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A B S T R A C T

Accurate estimation of the actual nominal wake behind the ship in waves is important for propeller designers
when improving efficiency and minimizing cavitation. The present CFD study investigates the nominal wake
fields of the Kriso Container Ship (KCS) in regular waves with wavelength equal to the ship length in five
different headings. The ship is sailing at design speed and the wave steepness is 1∕60. The results show that
when sailing in the studied waves, the nominal wake fraction fluctuate up to 39% of the mean nominal wake
fraction. The mean nominal wake fraction is higher than in calm water for all headings besides head sea
waves. The maximum mean nominal wake fraction is found to occur in stern quartering sea waves, with a
16% higher mean nominal wake fraction than in calm water. It is also found that the transient bilge vortex
and shadow from the skeg have a significant influence on the nominal wake field. Finally the study shows
that the modified advance angle on the 𝑟∕𝑅 = 0.7 circle in the propeller plane varies 3.5 degrees more in port
stern quartering than in calm water, increasing the risk of cavitation.
1. Introduction

Traditionally, ship propellers have been designed to have optimum
performance in calm water. This is mainly because ship building con-
tracts are written with requirements for the speed-power performance
in calm water. However, most ships only sail in calm water a very
small fraction of the time. When a ship is sailing in waves, the flow
around the ship changes significantly causing ship motions and added
resistance.

Most experimental studies of ships sailing in waves have been
conducted for head and to some extend following sea waves. This is
because most towing tanks are not wide enough to allow the ship
to sail with an angle to the wave maker, termed oblique waves, for
long enough time to get a high quality measurement. However, a
few studies have been conducted in oblique waves. One of the first
experimental studies of added resistance in oblique waves is Fujii and
Takahashi (1975) which studied the added resistance on the S175 con-
tainer ship in various headings. More recently, an important research
project is the SHOPERA project, where comprehensive experimental
program of more than 1300 different model tests for three ship hulls
of different geometry and hydrodynamic characteristics has been con-
ducted by four maritime experimental research institutes (Sprenger
et al., 2017). Valanto and Hong (2015) experimentally tested the added
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resistance of a confidential cruise ship in seven different headings
identifying the 45 ◦ heading to give maximum added resistance. The
study by Sadat-Hosseini et al. (2015) presented experiments, potential
flow, and CFD computations for added resistance for variable headings
and wave lengths for the KCS. They found that their applied potential-
flow method captures the heave and pitch motions well, while surge,
roll, and added resistance were not well predicted for most cases.
Some of these results were also presented at the Tokyo 2015 CFD
workshop (Hino et al., 2020; Stern et al., 2021). However, when
experimental studies in oblique waves are conducted, the ship models
often need to be smaller than those used in the classical long towing
tanks. This is generally resulting in higher uncertainties cf. Chuang and
Steen (2013). In numerical studies, tank sizes and thereby model size
is not an issue.

Several numerical studies of ships sailing in oblique waves have
been published. Shigunov et al. (2018) summarizes the results of the
SHOPERA international benchmark study of numerical methods for
the prediction of time-average wave-induced forces and manoeuvres of
ships in waves. The study illustrated the strengths and weaknesses of
different numerical methods. Gong et al. (2020) numerically studied
added resistance and seakeeping performance of trimarans in oblique
waves. The results showed that the trends of the added resistance and
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motion amplitudes of the trimaran in waves are significantly affected by
the wave steepness and wave incident angles, which are also different
from those of traditional mono-hull ships. Mikkelsen et al. (2021)
compared the motion responses and added resistance for the KCS ship
in waves predicted by experiments, CFD and potential flow analyses.
Various heading angles were studied, and in general the CFD results
agreed well with the experiments.

Most published studies focused on the seakeeping, manoeuvering
and added resistance, when the ships are sailing in oblique waves. Very
few studies focused on how the sailing in oblique waves influences
the operation of the propeller, even though the propeller is a crucial
part of the ship. The starting point when considering the operation of
the propeller is the wake field, i.e. the flow field in the propeller disc.
In the present study only the nominal wake field is considered. The
nominal wake field of a ship can be considered to effectively comprise
three components: the potential wake, the frictional wake, and the
wave-induced wake (Carlton, 2012). CFD simulations offer to include
all three of these components. The wave-induced wake is due to the
gravity waves generated by the ship and not related to the incident
waves. The effective wake field is the nominal wake field including the
hull–propeller interaction velocities. The total wake field is the effective
wake field including the propeller induced velocities. Regener et al.
(2018) showed that the nominal and effective wake fields are quite
similar with the axial velocities being slightly higher in the effective
wake field.

A few studies have investigated wake fields in waves. Longo et al.
(2007) studied the nominal wake of the DTMB model 5415 ship in
regular head sea waves using Particle Image Velocimetry (PIV). Wu
et al. (2020) investigated the forces, ship motions, and wake field for
the KCS model in head sea waves both with and without a propeller.
They found that CFD results agreed well with the experiments. Kim
et al. (2021b) numerically and experimentally studied the propulsion
coefficients of the KCS in regular waves with different headings. Their
CFD predicted the stern quartering sea waves as the heading with
maximum effective wake fraction. However, their experiments showed
that the maximum effective wake fraction was present in following
sea waves. The studies by Kim et al. (2021b), Longo et al. (2007),
and Wu et al. (2020) showed that wake field becomes transient, when
the ship is sailing in waves. Transient wake fields are normally not
considered in the propeller design phase, since a wake field in calm
water is almost entirely steady-state. Two of the main objectives when
designing a propeller are maximum efficiency and minimum cavitation.
Cavitation can lead to vibration causing discomfort and increased wear.
Furthermore, cavitation decreases the propeller thrust and can cause
erosion of the blade material. When the wake field becomes transient
in waves, it is interesting to investigate how sailing in waves influences
the propeller efficiency, cavitation and the propeller–hull interaction.
The effective wake fraction is studied by Sanada et al. (2018), Kim
et al. (2021a), where added powering simulations and experiments of
the KCS ship in multiple headings and wave lengths are conducted.
Saettone et al. (2020) compared a fully-unsteady and a quasi-steady
approach for the prediction of the propeller performance in waves.
They found a good agreement between the approaches demonstrating
that the less demanding quasi-steady approach can be used to compute
the propeller performance in waves. Chuang and Steen (2013) experi-
mentally and numerically studied the speed loss of a 8000DWT tanker
in oblique waves. Even though converged speed cannot be achieved in
every run, due to the limited length of the ocean basin, they found that
maximum speed loss occurs when the wave length is equal to the ship
length. Saettone et al. (2021) experimentally studied the propulsive
factors in following and head sea waves. They found that the effective
wake fraction in head sea waves is lower than in calm water and that
the effective wake fraction in following sea waves is higher than in calm
water.

