-
cause these were not available for the containership. As found above, in calm
water as well as in waves within the range of frequencies listed in table 10,
computed values compare favorably to measurements. The mean deviation is
1.6%; the maximum deviation, 2.54%. For both ships the propeller open wa-
ter efficiency decreases with increasing wave length. For the cruise ship, this
decrease is 7.58%; for the containership, 22.18%. This influence is mainly
related to the higher propeller loading caused by the wave-added resistance
of the ships in waves, i.e., open water efficiency decreases with increasing
wave-added resistance in waves, see figure 66.

For the cruise ship at Fn = 0.223 and the containership at Fn = 0.087 in
calm water and in regular head waves, figure 86 plots the relative rotative ef-
ficiency, ηR, against normalized wave length and normalized wave frequency.
Generally, computed and measured values compare favorably. For the cruise
ship, the mean of computed values deviates 0.43% from measurements; the
maximum of computed values, 0.83%. It is seen that, for the cruise ship, ηR
is not significantly affected by wave length, as in waves ηR differs at most
by only 0.6% compared to its value in calm water. For the containership,
the greatest difference of ηR values in waves is 2%. Thus, the influence of
waves on rotative efficiency is slightly larger for the containership. Neverthe-
less, it was found that ηR is hardly affected by the relatively moderate waves
investigated here.

For the cruise ship at Fn = 0.223 and the containership at Fn = 0.087 in
calm water and in regular head waves, figure 87 plots hull efficiency, ηH ,
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Figure 84: Propulsive efficiency for the Cruise Ship at Fn = 0.223 and the
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Figure 85: Open water efficiency for the Cruise Ship at Fn = 0.223 and the
Containership DTC at Fn = 0.087 in regular head waves and
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Figure 86: Rotative efficiency for the Cruise Ship at Fn = 0.223 and the Con-
tainership DTC at Fn = 0.087 in regular head waves and calm
water
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against normalized wave length and normalized wave frequency. Computed
and measured values generally compare favorably. Computed mean and max-
imum values deviated 2.1% and 3.7% from measured values, respectively.
For the cruise ship, ηH values in waves differed at most 3% from those in
calm water; however, for the containership, ηH values in waves differed up
to 12.7% from those in calm water. Thus, the cases considered here demon-
strated that the waves influenced hull/propeller interaction significantly less
for the twin screw cruise ship than for the single screw containership.

To find out the reasons for the ship-dependent sensitivity of hull efficiency,
ηH , on wave height, the wake fraction and the thrust deduction factor were
determined in waves. Figures 88 and 89 plot these values against normalized
wave length and normalized wave frequency. Comparative measured values
are given only for the cruise ship because these were not available for the
containership. Deviations between computed and measured values are 10.2%
for thrust deduction and 7.12% for wake fraction in average. It is apparent
that not only the wake fraction, but also the thrust deduction fraction for the
containership are influenced more by waves than is the case for the cruise
ship. Thus, for the cruise ship, the wake fraction in waves is at most 6.2%
less than wake fraction in calm water, and the thrust deduction factor changes
by at most 5.18%. In contrast, for the containership, the wake fraction which
changes up to 38.1%, and the thrust deduction factor, which changes up to
57.4%, are affected more by waves. The differing sensitivity of hull effi-
ciency, ηH , for the two ship types can be distinctly traced to the influence of
waves on wake fraction and thrust deduction factor. Thus, the cases consid-
ered here demonstrated that waves had a greater influence on hull/propeller
interaction for the single screw containership than for the twin screw cruise
ship.

