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This paper presents the verification and validation of the decomposition computational model presented
in the accompanying paper. The decomposition model is primarily targeted to simulating incompressible,
free surface flows in naval hydrodynamics related to wave-like phenomena. The model is implemented
in foam-extend-3.1, a community driven fork of the OpenFOAM CFD software. The first set of tests
considers regular wave propagation in a 2-D tank. Studies regarding Level Set parameters and reflection
are carried out. Mass conservation during a long simulation is also considered. The solution is compared
with non-linear potential flow solution obtained with stream-function wave theory for a range of wave
steepness parameters. Higher-order wave loads on a vertical circular cylinder are calculated and com-
pared to well-established non-linear potential flow results. Time refinement, mesh refinement and wave
frequency studies are carried out and presented.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

This paper presents the verification and validation of the com-
putational model presented in the accompanying paper. The model
is based on the Spectral Wave Explicit Navier–Stokes (SWENSE)
method (Ferrant et al., 2002; Ducrozet et al., 2014; Monroy et al.,
2010; Marcer et al., 2007) with implicit relaxation zones (Jasak
et al., 2015) in the far field to prevent wave reflection. The interface
is captured with an implicitly redistanced Level Set (LS) method
derived from the phase field (PF) equation (Sun and Beckermann,
2007, 2008). The solution algorithm is based on a combination of
SIMPLE (Patankar and Spalding, 1972) and PISO (Issa, 1986) algo-
rithms and is implemented in foam-extend-3.1, a community driven
fork of the OpenFOAM (Weller et al., 1998), which is an Open Source
Cþþ library for computational continuum mechanics.

A progressive increase in computer resources made Reynolds-
Averaged Navier–Stokes (RANS) models available for both scien-
tific and industrial use. RANS methods closely model the govern-
ing physics and often give detailed information on the flow field.
Nevertheless, all computational methods need to be tested against
well-established results prior to their general use.

Verification and validation of CFD-based methods in naval
vić), h.jasak@wikki.co.uk,
veritas.com (Š. Malenica).
hydrodynamics is still under-way. Larsson et al. (2013) provided an
excellent assessment of the various state-of-the-art Computational
Fluid Dynamics (CFD) codes for both steady-state and transient
calculations. Queutey and Visonneau (2007) used Volume of Fluid
(VOF) based Finite Volume (FV) solver on a Series 60 ship hull. They
have shown excellent agreement with experimental results illu-
strated by comparisons of free-surface elevations and velocity field.
However, they have reported noticeable differences in the solution
obtained with a grid of 3 million and 4 million computational
points. Jasak et al. (2014) developed a rapid steady-state resistance
solver based on the FV method in OpenFOAM. The solver has been
validated with Kriso Container Ship (KCS) and US Navy Combatant
DTMB 5415 where drag force coefficients and free-surface elevation
were compared to experimental data. Although the total drag force
was within 2% compared to experiments, mesh convergence for the
KCS case proved to be oscillatory within narrow band. Presented
examples illustrate the need for mesh refinement studies in CFD.

Transient calculations of wave loads are traditionally done in
the frequency domain (Malenica and Molin, 1995) assuming po-
tential flow. Potential flow methods provide an extremely fast
insight in the problem at hand, but have difficulty tackling phe-
nomena where the rotational and viscous effects are significant.
For above-mentioned reasons, wave modelling using the RANS
approach is gaining popularity.

Higuera et al. (2013a, 2013b) presented a RANS method based
on dynamic boundary conditions used for wave generation and
absorption. Domain is not decomposed in this approach, and the
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Table 1
Wave and simulation parameters of the benchmark case.

Wave height H, m 0.1
Wave period T, s 3
Wave frequency ω, rad/s 2.0944
Wave length λ, m 13.934
Wave number k, m 0.450924
Depth d, m 6
Relaxation zone length λr , m 22.5
Courant–Friedrichs–Lewy number CFL 0.125
LS Courant–Friedrichs–Lewy number ψCFL 0.25

Stabilisation constant γ 100 000
Smearing distance ϵ 0.004
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RANS solution is calculated in the whole domain. Similarly, Luppes
et al. (2012) use absorbing boundary conditions for wave model-
ling on Cartesian, block structured grids with cell cutting algo-
rithms to model both the solid bodies and the free surface. Other
authors focussed on decomposition models. Jacobsen et al. (2012)
introduced a domain decomposition through explicit relaxation
zones for one-way coupling between RANS solution and potential
flow wave theories. Using the same domain decomposition ap-
proach, Paulsen et al. (2014a, 2014b) presented a coupling with
non-linear potential flow solution that has been used to obtain
wave loads on vertical circular cylinders. Ferrant et al. (2002) in-
itially introduced the solution decomposition strategy for ex-
tremely efficient coupling with advanced potential flow wave
theories where the wave reflection is prevented with extremely
coarse computational grid in the far-field. A large portion of this
work shows a good agreement of RANS simulations with experi-
ments. Nevertheless, mesh refinement studies are scarce, while
the time resolution studies are usually not performed.