To the best of the authors’ knowledge, no systematic study investi-
gating the nominal wake field in multiple headings has been published.
2

Table 1
Main particulars.

Name Symbol Value

Model scale 71.875
Length between perpendiculars 𝐿𝑝𝑝 3.2m
Beam 𝐵 0.448m
Draft 𝑇 0.1503m
Displacement 𝛥 137.72 kg
Froude number 𝐹𝑛 0.26
Speed 𝑈 1.4567m∕s
Vertical Centre of Gravity (from keel) 𝐾𝐺 0.199m
Longitudinal radius of gyration 𝑘𝑥𝑥 0.40𝐵
Transverse radius of gyration 𝑘𝑦𝑦 0.25𝐿𝑝𝑝
Natural heave/pitch period with constant speed 𝑇𝑍𝜃,𝑈 1.03 s
Natural roll period with constant speed 𝑇𝜙,𝑈 3.31 s
Propeller diameter 𝐷𝑃 0.1099m
Propeller hub diameter 𝐷ℎ𝑢𝑏 0.0198m
Propeller RPM 𝑅𝑃𝑀 980.5min−1

Fig. 1. Studied wave headings.

Therefore, the scope of this paper is to study how the nominal wake
field is influenced by sailing in oblique waves.

The study is conducted using CFD with the KCS ship in regular
waves with a steepness of 1∕60. The CFD model is validated with
experimental results from the literature in calm water and in head sea
waves. The transient nominal wake field distribution and nominal wake
fraction is analysed for five different headings.

2. Methodology

The present Unsteady Reynolds Averaged Navier–Stokes (URANS)
CFD simulations are performed with the commercial CFD-code STAR-
CCM+ v.2020.1 (Siemens, 2020). STAR-CCM+ discretizes the govern-
ing equations using an unstructured finite-volume method. The code is
widely used in the marine industry and is well known for its capabilities
within marine applications.

2.1. The studied ship

The studied ship is the 3,600 TEU Kriso Container Ship (KCS).
The main particulars of the KCS can be seen in Table 1. The KCS is
chosen since both experimental data and the hull geometry are publicly
available. In order to study the effects of the wave heading on the wake
field behind the ship at the position of the propeller, five wave headings
as illustrated in Fig. 1 will be considered in this paper. The five studied
cases and their encounter frequencies are seen in Fig. 2, together with
the natural frequencies for heave/pitch and roll. The used propeller
fixed coordinate system is seen in Fig. 3. The CFD model has previously
been validated for calm water resistance calculations in both model
and full scales (Mikkelsen et al., 2019; Mikkelsen and Walther, 2020).
The CFD setup used in the present study is based on the CFD setup
used by Mikkelsen et al. (2021) for simulations of added resistance
in oblique waves. The study by Mikkelsen et al. (2021) includes an
extensive validation of the motions responses and added resistance.
The wave length for all headings studied in Section 3.3 is equal to the
ship length since these conditions are expected to have high motion
responses, added resistance and speed loss (Chuang and Steen, 2013).
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Fig. 2. Encounter frequencies (𝑓𝑒) as function of wave heading and non-dimensional
wave length (𝜆∕𝐿𝑝𝑝). Horizontal lines are the natural roll (𝑓𝜙,𝑈 ) and heave/pitch (𝑓𝑍𝜃,𝑈 )
frequencies when sailing with constant speed in calm water.

Fig. 3. The coordinate system used in the present study is centred in the propeller
plane in the centre of hub.

2.2. Governing equations

The governing equations of an incompressible Newtonian fluid are
the Navier–Stokes equations (Ferziger and Peric, 2002):
𝜕𝑢𝑗
𝜕𝑥𝑗

= 0 (1)

𝜌
𝜕𝑢𝑖
𝜕𝑡

+ 𝜌𝑢𝑗
𝜕𝑢𝑖
𝜕𝑥𝑗

= −
𝜕𝑝
𝜕𝑥𝑖

+ 𝜕
𝜕𝑥𝑗

(

2𝜇𝑆𝑖𝑗 − 𝜌𝑢′𝑗𝑢
′
𝑖

)

+ 𝑓𝑖 (2)

where 𝑢𝑖 is the velocity vector, 𝑡 is time, 𝑝 is pressure, 𝜇 is dynamic
viscosity, 𝑆𝑖𝑗 = 1

2

(

𝜕𝑢𝑖
𝜕𝑥𝑗

+ 𝜕𝑢𝑗
𝜕𝑥𝑖

)

is the mean strain rate tensor, 𝑢′𝑖 is the
turbulent fluctuating part of the velocity, and 𝑓𝑖 is body forces.

In order to close the problem the Reynolds stresses are modelled
using a linear eddy viscosity model. The linear constitutive relation-
ship (Wilcox, 1998) is:

−𝜌𝑢′𝑖𝑢
′
𝑗 = 2𝜇𝑡𝑆𝑖𝑗 −

2
3
𝜌𝑘𝛿𝑖𝑗 (3)

where 𝜇𝑡 is the turbulent viscosity, 𝑘 is the turbulent kinetic energy,
and 𝛿𝑖𝑗 is Kronecker’s delta function.