For the cruise ship at Fn = 0.223 and the containership at Fn = 0.087
in calm water and in regular head waves, figure 90 plots all four propulsion
efficiencies (ηD,ηH ,ηR,η0) against normalized wave length and normalized
wave frequency. It summarizes the findings attained regarding the influence
of waves on the propulsion characteristics for the cruise ship and the contain-
ership. For the cruise ship, the decreasing propulsion efficiency, ηD, in waves
was caused almost exclusively by the decreasing open water propeller effi-
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Figure 87: Hull efficiency for the Cruise Ship at Fn = 0.223 and the Con-
tainership DTC at Fn = 0.087 in regular head waves and calm
water
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ciency, η0, which depends on the operation point of the propeller and there-
with, on the ship’s resistance. Although wake fraction and thrust deduction
factor oscillate strongly, their mean values are hardly influenced by waves.
Hence, the ship’s hull efficiency, ηH , remains nearly constant in waves. This
means that under considered wave conditions neither orbital fluid velocities
nor ship motions significantly influenced hull/propeller interaction. Also the
rotative efficiency, ηR, does not significantly change in waves. To estimate
the propulsion characteristics of the cruise ship in moderate waves, it is suffi-
cient to account for the wave-added resistance when evaluating the operation
point of the propeller.

For the containership, on the other hand, the change of propulsion effi-
ciency, ηD, in addition to the change of open water propeller efficiency, η0,
is mainly caused by the ship’s hull efficiency, ηH . Hence, here the chang-
ing flow surrounding the hull and the inflow to the propeller do indeed affect
the ship’s propulsion characteristics. The hull/propeller interaction is mainly
governed by the change of the mean value of the thrust deduction fraction,
see figure 88. It stands to reason that the diverse behavior of the ship’s hull
efficiency, ηH , is related to the configuration of the propulsion unit itself.

Generally, high accuracy was required to compute propulsion character-
istics, especially for the wake fraction and the thrust deduction factor and,
with it, the hull efficiency, as they reacted sensitively to small changes of
the propulsion conditions and the propeller service point. To what extent the
obtained results are transferable to other propeller operation points and to
different ships needs to be demonstrated in further investigations.
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7.3 Conclusion

The influence of regular head waves on propulsion characteristics of a twin
screw cruise ship and the single screw containership DTC was numerically
and experimentally investigated using a RANS based flow-solver. Employ-
ing the sliding interface method allowed the geometrically modeled propeller
to rotate when needed. All computations were performed on the same nu-
merical grids to limit errors originating from different spatial and temporal
discretizations. Grid studies were performed to evaluate discretization errors
occurring in separate mesh regions, such as regions surrounding the hulls and
the rotating propellers. Numerical results were compared to experimental
measurements obtained from model tests. Discretization errors may signif-
icantly influence computed propeller torque, but computed propeller thrust
was nearly unaffected. Fair agreement between measured and computed
thrust and torque was obtained on the fine grids. Computations of the towed
models in calm water and in regular head waves compared favorably to ex-
perimental measurements. Computations of the self-propelled model in calm
water and in regular head waves were performed to obtain hull-propeller in-
teraction characteristics and propeller forces. Propeller forces were sensitive
to temporal discretizations; therefore, to obtain accurate results, it was nec-
essary to specify small time steps, leading to at most one degree of propeller
rotation per time step. Such small time steps, together with the use of the
sliding interface method, caused computations to be time consuming. Gen-
erally, computed forces compared favorably to measurements. The greatest
deviation between computed and measured propeller forces for all cases was
less than five percent; the average deviation, about 3.5%. Numerical results
were used to estimate propulsion characteristics; specifically, propulsion effi-
ciency, rotative efficiency, hull efficiency, and propeller open water efficiency.
This required accurate computation of intermediate steps as well as careful
evaluation of results. All factors, including the thrust deduction factor and
wake fraction, correlated favorably to measurements. It was found that the
propulsion efficiency decreased in waves. Based on the considered cases, this
was related to the configuration of the propulsion units themselves. The main
cause for the decreasing propulsion efficiency of the twin screw ship was
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the propeller’s efficiency, which in turn depended on the propellers’ opera-
tion point and, thereby, on the ship’s added resistance. For the containership,
the changed operation point of the propeller and the ship’s hull efficiency
were responsible for the changing propulsion efficiency. Hence, for this ship
the ever-changing flow surrounding the hull and the inflow to the propeller
caused by the orbital fluid velocities and the ship motions affected its propul-
sion characteristics.
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8 Speed Loss in Waves

Structural loads on a ship hull in seaways primarily depend on the actual
ship speed and the angle between wave propagation and the ship’s heading.
The actual ship speed in seaways depends on the ship size, hull shape and
propulsion system and may vary significantly from ship to ship. Classifica-
tion societies consider the actual ship speeds to be 2

3 of the service speed,
which is assumed to be conservative in critical seaways. Thus hull structure
may be oversized and causes an unnecessary increase in ship weight, which
stands in contrast to economic and ecological interests. Furthermore, the for-
ward speed of a ship has a significant influence on the ship’s maneuverability.
In particular, in coastal waters, good maneuverability is required to ensure
safe ship operations. Good maneuverability includes criteria such as holding
position, changing course or leaving dangerous water even against wave and
wind in heavy weather conditions. These are only two aspects that require a
profound prediction of the speed loss in moderate and adverse sea states.