In this paper, verification and validation of the method described
in part 1 starts with two-dimensional (2-D) regular wave propaga-
tion. Influence of the diffusion parameter in the LS transport equa-
tion, b is assessed. Relaxation zone length is varied in order to de-
termine minimum length without significant wave reflection. Results
for a series of waves with different steepness are compared to non-
linear stream function wave theory (Rienecker and Fenton, 1981). A
long run has been executed to show that the mean water level rise
does not occur as indicated by Higuera et al. (2013a) for algorithms
which use dissipative zones. This also tested the conservation prop-
erties of the SWENSE decomposed, implicitly redistanced LS method.
A long domain (approximately 8 wave lengths) is used to assess
numerical diffusion effects on wave propagation. Three-dimensional
(3-D) test cases simulating regular wave loads on a surface-piercing
vertical cylinder are also presented. A time refinement study for a
representative case has been performed to assess the numerical error
related to time resolution. A mesh refinement study has been per-
formed to assess the error related to spatial resolution. Then, a series
of simulations with regular waves of varying wave numbers are
carried out. Higher-order in-line forces are compared to fully non-
linear potential flow solution by Ferrant et al. (1999). For all test
cases, non-uniform meshes with high aspect ratio cells are used to
achieve cell clustering towards the free surface and object of interest.
Fig. 1. Full view of the mesh.

Fig. 2. Zoomed view of the mesh in the middle of the domain, near the free surface.
2. Numerical wave tank

The first test case deals with 2-D wave propagation in a nu-
merical wave tank. Simulation parameters and geometry char-
acteristics are presented for a benchmark case. The benchmark
case results are compared with the non-linear potential flow
stream function wave theory (Rienecker and Fenton, 1981). Influ-
ence of the diffusion parameter in the LS transport equation, b is
assessed through LS Courant–Friedrichs–Lewy number, ψCFL and
stabilisation constant, γ. Next, a reflection study will be carried out
by changing the relaxation zone length, and is followed by a wave
steepness study. The variation of wave steepness is achieved by
varying the wave height while keeping the wave period constant.
A long simulation has been carried out in order to assess the
conservative properties of implicit relaxation zones and the LS
method. A simulation with longer domain is done to examine the
effects of numerical diffusion on the wave propagation.

2.1. Benchmark case

For the benchmark case, a wave with mild steepness,
≈ka 0.023 is simulated. Wave and simulation parameters are given

in Table 1.
The bounding box of the block-structured, hexahedral mesh is
∈ [ ]x 0, 60 and ∈ [ − ]y 6, 0.3 m. The mesh consists of three

longitudinal and three vertical blocks. The cells are heavily graded
towards the middle block which is 15 m λ( ≈ ) long (Fig. 1) and
0.2 m high ( ≈ )H2 (Fig. 2). In the middle block, there are ap-
proximately 15 cells per wave height and 100 cells per wave
length. This results in maximum cell aspect ratio of 22.2:1. The
resulting mesh may be considered relatively coarse considering
the number of cells per wave height and relatively fine considering
the number of cells per wave length in the middle block. Overall,
11 700 cells is considered coarse from a computational perspec-
tive, making the mesh suitable for various sensitivity studies.

Relaxation zones are positioned at inlet and outlet (far field)
boundaries. The length of relaxation zones is 22.5 m, or λ λ≈ 1.5r .
Hence, a full CFD solution is obtained in the middle of the domain,
spanning 15 m in the longitudinal direction. This is presented in
the top part of Fig. 3. This region represents only 25% of the do-
main. Nevertheless, the exponential character of the weight field
(Jacobsen et al., 2012):

( )
= −

− ( )
λ

w
e 1

e 1
, 1

d p

is favourable, because a part of the solution that is between 50 and
100% CFD is present in 86.5% of the domain (see the middle image
of Fig. 3). For example, if w¼0.5, the solution is a blend of 50% CFD
solution and 50% potential flow solution. If one uses advanced
potential flow wave theories, this solution is also valid. In this
example, 96.6% of the cells are in this region, so the cell count is
only slightly increased.