In this study the turbulent viscosity is calculated using the realizable
𝑘-𝜖 turbulence model (Shih et al., 1995; Siemens, 2020). The choice
of turbulence model is discussed in Section 3.1.4. The 𝑘-𝜖 model is a
two equations model based on the turbulent kinetic energy 𝑘 and the
turbulent dissipation rate 𝜖 (Wilcox, 1998) where:

𝜇𝑡 = 𝜌𝐶𝜇
𝑘2

𝜖
(4)

where 𝐶𝜇 is an empirical constant.
The free surface is resolved using the volume of fluid (VOF) method

in STAR-CCM+ (Hirt and Nichols, 1981; Siemens, 2020). Hence, the
volume fraction 𝛼 is assigned and evolves in time with the following
transport equation:
𝜕𝛼 + 𝜕 (

𝛼𝑢𝑗
)

= 0 (5)
3

𝜕𝑡 𝜕𝑥𝑗
The transport equation is solved using the High-Resolution Interface
Capturing scheme (Muzaferija and Perić, 1997). The effective fluid
properties are weighted using the volume fraction:

𝜌 = 𝛼𝜌𝑤 + (1 − 𝛼)𝜌𝑎 (6)

𝜇 = 𝛼𝜇𝑤 + (1 − 𝛼)𝜇𝑎 (7)

where 𝜌𝑤 is the density of the water phase, 𝜌𝑎 is the density of the
air phase and 𝜇𝑤 and 𝜇𝑎 are the corresponding dynamic viscosities.
For all simulations, the schemes for the convective and diffusive terms
are 2nd-order. The solver for the temporal discretization is a second-
order implicit scheme. A constant time step is chosen keeping the
convective Courant number is kept below 0.5 on the free surface. For
each time step, eight inner iterations are used to ensure convergence
of the non-linear equations.

2.3. Computational domain and wave generation

The shape of the CFD domain is a rectangular box. The top of the
domain is set to a pressure boundary in order to allow the air flow to
evolve freely. With a pressure outlet, a Dirichlet boundary condition is
used to fix the pressure to zero gauge pressure. Furthermore, Neumann
boundary conditions are used to prescribe a zero normal gradient
for the velocity, and volume fraction. The five sides of the domain
are velocity inlets, where Dirichlet boundary conditions are used to
prescribe the velocity, and volume fraction on the inlet to be the same
as the incident wave. When all vertical sides are velocity inlets with
no pressure outlets, the heading of the ship can be allowed to change
during a run in future manoeuvring simulations.

The computational domain is divided into two parts, namely the
forcing zone (or relaxation zone) and the solution zone. The inner
volume, where no forcing is applied, is denoted the solution zone. See
Fig. 4 for an illustration. The forcing zone at the outer layer of the
computational domain is used to generate the incident regular waves.
A smooth-transition function in the form of cos2 is applied within the
forcing zone, so that the flow solution is enforced to be the same as
the prescribed incident waves at the outer boundaries (the 4 vertical
boundaries), while the forcing becomes zero at the end of the forcing
zone, i.e. close to the boundary of the solution zone. The forcing zone
also acts as wave absorbing zone due to the relaxation of the solution
towards the targeted incident wave solution at the outer boundaries. In
this paper, the Stokes fifth-order waves are used as input waves, which
are available from the built-in wave module in STAR-CCM+. The steep-
ness of the incident wave is 1∕60 corresponding to the wave steepness
in the experimental study of Sadat-Hosseini et al. (2015), which was
used in the validation study by Mikkelsen et al. (2021). The width of
the forcing zone is equal to two times the wavelength of the incident
wave. The influence of the forcing zone width has been studied in
detail (not shown). It is found that a forcing zone width of two incident
wavelengths is a good compromise between numerical diffusion, wave
reflection and computational cost. A forcing zone width of only one
incident wavelength caused significant reflection (not shown). The size
of the solution zone is 3𝐿𝑝𝑝 × 3𝐿𝑝𝑝. This size is found large enough not
to influence the added resistance, seakeeping responses and wake field.

2.4. Mesh

The mesh consists of a background region and an overset region.
The size of the overset region is determined, so there is always mini-
mum 5 cells from the surface of the ship to the overset boundary. This
is recommended by Siemens (2020), in order to ensure that the overset
solver accurately can exchange information between the background
region and the overset region. An example of the overset region for
the stern quartering sea waves case can be seen in Fig. 5. The volume
mesh consists of hexahedrons in an unstructured grid. The mesh is
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Fig. 4. Wave elevation for bow quartering sea waves and 𝜆∕𝐿𝑝𝑝 = 1.

Fig. 5. Mesh on the free surface seen from the top for stern quartering sea waves.
The overset boundary is shown in red. Volumetric refinement is seen to resolve the
generated Kelvin waves.

generated using the trimmer-mesh function in STAR-CCM+ and is
aligned with the wave direction. The boundary layer mesh, also called
the prism layer mesh, is used on the hull surface in order to ensure
accurate estimation of the wall shear stress within the wall function
approximation. A sensitivity study of using wall-function compared to
resolving the boundary layer is presented in Section 3.1.3. Three prism
layers are used on the ship hull. Each prism layer is 50% thicker than
the previous layer, giving an expansion ratio of 1.5. The quality of the
prism layers are inspected to ensure high quality and good transition
from the outer prism layer to the core mesh. The wall 𝑦+-values on
the hull are mostly in the range of 30–100. The mesh is refined in
the important zones including the free surface in order to resolve the
incident wave and the generated Kelvin wave. Furthermore, the mesh
is refined near the ship. The mesh near the aft can be seen in Fig. 6.
The built-in overset adaptive mesh refinement module in STAR-CCM+
is used to ensure equal cell sizes in the overlapping region between the
background and overset meshes. The mesh including the ship is moving
with constant horizontal speed.

2.5. Motions

The ship is free in 𝑧-translation (heave), 𝑦-rotation (pitch), and 𝑥-
rotation (roll), and fixed in 𝑥-translation (surge), 𝑦-translation (sway),
and 𝑧-rotation (yaw). In the CFD model, the heave, pitch, and roll
motions of the vessel are solved using the Dynamic Fluid Body Inter-
action (DFBI) Multi Body solver in STAR-CCM+ cf. (Siemens, 2020)
and is applied as a rigid translation and rotation of the overset region.
The DFBI Multi Body solver is chosen for its stability and accuracy.
4

Fig. 6. Mesh near aft of the ship.