The above-presented computations confirmed the general suitability of the
RANS methods and the numerical grids used to compute the ship behavior,
namely, motion, resistance and propulsion characteristics in waves. Due to
the holistic view of the system and the possibility of performing full-scale
investigations, a great range of opportunities are available for the dynamic
analysis of ship designs. One of these opportunities is the direct determination
of the speed loss of ships in waves.

In this section, RANS computations of the speed loss of the free-running
cruise ship in waves are presented. Initially, speed loss was determined in reg-
ular waves with a constant propeller speed. The results were compared with
the model test performed at HSVA for validation purposes (Valanto, 2015). In
the next step, the speed loss in long-crested irregular waves was determined.
In this case, engine dynamics were considered. Except for the model of en-
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gine dynamics, the simulation setup was similar for both computations. To
enable an reasonable comparison between computed and measured attainable
speeds the computations were performed in model scale. Due to scaling ef-
fects regarding the ship resistances and the operation point of the propeller,
scaling effects may have a significant influence on the attainable speed. Thus,
full scale extrapolation includes uncertainties.

First, the numerical setup will be presented in the following. Then, the
results of the computations of the attainable speed in regular and irregular
waves will be presented and discussed.

Figure 91: Wave pattern for the free-running Cruise Ship with constant pro-
peller speed at n = 14.8rps and λ W/L = 0.89

8.1 Computational Procedure

The computations were essentially set up similar to the previously presented
propulsion computations, see section 6. However, a different grid configura-
tion was used to account for large ship motions and propeller rotation simulta-
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neously. As discussed earlier, the previously used moving grid approach has
drawbacks when modeling large ship rotations, because large relative mo-
tions between the free surface and numerical grid in the far field occur. This
caused instability and non-physical deformation of the free surface at the inlet
and outlet boundaries.

To overcome this issue, the rotations of the ship were realized using a mor-
phing algorithm. Therefore, the domain was split into a "morphing" and a
"moving" region. To avoid cell deformation in the vicinity of the propeller,
which also had a negative effect on numerical stability, a third region around
the hull was implemented. This "hull" region was rigid and followed all ship
motions. The moving region was linked to the vertical and horizontal trans-
lations only (moving grid technique). Relative motions between the hull and
moving region were realized by cell deformation in the morphing region. The
grid setup is shown in figure 92. In this figure, blue indicates the moving re-
gion, brown indicates the morphing region, and gray indicates the hull region.
In general, the resolution of the hull (including y+ values), propeller and free
surface was adopted from the propulsion computations.

Figure 92: Numerical grid used for computations of the speed loss in regular
and irregular head waves
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Table 13: Speed and wave parameters of the performed computations

n [rps] λW/L [-] hW [m] hW/λW [%]

14.8

Calm Water
0.22 1.20 2.47
0.28 1.55 2.52
0.39 2.17 2.53
0.49 3.6 3.34
0.66 3.6 2.48
0.79 3.6 2.07
0.89 3.6 1.84
0.98 3.6 1.67
1.41 3.6 1.16
1.8 3.6 0.91
2.5 3.6 0.65

8.2 Speed Loss in Regular Waves

The speed loss measurements of the cruise ship model in regular waves were
performed at HSVA (Valanto, 2016). The wave parameters and the propeller
speed, n, are presented in table 13.

Computations were initialized with the calm water speed, v = 1.8 m/s, and
the according propeller speed, n = 14.8 rps. The model was let free after five
seconds and the speed dropped instantly. After the ship speed converged, the
speed was averaged for multiple encounter periods. Speed loss was defined
as the difference between the mean speed in waves and the calm water speed.
Figure 91 shows the wave pattern of the free-running cruise ship in regular
head waves with λW/L = 0.89.