Wave gauges are positioned in the middle part where the full
CFD solution is achieved. The longitudinal coordinates are 25, 30
and 35 m for wave gauges 1, 2 and 3, respectively. The simulation
time is 30 s which corresponds to 10 periods. Time evolution of
the wave elevation at wave gauges is presented in Fig. 4. Only the
last (representative) period is shown for clarity. A good agreement
between CFD and stream function wave theory is presented. Peaks
and troughs remain within 0.6% of relative error defined as:



Fig. 3. Weight field. The top image presents the area where 100% of the CFD solution is present. The middle image presents the area where there is 50–100% of the CFD
solution. The bottom image presents the whole domain. The black line in the bottom image is a qualitative representation of weight function (Eq. (1)).
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where ηCFD denotes the wave elevation obtained with CFD and ηI
denotes incident wave elevation from stream function wave theory.
Apart from amplitudes, the CFD signal is slightly phase shifted so
that the incident wave field lags approximately 0.01 s with respect
to the CFD solution. This phase shift corresponds to the 0.3% of the
wave period. This phase shift error could be related to second-order
accurate convection schemes as indicated by Huang et al. (2007). It
is hard to draw clear conclusions from signals in the time domain:
we shall turn our attention to the Fourier series representation of
the signal by means of Fast Fourier Transform (FFT) (Press et al.,
2002). The simulation is initialised with the potential flow solution,
and last five periods are used for FFT in order to neglect any pos-
sible transient behaviour at the start of simulation.

Tables 2–4 present the first two harmonics in Fourier series for
the CFD solution and the stream function wave theory. Only two
harmonics are presented, as others can be neglected due to the
linear nature of this wave (Holthuijsen, 2007). Absolute value of
the harmonic is denoted with Hi, where index i stands for order.
Real and imaginary parts of the signal are also presented in order
to discuss the phase shift. Relative error is calculated with Eq. (2);
furthermore, normalised relative error is calculated as follows:

= ( )
( ) ( )

E E
H
H

,
3nr r

2

1

where ( )H1 is the order of magnitude of the first harmonic and
( )H2 is the order of magnitude of the second harmonic. This gives

an estimate of relative error's significance in the total solution.
A major part of the solution is represented by the first har-

monic. The second harmonic is smaller by two orders of magni-
tude: it represents at most 1% of the total solution. The first row of
Tables 2–4 shows that the relative error of the first harmonic is
always lower than ≈0.5%. Since this represents 99% of the solution,
the comparison between the CFD and the stream function solution
is considered good. The relative error for second harmonic is lower
than 3%. Comparison of orders of magnitude between first and
second harmonic indicates that this error is then lower than 0.03%
of the total solution. This is represented by the normalised relative
error. The phase shift problem is addressed by comparing real and
imaginary parts of harmonics. The normalised relative errors for
real and imaginary parts of the first harmonic are within 4% for all
wave gauges. Generally, errors for real and imaginary parts are
greater than errors for the absolute value of certain harmonic. This
is expected, since a slight phase shift is observed in Fig. 4. Relative
errors of real and imaginary parts of the second harmonic follow
the same trend.
2.2. Study of influence of the diffusion parameter b

We shall now examine the influence of the diffusion parameter,
b in the LS transport equation. As indicated in the accompanying
paper, b serves to maintain the signed distance function character
of the LS field and to smear possible singularities during the so-
lution process. The parameter depends on the specified LS Cour-
ant–Friedrichs–Lewy number, ψCFL and the stabilisation constant,
γ. The parameter is updated before the LS transport equation at
each time-step with following expression:

γ
=

−
( )

ψb
b CFL CFL

CFL
.

4

o c

d

bo is the value of parameter b from the previous iteration or time-
step. CFLc and CFLd are convective and diffusive CFL numbers, re-
spectively. γ is used to lower the diffusion coefficient in order to
prevent excessive diffusion.

2.2.1. Study of influence of the Level Set Courant–Friedrichs–Lewy
number ψCFL

Specified Level Set Courant–Friedrichs–Lewy number, ψCFL
determines the diffusion parameter as indicated by Eq. (4). The
number was varied from 0.25 to 1.5 with a step of 0.25. The results
are presented in Table 5 in terms of first order harmonics which
represent the major part of the solution. The relative error com-
pared to the stream function wave theory is also presented. The
measurements correspond to wave gauge 2 located in the middle
of the domain. Other wave gauges show similar behaviour as in-
dicated in the previous section. It can be seen that the solution is
insensitive to different ψCFL numbers. The relative error for H1

slowly increases with larger ψCFL numbers. Hence, ψCFL number
should be kept as low as possible, having in mind that the negative
diffusion parameter, b should not be allowed. A small phase shift
problem is still present for all simulations.

2.2.2. Study of influence of the stabilisation constant γ
Along with the ψCFL , the stabilisation constant, γ also de-

termines the diffusion parameter, b (see Eq. (4)). This constant
serves to lower the diffusion parameter in order to prevent ex-
cessive diffusion while still maintaining the signed distance
function. γ was varied from 1000 to 1 000 000. The results are
presented in Table 6 in the same way as before. Last four rows of
Table 6 indicate that the solution is insensitive to large variations
of stabilisation constant γ. The relative errors for the first row,
however, indicate that this parameter should be sufficiently large
in order to obtain accurate solution.