Sway is constrained accurately by the motion solver in STAR-CCM+.
However, the DFBI solver in STAR-CCM+ version 2020.1 is found to
produce an unacceptable drift in the constrained yaw. Besides the drift,
constraining the yaw motion by the built-in motion module in STAR-
CCM+ makes the roll response non-physical. Therefore, the yaw and
surge motions are constrained using implementations by the authors.
The surge is constrained by applying a concentrated 𝑥-force each time
step in the centre of mass equal to the integrated resistance with
opposite sign. With this implementation, the speed of the ship never
deviates more than 0.1% from the target ship speed. The yaw motion
is constrained by applying a concentrated 𝑧-moment and a torsional
spring around the 𝑧-axis of the ship in the centre of mass. The magni-
tude of the applied concentrated 𝑧-moment is equal to the integrated
𝑧-moment of the ship with opposite sign. For the considered KCS ship in
model scale, the torsional spring constant is set to 20 kNm∕deg in order
to ensure a small yaw angle and a natural yaw frequency far from the
natural frequencies of the motions and incident waves. The magnitude
of the concentrated 𝑧-moment is approximately 50 times larger than
the 𝑧-moment from the torsional spring. With this implementation,
the simulated yaw angle never exceeds 0.01 deg and it is found not to
influence the other motions.

2.6. Grid convergence index

For the verification study of the CFD model, the discretization error
is estimated using the Grid Convergence Index (GCI) method (Celik
et al., 2008) which is based on Richardson extrapolation, cf. Richard-
son (1910), Richardson and Gaunt (1927). The apparent order (𝑝) is
calculated by:

𝑝 = 1
ln(𝑟21)

|

|

|

|

ln
|

|

|

|

𝜖32
𝜖21

|

|

|

|

+ 𝑞(𝑝)
|

|

|

|

(8)

𝑞(𝑝) =

(

𝑟𝑝21 − 𝑠

𝑟𝑝32 − 𝑠

)

(9)

𝑠 = sgn
(

𝜖32∕𝜖21
)

(10)

where 𝑟21 and 𝑟32 denote the refinement ratios, 𝜖32 = 𝜙3 − 𝜙2, 𝜖21 =
𝜙2 − 𝜙1, 𝑠 is a sign indicator, and 𝜙𝑘 denotes the solution on the 𝑘th
mesh. 𝑞(𝑝) = 0 for 𝑟21 = 𝑟32. The extrapolated asymptotic value is
calculated as:

𝜙21
𝑒𝑥𝑡 =

𝑟𝑝21𝜙1 − 𝜙2

𝑟𝑝21 − 1
(11)

Different error estimates can now be calculated. The approximate
relative error is:

𝑒21𝑎 =
|

|

|

|

𝜙1 − 𝜙2
𝜙1

|

|

|

|

(12)

𝑒31𝑎 =
|

|

|

|

𝜙1 − 𝜙3
𝜙1

|

|

|

|

(13)

The extrapolated relative error is:

𝑒21𝑒𝑥𝑡 =
|

|

|

|

𝜙12
𝑒𝑥𝑡 − 𝜙1

12

|

|

|

|

(14)

|

𝜙𝑒𝑥𝑡 |
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The GCI for the fine and medium mesh is calculated as follows using
the safety factor of 1.25 recommended by Roache (1998):

𝐺𝐶𝐼21𝐹 𝑖𝑛𝑒 =
1.25𝑒21𝑎
𝑟𝑝21 − 1

(15)

Eq. (15) is extended to the GCI for the medium and coarse mesh:

𝐺𝐶𝐼21𝑀𝑒𝑑𝑖𝑢𝑚 =
1.25𝑒21𝑎 𝑟𝑝21
𝑟𝑝21 − 1

(16)

𝐺𝐶𝐼31𝐶𝑜𝑎𝑟𝑠𝑒 =
1.25𝑒31𝑎 𝑟𝑝31
𝑟𝑝31 − 1

(17)

The GCI values are used as an estimate of discretization errors,
since they are a measure of the relative discrepancy between the
computed value and the asymptotic numerical value. Please note that
this method does not identify the exact discretization error, but just an
estimate (Roache, 1998).

2.7. Post-processing

The nominal wake fraction presented in this study is the nominal
Taylor wake fraction (Carlton, 2012). In order to avoid confusion
between the spatially and temporally averaged nominal wake fraction,
the spatially averaged wake faction which is calculated using an area
weighted averaged on the propeller disc will be described as the
nominal wake fraction in this paper. The temporally averaged nominal
wave fraction will be described as mean nominal wake fraction. The
nominal wake fraction (𝑤𝑇 ) on the propeller disc is defined as (Carlton,
2012):

𝑤𝑇 =
∫ 𝑅
𝑟ℎ

𝑟 ∫ 2𝜋
0 (1 − 𝑢𝑎(𝜙,𝑟)

𝑈𝑠
) d𝜙 d𝑟

𝜋
(

𝑅2 − 𝑟2ℎ
) (18)

where 𝑈𝑠 is the ship speed, 𝑢𝑎(𝜙, 𝑟) is the axial velocity, 𝑅 is the
propeller radius, and 𝑟ℎ is the hub radius.

The mean nominal wake fraction over one encounter period is
computed as:

𝑤𝑇 = 1
𝑇𝑒 ∫

𝑇𝑒

0
𝑤𝑇 d𝑡 (19)

The results presented in Section 3.2 are in an earth-fixed coordinate
system since the experimental nominal wake field used in the validation
are presented in an earth-fixed coordinate system. However, results
in Sections 3.1 and 3.3 are presented in a propeller-fixed coordinate
system, since this is the flow the propeller will encounter. Both coor-
dinate systems are defined in the CFD simulations and the results are
extracted directly in these coordinate systems. The difference between
these two coordinate systems is that propeller-fixed coordinate system
is influenced by the roll, pitch and heave motions.

In Section 3.3, the calm water velocity field is subtracted from the
velocity field in waves. This subtraction is conducted in MATLAB. In
order to export the nominal wake fields to MATLAB, the nominal wake
field data in the propeller disc is exported on a polar 30 × 30 grid.
However only 780 out of the 900 points are used since the remaining
points are inside the hub. The 780 points in which the data is exported
can be seen in Fig. 7.

In order to relate the wake fields to the operation and performance
of the propeller, the advance angle (𝛽) can be calculated in each
location on the propeller disc. The advance angle (𝛽) as function of
angular position (𝜙) and time along the circle 𝑟∕𝑅 = 0.7 on the propeller
disc is defined as (Carlton, 2012):

𝛽(𝜙, 𝑡) = tan−1
( 𝑢𝑎
0.7𝐷𝜋 𝑛

)

(20)

where 𝑛 is the propeller rotational speed in [1∕s] which is set to
16.34 1∕s in the present model scale (FORCE, 2013).
5

Fig. 7. Purple dots are data extraction points located in propeller disc seen from aft.
The black lines shows the mesh in the propeller plane.