Figure 93 shows the time histories of the heave and pitch motions of the
cruise ship. The motions are nearly unaffected by ship speed and are similar
to the motions in the propulsion tests performed with constant speed. The
time histories of the model tests are not available; thus, only the computa-
tional results are shown.
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Figure 93: Heave and pitch motions for the free-running Cruise Ship in
regular head waves with propeller speed at n = 14.8rps and
λ W/L = 0.98

Figure 94 shows the time histories of the computed propeller thrust and
torque and the corresponding ship speed. The time histories oscillate with the
encounter period of the waves. Initially, the speed decreases rapidly until a
constant running average is reached. The correlation between propeller forces
and ship speed is obvious. The propeller load increases when the ship speed
decreases due to a lower inflow velocity. A relatively long physical time needs
to be computed to cover the final speed decrease. Constant mean ship speeds
are achieved after ≈ 50 seconds, corresponding to 300 seconds in full scale.
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Figure 94: Propeller thrust (top), torque (middle) and ship speed (bottom)
for the Cruise Ship at n = 14.8rps and λ W/L = 0.98
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Figure 95 presents a comparison between the computed and measured speed
losses in regular head waves. With the mean speed in waves, vW , and the calm
water speed, vM , the speed loss is defined as (vw− v)/v. Speed loss is pre-
sented in percentage of the calm water speed.
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Figure 95: Computed and measured speed losses for the Cruise Ship in reg-
ular waves

Overall, very good agreement between the measured and computed speed
losses is obtained. The maximal speed loss from the tests is approximately
11%, whereas that from the computation is approximately 14%. Thus, the
numerical method used in combination with the chosen setup proved to be
suitable for this type of investigation.
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8.3 Speed Loss in Irregular Waves

In adverse conditions, such as maneuvering or heavy weather, ship resistance
increases and the propeller is highly loaded. The current propeller power
may overstep the maximum power the engine delivers. This situation causes
an instant drop in the engine speed. Simultaneously, however, if the propeller
torque is lower than the engine limits, then the current rotation rate increases
again. It stands to reason that these permanent changes in the rotation rate
of the varying loaded propeller have a significant influence on the speed loss
of a ship in adverse sea states. To take this issue into consideration, an en-
gine dynamics model developed at ISMT was implemented and attached to
the RANS flow solver (el Moctar et al. 2015). This model is based on a
simplified engine curve. At every time step, the current propeller torque QP
is compared with the present maximal engine torque QE ; if QP is larger than
QE , the propeller speed is reduced, and vice versa. Limits are a maximal and
a minimal rotation rate. To increase the numerical stability and to avoid in-
stantaneous jumps in the rotation rate, a maximal acceleration of rotation rate
was introduced. The limiting engine characteristics are presented in table 14.

Table 14: Engine characteristics used for computations

Ship Model
Max. Rotation Rate [1/min] 158.0 948.0
Min. Rotation Rate [1/min] 158.0 948.0
Max. Engine Torque [Nm] 46656.0 1.0
Max. Acceleration [1/s2] 0.16 1.0

The JONSWAP spectrum, as reported by Hasselmann (1973), was used to
model the irregular waves. The peak enhancement factor, γ = 3.3, significant
wave height, HS = 0.15 m, and peak period, TP = 1.33 s, according to 5.4
m and 7.98 s in ship scale, were chosen. Figure 96 shows a section of the
resulting wave pattern in the vicinity of the model and a time history of the
wave elevation beside the model’s bow.
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Figure 96: Wave pattern around the free-running Cruise Ship in irreg-
ular waves according to JONSWAP spectrum with γ = 3.3,
HS = 0.15m, and TP = 1.33s, taking engine dynamics into ac-
count

The corresponding time histories of the heave and pitch motions are pre-
sented in figure 97. In contrast to the motion behavior in regular waves, wave
elevation and motion amplitudes do not correlate directly. Figure 98 shows
the varying propeller speed and the corresponding propeller torque and thrust.
The engine is not capable of turning the propeller with the initial speed dur-
ing the simulation. The rotation speed of 15.09 rps rapidly decreases until it
oscillates around a constant running mean value of 12.2 rps. After this de-
crease in the propeller speed, the propeller moment and force level out at the
torque limit of 0.5 Nm and a thrust of 18.7 N. The oscillation amplitudes are
approximately 12.5% of the mean values.