Fig. 8. Comparison of the nominal wave field in calm water. Left: EFD by Wu et al.
(2020). Right: Present CFD.

Fig. 9. Comparison of the nominal wake field in head sea waves in an earth fixed
coordinate system. 𝜆∕𝐿𝑃𝑃 = 1.15 at 𝑡∕𝑇𝑒 = .425. Left: EFD by Wu et al. (2020). Right:
Present CFD.

By including the effect of the tangential velocity component (𝑢𝑡), a
modified angle (𝛽𝑡) as function of angular position and time along the
circle 𝑟∕𝑅 = 0.7 on the propeller disc for a right handed propeller is
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Fig. 10. Comparison of the nominal wave field in head sea waves in an earth fixed coordinate system for four different times. 𝜆∕𝐿𝑃𝑃 = 1.15. Left: EFD by Wu et al. (2020). Right:
Present CFD. The CFD results have been shifted vertically so the location of the hull is the same in CFD and EFD. (a) 𝑡∕𝑇𝑒 = .175; (b) 𝑡∕𝑇𝑒 = .425; (c) 𝑡∕𝑇𝑒 = .675; (d) 𝑡∕𝑇𝑒 = .925.
Black circle is propeller radius.
Fig. 11. Mean nominal wake fraction (𝑤𝑇 ) relative to mean nominal wake fraction in
calm water (𝑤𝑇 ,𝑐𝑤) as function of wave heading. Here 𝑤𝑇 ,𝑐𝑤 = 0.274.

defined as:

𝛽𝑡(𝜙, 𝑡) = tan−1
(

𝑢𝑎
0.7𝜋 𝑛𝐷 − 𝑢𝑡

)

(21)

The difference between 𝛽 and 𝛽𝑡 is lower than 2 degrees for the studied
cases.

As shown by Regener et al. (2018), the nominal and effective wake
fields are quite similar. Normally, the effective wake field has a slightly
larger axial velocity than the nominal wake field due to hull–propeller
interaction. Since the specific propeller including pitch distribution is
not know, conclusion will only be made on the difference in modified
advance angle and not absolute values.
6

3. Results

The results are presented in three sections. Firstly, the CFD results
are verified by conducting mesh and time step convergence studies fol-
lowed by a sensitivity study of resolving the boundary layer and choice
of turbulence model. Secondly, the present CFD setup is validated by
comparing the results with experimental results from the literature in
calm water (Gaggero et al., 2017) and in head waves (Wu et al., 2020).
Lastly, the CFD results of the nominal wake fields in oblique waves are
studied.

3.1. Verification

In the verification study, the spatial and temporal discretization
errors of the mean nominal wake fraction defined in Eq. (19) and first-
harmonic amplitude of the nominal wake fraction is estimated based
on the GCI method presented in Section 2.6. The verification studies
are conducted in bow quartering sea waves. This is considered one of
the most challenging test cases for the CFD solver. This test case has
very large motions and added resistance partly due to the fact that the
encounter frequency is close to the natural pitch and heave frequency
as seen in Fig. 2.

3.1.1. Mesh convergence study
In order to estimate the spatial discretization errors, simulations are

conducted using three meshes and a constant time step corresponding
to 750 time steps per incident wave period. With this time step size,
the Courant number on the free surface for all meshes is well below the
value of 0.5 as suggested by Siemens (2020). The refinement ratios are
estimated by the cubic root of the total cell count for each mesh. The
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Fig. 12. Time-averaged nominal wake fields for calm water and five wave headings. The arrows are the in-plane velocities. 𝑢 is the time averaged velocity, 𝑢𝑎 is the time averaged
axial velocity, and 𝑈𝑆 is the ship speed. (a) Calm water; (b) Head sea waves; (c) Bow quartering sea waves; (d) Beam sea waves; (e) Stern quartering sea waves; (f) Following
sea waves.
meshes are varied by changing the mesh base size, which affects the cell
size everywhere in the mesh besides the prism layer mesh. The aspect
ratio between the horizontal and vertical grid spacing in the free surface
refinement zone for all meshes is constant and equal to eight. The
results of the mesh convergence study are seen in Table 2. Both Mesh 1
and Mesh 2 show acceptable spatial discretization errors. Mesh 2 has
68 cells per wavelength and 9 cells per wave height in the free surface
refinement zone. This is slightly fewer cells than what is recommended
7

by Siemens (2020). However, Mesh 1 has 90 cells per wavelength and

12 cells per wave height and the influence on the results is less than

1%, as seen in Table 2. Mesh 1 has approximately double as many cells

as Mesh 2. Because of this, it is decided to use Mesh 2 settings for all

further simulations, since it is considered the best compromise between

spatial discretization errors and computational cost.
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Fig. 13. Difference in time-averaged nominal wake fields in waves relative to calm water. Positive value means that the time-averaged axial velocity in this area is larger than
in calm water. Arrows show the difference in the in-plane velocities relative to calm water. 𝑢 is the time averaged velocity, 𝑢𝑎 is the time averaged axial velocity, 𝑢𝑎,𝑐𝑤 is the
time averaged axial velocity in calm water and 𝑈𝑆 is the ship speed. (a) Head sea waves; (b) Bow quartering sea waves; (c) Beam sea waves; (d) Stern quartering sea waves; (e)
Following sea waves.
3.1.2. Time step convergence study
The temporal discretization errors are estimated based on three

simulations with varying time step sizes using the settings from Mesh 2
from the previous subsection. It is decided to non-dimensionalize the
time step with the incident wave period and not the encounter period,
since the incident wave period is independent of wave heading. The
encounter period for head sea waves is only 13% smaller than for
8

the bow quartering sea waves. This is considered small enough not to
influence the sensitivity of the time step. The encounter periods for the
beam, stern quartering, and following sea waves cases are larger than
for the bow quartering sea waves case resulting in more time steps per
encounter period, when using the same time step. Furthermore, the test
case in the verification study has an encounter frequency, which is close
to the natural heave and pitch frequency. This causes complex flow
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(

Table 2
Grid convergence index (GCI) values for the estimated spatial discretization error for the
mean wake fraction

(

𝑤𝑇
)

and first-harmonic amplitude of the nominal wake fraction
𝑤𝑇 ). The simulation time is based on 80 cores using Intel Xeon Gold 6242R CPUs.

Number of cells Simulation time GCI GCI
𝑤𝑇 Amp. of 𝑤𝑇

Mesh 1 15.6 × 106 163 h 1.1% 0.1%
Mesh 2 7.8 × 106 67 h 2.1% 1.0%
Mesh 3 3.1 × 106 40 h 1.6% 11.2%

Fig. 14. Nominal wake fraction (𝑤𝑇 ) over one encounter period 𝑇𝑒 for different
headings.

Table 3
Grid convergence index (CGI) values for the estimated temporal discretization error
for the mean wake fraction (𝑤𝑇 ) and first-harmonic amplitude of the nominal wake
fraction (𝑤𝑇 ). The simulation time is based on 80 cores using Intel Xeon Gold 6242R
CPUs.

Time steps per wave period Simulation time GCI GCI
𝑤𝑇 Amp. of 𝑤𝑇

1000 98 h 0.1% 0.8%
750 67 h 0.1% 1.3%
500 48 h 0.2% 9.2%

phenomena and strong variation in time. The sensitivity of the time step
is considered higher at this resonance test case than a non-resonance
test case. The results of the time step convergence study are shown
in Table 3. Three different temporal discretizations are considered,
including 500, 750 and 1000 time steps per incident wave period. The
reason why the estimated temporal discretization errors for 𝑤𝑇 are
very small is because the variation in 𝑤𝑇 for the three simulations is
less than 0.1%. The temporal discretization errors for both 750 and
1000 time steps per incident wave period are acceptable. For all further
simulations, 750 time steps per incident wave period will be used, since
the computational cost is lower than using 1000 time steps per incident
wave period.

3.1.3. Influence of resolving the boundary layer
A comparison of simulations using wall functions and resolved

boundary layer are conducted in order to study the influence of resolv-
ing the boundary layer. The simulation using wall functions has three
prism layers resulting in 30 < 𝑦+ < 100 on the hull. The simulation
where the boundary layer is resolved has 14 prism layers resulting
in 𝑦+ < 1 on the hull. The difference in the mean nominal wake
fraction between the simulations is less than 1.2% (not shown). Since
resolving the boundary layer requires an approximately 30% increase
in computational cost, without notably improving the accuracy, all
simulations will be conducted using wall functions.

3.1.4. Influence of turbulence model
A sensitivity study of the choice of turbulence model is conducted.

A comparison of the two simulations using realizable 𝑘-𝜖 and 𝑘-𝜔
9

SST (Menter, 1993) turbulence models show a difference in mean
Table 4
Comparison of nominal wave fraction coefficient in calm water.

𝑤𝑇

EFD by Gaggero et al. (2017) 0.281
Present CFD 0.274
Discrepancy −2.5%

nominal wake fraction of less than 2.1% (not shown). This differ-
ence shows that the sensitivity of the choice of turbulence model is
limited. All future simulations will be conducted using the realizable
𝑘-𝜖 turbulence model, since this is the model used in the previous
validations Mikkelsen and Walther (2020) and Mikkelsen et al. (2021).

3.2. Validation

In this section the CFD setup will be validated for predicting the
nominal wake field in calm water followed by a validation in regular
head sea waves. The experimental results are from previously published
papers by Wu et al. (2020), Gaggero et al. (2017).

3.2.1. Calm water
A comparison of the nominal wave field in calm water predicted by

Experimental Fluid Dynamics (EFD) by Wu et al. (2020) and the present
CFD model can be seen in Fig. 8. The agreement between EFD and CFD
is good and similar to the agreement by the EFD and CFD by Wu et al.
(2020) (not shown). However, there is a small difference in the vertical
position of the propeller, which is also seen in the comparisons between
EFD and CFD by Wu et al. (2020) (not shown). This is likely due to a
small difference in the obtained steady sinkage and trim of the ship. The
EFD data contains a larger white area. This white area is reported by the
authors to be related to laser reflection issues. The missing data in this
area makes it impossible to calculate a nominal wake fraction for the
EFD data by Wu et al. (2020). However, experiments by Gaggero et al.
(2017) for the same ship includes nominal wake fraction and data for
the full propeller disc. The comparison of the nominal wake fraction is
seen in Table 4. The wake fraction coefficient predicted by the present
CFD is only 2.5% smaller than in EFD, which is considered acceptable.

3.2.2. Head sea waves
Since no experimental data of the nominal wake field in oblique

waves is available in the literature, validation of the nominal wake field
can only be conducted in head sea waves. The EFD data is from the
experiments by Wu et al. (2020). A comparison of the nominal wave
field in head sea waves for the 𝜆∕𝐿𝑃𝑃 = 1.15 wave at 𝑡∕𝑇𝑒 = .425 can
be seen in Fig. 9. When 𝑡∕𝑇𝑒 = 0.0 the incident wave crest is at the FP.

This comparison is presented in an earth fixed coordinate system,
since this is how the EFD results are provided. It is seen that the pro-
peller and hull in the CFD results is located higher than in the EFD. This
offset of phase-lag is discussed by Wu et al. (2020), when they compare
they CFD and EFD. They trace the offset back to the uncertainty of
the experiments due to challenges measuring the distance between the
wave probe and the ship. Furthermore, they documented that the wave
amplitude and phase varied slightly during a run. To correct for this,
the present CFD results in the comparison in Fig. 10 will be moved
vertically so the ship and propeller location match the location in the
experiments. The comparison of the wake fields at four different times
illustrated in Fig. 10 shows very good agreement, both for the axial and
in-plane velocities.

The CFD setup is now verified and validated for accurately predict-
ing the nominal wake field in head sea waves. Furthermore, the same
CFD setup for the same ship model has been verified and validated for
predicting the added resistance and motion responses in oblique waves
by Mikkelsen et al. (2021). Therefore, it is considered reasonable to use

the CFD setup to study the nominal wake field in oblique waves.
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Fig. 15. Animations of the transient wake fields in different wave headings over one encounter period. The arrows are the in-plane velocities. The start time of each animation
is after each simulation reaches a periodic solution. The animations can found by using the following link: (see Appendix A). (a) Head sea waves; (b) Bow quartering sea waves;
(c) Beam sea waves; (d) Stern quartering sea waves; (e) Following sea waves.
3.3. Influence of wave heading

All results in this section are presented in a propeller fixed coordi-
nate system, since this is the velocity field the propeller will experience.