Finally, figure 99 shows the ship speed of the cruise ship in irregular waves.
It behaves similarly to the propeller speed. Initially, the ship speed signifi-
cantly decreases, and then it oscillates around a relatively constant running
mean. For this case, the attainable speed is approximately 1.66 m/s, which
means a speed loss of 8% in these wave conditions only.
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Figure 97: Time histories of the wave elevation, heave and pitch motions for
the Cruise Ship in irregular waves according to JONSWAP spec-
trum with γ = 3.3, HS = 0.15m, and TP = 1.33s taking engine
dynamics into account
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Figure 98: Propeller speed, torque, and thrust for the Cruise Ship in ir-
regular waves according to JONSWAP spectrum with γ = 3.3,
HS = 0.15m, and TP = 1.33s taking engine dynamics into ac-
count
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Figure 99: Computed speed loss for the Cruise Ship in irregular waves ac-
cording to JONSWAP spectrum with γ = 3.3, HS = 0.15m, and
TP = 1.33s taking engine dynamics into account

8.4 Conclusion

The speed loss of the cruise ship in regular and in irregular waves has been
computed. An engine dynamics model has been implemented and used for the
irregular wave computations. Computations were performed in model scale.
This enables a reasonable comparison with experimental results. However,
full scale extrapolation is questionable.

The results in regular waves showed very good agreement with the exper-
imental values. With constant propeller speed, n = 14.8 rps, the maximal
speed loss occurs in waves of λW/L = 1.0 and hW = 0.1 m. In this case, the
speed in waves was 14% lower than the corresponding calm water speed. In
general, the plot of the speed loss versus wave length behaves similar to the
quadratic transfer function of the wave-added resistance.

Computations with irregular waves showed plausible results. However,
experimental data were not available. Considering engine dynamics, not only
the ship speed, but also the propeller force, moment and speed constantly
vary. Thus, very long simulation times are necessary to determine a constant
mean speed loss. In irregular waves, according to JONSWAP with hS = 0.15
m and TP = 1.33 s, the speed loss of the cruise ship was about 8% of the calm
water speed.
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Conclusion

Generally, RANS-based methods are capable of computing the speed loss
even in irregular waves and considering the engine dynamics. However, the
computational effort is very high; thus, a systematic investigation is very time
consuming. However, results could be used to develop more efficient BEM
methods.
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9 Conclusion and Outlook

In this thesis, systematic investigations of the performance of ships in waves
were conducted. Specifically, ship motion, the wave-added resistance, and
the propulsion in waves were investigated. Four different ship types, namely,
a Cruise Ship, the Containership "Duisburg Test Case", the Tanker "KVLCC2
and the well-known test case Wigley Hull, were considered. Commonly used
methods based on empirical formulas or the potential theory, mostly do not
account for nonlinearities, such as viscosity, wave breaking, flow separa-
tion etc.. Thus, advanced numerical methods based on the solution of the
Reynolds-averaged Navier-Stokes equation were used, to account for nonlin-
earities related to resistance and propulsion of ships in waves. Discretization
errors were evaluated by performing grid studies. When possible, computa-
tions were performed using similar numerical grids to minimize errors origi-
nating from different simulation setups. Actual wave amplitudes were mon-
itored and used for normalization. The time histories of the forces and mean
motion amplitudes were carefully analyzed by performing Fourier analysis
for multiple encounter periods. When possible, the results of the computa-
tions were compared with experimental data. In general, very good agreement
was obtained.