3.3.1. Mean nominal wake fraction
The mean nominal wake fraction are calculated using Eq. (19) over

four encounter periods to get an accurate mean nominal wake fraction.
These mean nominal wake fractions for each wave headings are shown
in Fig. 11. The only case with a mean nominal wake fraction lower
than in calm water is the head sea waves case. Therefore, the mean
axial velocity in the propeller disc will be higher in head sea waves
than in calm water. The mean nominal wake fraction in bow quartering
10
sea waves is very similar to the mean nominal wake fraction in calm
water. The maximum mean nominal wake fraction for the studied cases
is found in stern quartering sea waves, which 16% higher than in
calm water. The mean nominal wake fraction in following sea waves
is 13% higher than in calm water. The experimental study in head
and following sea waves by Saettone et al. (2021) found that effective
wake fraction in head waves is lower than in calm water and that
the effective wake fraction in following sea waves is larger in calm
water. Furthermore, Sanada et al. (2018), Kim et al. (2021a) find that
the highest effective wake fraction for the studied case is in stern
quartering sea waves. This all agrees well with the present results for
the nominal wake fraction. As seen in Fig. 2, the encounter frequency
of stern quartering case is close to the natural roll frequency leading
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Fig. 16. Animations of the transient nominal wake fields in waves relative to calm water. Positive value means that the axial velocity in this area is larger than in calm water.
Arrows show the difference in the in-plane velocities relative to calm water. 𝑢 is the velocity, 𝑢𝑎 is the axial velocity, 𝑢𝑎,𝑐𝑤 is the axial velocity in calm water and 𝑈𝑆 is the ship
speed. The start time of each animation is after each simulation reaches a periodic solution. The animations can found by using the following link: (see Appendix A). (a) Head
sea waves; (b) Bow quartering sea waves; (c) Beam sea waves; (d) Stern quartering sea waves; (e) Following sea waves.
to significant roll motions. In order to study if the high nominal wake
fraction in the stern quartering sea waves is mainly caused by large roll
motions, one simulation where roll is fixed and one simulation where
all motions are fixed in stern quartering sea waves are conducted. The
mean nominal wake fractions for both of these simulations are 0.3106,
which is only 1.9% lower than for simulation which is free to heave,
pitch and roll. Furthermore, the mean nominal wake fraction without
motions is still larger than the nominal wake fraction for any of the
other studied headings. Therefore, it can be concluded that the primary
reason why the mean nominal wake fraction is largest at the stern
quartering is not the due to large motions responses. However, the
dynamic part of the nominal wake field is dominated by the incident
and diffracted wave effect including the bilge vortex and shadow from
the skeg.

3.3.2. Nominal wake field distribution
To get an insight into the nominal wake field distribution, the time-

averaged nominal wake field distributions for the different headings
11
are calculated. These are shown in Fig. 12. The time-averaged nominal
wake field distributions for the different headings are only slightly
different. In order to compare the difference between them in more
details, the calm water nominal wake field is subtracted from each
of the time-averaged nominal wake field distributions in waves. The
results of this subtraction are shown in Fig. 13. After the subtraction, it
is easier to see the difference between different headings. Furthermore,
it can be seen which areas of the propeller disc have a higher or lower
average velocity. There is a general tendency of higher average axial
velocities on the two sides of the propeller hub. However, above and
especially below the propeller hub, lower average axial velocities are
observed in general. This is also the case when the roll, pitch and heave
motions are fixed. The only heading with a highly asymmetry time-
averaged wake field distribution is the stern quartering sea waves seen
in Fig. 13(d). The asymmetry in the time-averaged nominal wake field
distribution for the stern quartering sea waves case is a result of the
asymmetry in the shadow from the skeg and difference in strength of
the port side and starboard side bilge vortex.
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Fig. 17. Distribution of mean and RMS of the components of non-dimensional velocity field for stern quartering sea waves. (a) Non-dimensional axial velocity; (b) RMS of non-
dimensional axial velocity; (c) Non-dimensional radial velocity; (e) RMS of non-dimensional radial velocity; (e) Non-dimensional tangential velocity; (f) RMS of non-dimensional
tangential velocity.
3.3.3. Temporal variation of the nominal wake fraction
The nominal wake fraction can be calculated at each time step using

Eq. (18). The nominal wake fraction over one encounter period for the
five different headings are compared in Fig. 14. When 𝑡∕𝑇𝑒 = 0.0 the
incident wave crest is at the forward perpendicular. A phase shift due
to the heading is observed. The phase shift between the head sea waves
and following sea is approximately 0.5 𝑇𝑒. This is expected since in head
sea waves at 𝑡∕𝑇𝑒 = 0.0 the incident wave crest is travelling from the
forward perpendicular toward midship and in following sea the wave
crest is travelling from the forward perpendicular and away in front
of the ship. The nominal wake fraction fluctuates significantly over
time. The fluctuations in nominal wake fraction over one encounter
period is between 0.04–0.11 corresponding to 13–39% of the mean
nominal wake fraction. The largest fluctuations of 39% of the mean
nominal wake fraction are seen in head sea waves, where the large
pitch motions contributes significantly to the variation in axial velocity.
In bow quartering and stern quartering the fluctuations are 32% of the
mean nominal wake fraction.
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3.3.4. Transient wake fields
Animations of the transient nominal wake fields for the five dif-

ferent headings are presented in Fig. 15. Furthermore, animations of
the transient nominal wake fields in waves relative to calm water can
be seen in Fig. 16. It is seen that the nominal wake field is strongly
transient compared to the almost steady-state wake field in calm water
shown in Fig. 8. The variations over time are significant for both the
axial velocity and in-plane velocities. The variations are partly due to
the ship motions, diffracted incident waves and shadow behind the
skeg. Furthermore, it can be seen the bilge vortex is oscillating from
side to side. The animation seen in Fig. 15(d) shows that the port
side bilge vortex is stronger than the starboard side bilge vortex. This
makes the mean nominal wake field distribution asymmetric as seen in
Fig. 13(d).