Predicting the wave-added resistance of ships remains a challenge. Nev-
ertheless, the practical relevance of this subject motivated systematic inves-
tigations of the use of advanced numerical methods to analyze the added re-
sistance of ships in waves. Initially, discretization errors were investigated.
Then, based on the outcome, spatial and time-dependent discretizations suit-
able for simulations were identified. Furthermore, appropriate numerical
methods to predict the wave-added resistance were introduced. Two find-
ings were important. On the one hand, computations of the calm water re-
sistance and the wave-added resistance in waves should be conducted on the
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same numerical grid. On the other hand, the wave-added resistance should
always be normalized against the actual wave amplitude, not the targeted
wave amplitude. Ship motions and the wave-added resistance were com-
puted for the four ship types and compared to the experimental model test
measurements. In general, the computations and measurements correlated
favorably. This was also the case for the wave-added resistances in short
and long waves, thereby demonstrating that the methods based on solving
the Reynolds-averaged Navier-Stokes equations were capable of predicting
reliable wave-induced first- and higher-order responses, such as ship motions
and wave-added resistance, respectively. The results showed that radiation
forces were affected more strongly by ship speed than diffraction forces.
Thus, peaks of added resistance coefficients were less pronounced at lower
ship speeds. By subtracting the frictional resistance in calm water from the
frictional resistance in waves, the frictional-added resistance was determined.
The computations showed that, in short waves, friction accounted for a signif-
icant part of the total added resistance, namely, 20% or even more. However,
full-scale computations showed that this effect was less pronounced at full
scale. Diffraction and radiation forces at different frequencies were investi-
gated, where diffraction forces were obtained by restraining the ship in waves
and the radiation forces were obtained by prescribing the motions of the ship
in calm water. In long waves, the sum of diffraction and radiation forces did
not match the total resistance, i.e., the interaction of these two force com-
ponents had to be accounted for. In short waves, the diffraction part of the
total resistance was dominant as almost no ship motions were induced. Gen-
erally, the assumption of a quadratic correlation between wave height and
added resistance was confirmed for ships advancing in waves of moderate to
long wave lengths (mostly linear). However, this assumption did not hold
for ships advancing in short waves because diffraction was dominant in short
waves (nonlinear). The computed wave-added resistances in oblique waves
considering only heave, roll and pitch motions showed fair agreement with
measurements also considering surge, sway, and yaw. This does not hold for
side force and yaw moment.

The nominal wake fraction was determined for three different ship types
in 12 different wave lengths ranging from 0.2 to 2 times the ship length. The
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time-averaged nominal wake fraction decreases in waves. Its change depends
on the ship type. The wake fraction of the twin-screw cruise ship was a max-
imum 13.9%, and for the single-screw ships (container ship and tanker), was
at most ≈ 22% lower than the according calm water values. In contrast, the
oscillation amplitudes of the wake fraction in waves were almost indepen-
dent of ship type. For all ship types, the amplitudes of the wake fraction time
histories due to orbital velocities and ship motions were in the same range.
It may be summarized that the change of the time-averaged wake fraction in
waves depends on ship’s hull form and the position of the propeller, whereas
the oscillation amplitudes of the wake fraction in waves depend on the wave
parameters. Furthermore, the amplitudes of the wake fraction time histories
in waves are larger than the changes of the averaged wake fraction. Thus both
effects should be taking into account when designing a propeller.