3.3.5. RMS of velocity components
As seen in Fig. 15, the wake fields become transient in waves. In

order to quantify the local variations in time, the Root-Mean-Square
(RMS) and mean of each of the velocity components are calculated over
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Fig. 18. Modified advance angle (𝛽𝑡) at 𝑟∕𝑅 = 0.7 on the propeller disc over one encounter period. An angular position of 0∕360 degrees correspond to a 12 o’clock position and
90 degrees correspond to a 3 o’clock position. Top: Calm water. Bottom left: Port stern quartering sea waves. Bottom right: Starboard stern quartering sea waves.
Table 5
Minimum and maximum 𝛽𝑡 in the 𝑟∕𝑅 = 0.7 circle on the propeller disc.

Min 𝛽𝑡 Max 𝛽𝑡 Difference in 𝛽𝑡
Calm water 8.4◦ 18.5◦ 10.1◦

Port stern quartering sea waves 6.5◦ 20.1◦ 13.6◦

Starboard stern quartering sea waves 6.4◦ 19.3◦ 12.9◦

one encounter period. The results for the stern quartering sea waves
case is shown in Fig. 17. It is seen that the RMS values of the both the
axial and tangential velocities are up to 15% of the ship speed below the
propeller hub. This is an indication that the propeller will experience
a variation in angle of attack in this region over an encounter period.
The RMS of the radial velocities are small. The RMS values are largest
in the region where the bilge vortex is present. The movement of the
bilge vortex over time for the stern quartering sea waves case is seen
in Fig. 15(d).

3.3.6. Modified advance angle
Even though the RMS and mean values of the velocity components

provide an insight into the transient nominal wake field, it is chal-
lenging to relate these results to the operation and performance of the
propeller. Therefore, the modified advance angle (𝛽𝑡) for a right handed
propeller, which is defined in Eq. (21), is considered next.

Fig. 18 shows 𝛽𝑡 for calm water and port and starboard stern
quartering sea waves in the circle corresponding to 𝑟∕𝑅 = 0.7 on the
13
propeller disc as function of time. A constant 𝑦-value on the plots is
𝛽𝑡 in a given position over one encounter period. Please note that
the propeller blade passing frequency is much higher than encounter
frequency. Therefore, it is more relevant to follow a constant 𝑥-value,
since it shows the 𝛽𝑡 the propeller section will experience over the full
𝑟∕𝑅 = 0.7 circle at a specific time. As expected, the calm water results
does not vary over time. The reason for the asymmetry of 𝛽𝑡 around
an angular position of 180 degrees is because the tangential velocity
component included in 𝛽𝑡 is asymmetric. This is illustrated in Fig. 17(e),
which shows the mean tangential velocities for the port stern quartering
sea waves. For the starboard stern quartering sea waves, the tangential
velocities will have opposite sign. The smallest 𝛽𝑡 in calm water is found
at 360 degrees corresponding to the 12 o’clock position. This is expected
since this is the area with the lowest axial velocity as seen in Fig. 12(a).
This is traditionally the area with the highest likelihood for cavitation
due to lowest axial velocities and lowest hydrostatic pressure from the
water column. The difference between the minimum and maximum 𝛽𝑡
over the 𝑟∕𝑅 = 0.7 circle in calm water is 10.1 degrees as seen in
Table 5. The results for 𝛽𝑡 in stern quartering sea waves are varying
in time as seen in Fig. 18. The difference between the minimum and
maximum 𝛽𝑡 over the 𝑟∕𝑅 = 0.7 circle during the full encounter period
for the port stern quartering sea waves is 13.6◦, which is 3.5◦ more than
in calm water. In starboard stern quartering sea waves, the difference
in 𝛽𝑡 over the 𝑟∕𝑅 = 0.7 circle during the full encounter period is
12.9◦, which is 2.8◦ more than in calm water. The higher difference in
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Fig. 19. Non-dimensional pressure in the propeller disc through the 12/6 o’clock line
over one encounter period (𝑇𝑒). The pressure is non-dimensionalized with the water
density (𝜌) and ship speed (𝑈𝑠).

𝛽𝑡 comes from both a higher maximum and lower minimum 𝛽𝑡 in the
stern quartering sea waves compared to calm water. A lower 𝛽𝑡 will
cause higher angle of attack resulting in lower pressure on the suction
side of the propeller. In the stern quartering sea waves case, the water
column and pressure is lowest at 𝑡∕𝑇𝑒 = 0.5 for all locations on the line
through the 12/6 o’clock line in the propeller disc as seen in Fig. 19.
This pressure variation, which is primarily caused by the varying water
column above the propeller is important to consider, when assessing the
cavitation behaviour.

4. Conclusion

The nominal wake fields of the KCS ship in regular waves with five
different headings and a wavelength equal to the ship length have been
studied using URANS CFD. The CFD setup was verified showing an
estimated spatial and temporal discretization error of less than 2.5%.
A comparison of the nominal wake field in calm water and in head sea
waves showed very good agreement between the present CFD results
and experimental results from the literature. It was found that the
nominal wake fraction fluctuated up to 39% of the mean nominal wake
fraction when sailing in waves. All headings except for head sea, had
a mean nominal wake fraction higher than in calm water. The heading
with maximum mean nominal wake fraction was the stern quartering
sea, with a 16% higher mean nominal wake fraction than in calm
water. The motion responses did not show a significant influence on
the mean wake fraction. It was found that the transient bilge vortex
and shadow from the skeg have a significant influence on the nominal
wake field. Finally, it was found that the modified advance angle on
the 𝑟∕𝑅 = 0.7 circle in the propeller plane varies 3.5 degrees more
in port stern quartering sea than in calm water, increasing the risk of
cavitation.

The present study only considers a single wave length, ship speed,
wave steepness and ship geometry. Therefore all results and conclusions
are only valid for these. For future studies of the nominal wake field, it
is proposed to vary the speed, wave steepness, wave length, and con-
sider other ship geometries. It is expected that variations in these will
14
significantly influence the nominal wake fields. Furthermore, irregular
waves could be study. Finally, a next natural extension of the study, is
to include propeller either using a propeller model or include the fully
discretized propeller.
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