The influence of regular head waves on propulsion characteristics of a twin
screw cruise ship and the single screw containership DTC was numerically
and experimentally investigated using a RANS based flow-solver. Employ-
ing the sliding interface method allowed the geometrically modeled propeller
to rotate when needed. All computations were performed on the same nu-
merical grids to limit errors originating from different spatial and temporal
discretizations. Grid studies were performed to evaluate discretization errors
occurring in separate mesh regions, such as regions surrounding the hulls and
the rotating propellers. Numerical results were compared to experimental
measurements obtained from model tests. Discretization errors may signif-
icantly influence computed propeller torque, but computed propeller thrust
was nearly unaffected. Fair agreement between measured and computed
thrust and torque was obtained on the fine grids. Computations of the towed
models in calm water and in regular head waves compared favorably to ex-
perimental measurements. Computations of the self-propelled model in calm
water and in regular head waves were performed to obtain hull-propeller in-
teraction characteristics and propeller forces. Propeller forces were sensitive
to temporal discretizations; therefore, to obtain accurate results, it was nec-
essary to specify small time steps, leading to at most one degree of propeller
rotation per time step. Such small time steps, together with the use of the
sliding interface method, caused computations to be time consuming. Gen-
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erally, computed forces compared favorably to measurements. The greatest
deviation between computed and measured propeller forces for all cases was
less than five percent; the average deviation, about 3.5%. Numerical results
were used to estimate propulsion characteristics; specifically, propulsion effi-
ciency, rotative efficiency, hull efficiency, and propeller open water efficiency.
This required accurate computation of intermediate steps as well as careful
evaluation of results. All values, including thrust deduction and wake frac-
tion, correlated favorably to measurements. It was found that the propulsion
efficiency decreased in waves. Based on the considered cases, this was re-
lated to the configuration of the propulsion units themselves. The main cause
for the decreasing propulsion efficiency of the twin screw ship was the pro-
peller efficiency, which in turn depended on the propellers’ operation point
and, thereby, on the ship’s wave-added resistance. For the containership how-
ever, beside the propeller efficiency also the hull efficiency changed in waves.
Hence, for this ship not only the increased resistance, but the ever-changing
flow surrounding the hull and the inflow to the propeller caused by the orbital
fluid velocities and the ship motions affected its propulsion characteristics in
waves.

The speed loss of the cruise ship in regular and in irregular waves has been
computed. An engine dynamics model has been implemented and used for the
irregular wave computations. Computations were performed in model scale.
This enabled a reasonable comparison with experimental results. However,
full scale extrapolation is questionable. The results in regular waves showed
very good agreement with the experimental values. With constant propeller
speed, n = 14.8rps, the maximal speed loss occurs in waves of λW/L = 1.0
and hW = 0.1 m. In this case, the speed in waves was 14% lower than the
corresponding calm water speed. In general, the plot of the speed loss versus
wave length behaves similar to the quadratic transfer function of the wave-
added resistance. Computations with irregular waves showed plausible re-
sults. However, experimental data were not available. Considering engine
dynamics, the propeller force -moment, and -speed vary constantly in addi-
tion to the ship speed. Thus, very long simulation times are necessary to
determine a constant mean speed loss. In irregular waves, according to JON-
SWAP with hS = 0.15 m and TP = 1.33 s, the speed loss of the cruise ship
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was about 8% of the calm water speed. Generally, RANS-based methods are
capable of computing the speed loss even in irregular waves and considering
the engine dynamics. However, the computational effort is very high; thus, a
systematic investigation is very time consuming.

Novel and most considerable outcomes of the presented work are the fol-
lowing:

• Wave-added resistance could have a significant frictional part
• To determine the wave-added resistance the wave steepness is of sig-

nificant importance. Actual wave amplitude should be used for the
normalization

• Diffraction and radiation forces interact significantly in long waves
• Ship speed reduces radiation forces significantly, diffraction is nearly

unaffected
• Nominal wake fraction oscillates significantly in waves and averaged

values decrease
• Propulsive efficiency decreases in waves caused by the change of the

open water efficiency , η0, and hull efficiency, ηH
• Prediction method of the speed loss in regular and irregular waves, tak-

ing engine dynamics into account

The obtained findings may be used to improve efficient methods for the
prediction of the performance of ships in seaways. Furthermore, the results
may be used to reconsider the calm water based design process.

In the future, social conscience and increasing environmental pollution in-
tensify the conflict between environmental and safety issues in the marine
industries. Therefore, it is essential to minimize emissions by improving the
performance and efficiency of ships without reducing safety standards. In this
context, seakeeping and required power in operational conditions, including
maneuverability, will be of great interest in the future. Improved prediction
methods and design procedures are needed. Going forward, an even better
understanding of the influence of operational conditions on the required ship
power is essential. Ability to perform full scale investigations of the ship’s
propulsion is one of the greatest advantages of advance numerical methods.
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To increase the reliability of full scale computations need to be addressed
more extensively in the future. Following that path, future steps could be to
challenge the frequently used spectral method by performing computations
with irregular waves, to predict the drift forces in oblique waves, and to in-
vestigate the maneuverability in adverse conditions. Furthermore it would be
very beneficial to initiate a full scale benchmark case to validate full scale
computations.
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