The diffusion parameter, b is inversely proportional to γ (Eq.
(4)). Hence, one would think that larger γ would decrease the



Fig. 4. Time evolution of wave elevation during the last period for 3 wave gauges.

Table 2
Fourier representation of wave elevation signals at wave gauge 1.

ith Harmonic CFD solution Stream function Relative er-
ror, %

Normalised rel.
error, %

H1 · −4.9744 10 2 · −4.9962 10 2 0.44 0.44

H2 · −5.9138 10 4 · −5.8369 10 4 1.32 0.01

R( )H1 · −1.4242 10 2 · −1.3685 10 2 4.07 4.07

I( )H1 · −4.7662 10 2 · −4.8052 10 2 0.81 0.81

R( )H2 − · −5.0331 10 4 − · −4.9623 10 4 1.42 0.01

I( )H2 · −3.1049 10 4 · −3.0734 10 4 1.02 0.01

Table 3
Fourier representation of wave elevation signals at wave gauge 2.

ith Harmonic CFD solution Stream function Relative er-
ror, %

Normalised rel.
error, %

H1 · −4.9695 10 2 · −4.9950 10 2 0.51 0.51

H2 · −5.6712 10 4 · −5.8299 10 4 2.72 0.03

R( )H1 · −2.7818 10 2 · −2.8595 10 2 2.72 2.72

I( )H1 − · −4.1179 10 2 − · −4.0955 10 2 0.55 0.55

R( )H2 − · −2.0164 10 4 − · −2.0098 10 4 0.33 0.00

I( )H2 − · −5.3007 10 4 − · −5.4726 10 4 3.14 0.03

Table 4
Fourier representation of wave elevation signals at wave gauge 3.

ith Harmonic CFD solution Stream function Relative er-
ror, %

Normalised rel.
error, %

H1 · −4.9881 10 2 · −4.9963 10 2 0.16 0.16

H2 · −5.7767 10 4 · −5.8388 10 4 1.06 0.01

R( )H1 − · −4.9657 10 2 − · −4.9825 10 2 0.34 0.34

I( )H1 · −4.7145 10 3 · −3.7095 10 3 27.09 2.71

R( )H2 · −5.6879 10 4 · −5.7743 10 4 1.50 0.02

I( )H2 − · −1.0090 10 4 − · −0.8653 10 4 16.61 0.17

Table 5
1st Harmonic for different ψCFL numbers at wave gauge 2.

ψCFL ·H 101
2 R( )·H 101

2 I( )·H 101
2 ( )E Hr 1 R( )Er I( )Er

0.25 4.9695 2.7818 �4.1179 0.51 2.72 0.55
0.5 4.9710 2.7839 �4.1183 0.48 2.64 0.56
0.75 4.9695 2.7819 �4.1178 0.51 2.71 0.55
1 4.9680 2.7806 �4.1169 0.54 2.75 0.52
1.25 4.9655 2.7784 �4.1154 0.59 2.84 0.49
1.5 4.9622 2.7751 �4.1137 0.66 2.95 0.44
Stream function 4.9950 2.8595 �4.0955 0 0 0
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smearing of the interface. However, this is not true, since other
source terms in the LS transport equation presented in the ac-
companying paper also depend on the diffusion parameter, b. This
is demonstrated in Fig. 5. The figure shows the interface resolution
in the middle part of the domain at the end of two simulations:
one with γ ¼ 10 000 and other with γ ¼ 1 000 000, where the
smearing of the interface is almost identical. Moreover, the inter-
face is smeared across two cells for both cases.

2.3. Reflection study

The reflection study has been carried out in order to determine



Table 6
1st Harmonic for different γ numbers at wave gauge 2.

γ ·H 101
2 R( )·H 101

2 I( )·H 101
2 ( )E Hr 1 R( )Er I( )Er

1000 4.8451 1.7185 �4.5301 3.00 39.90 10.61
10 000 4.9637 2.7765 �4.1145 0.63 2.90 0.46
100 000 4.9695 2.7818 �4.1179 0.51 2.72 0.55
1 000 000 4.9705 2.7761 �4.1229 0.49 2.92 0.67
Stream function 4.9950 2.8595 �4.0955 0 0 0

Fig. 5. Interface resolution at the end of simulation (t¼30 s) for different stabili-
sation constants, γ. The interface is almost identically smeared across two cells for
both cases. Only part of the domain is shown: ∈ [ ]x 29, 31 , ∈ [ − ]y 0.1, 0.1 .

Table 7
1st harmonic for different relaxation zone lengths, λr at wave gauge 2.

λr ·H 101
2 R( )·H 101

2 I( )·H 101
2 ( )E Hr 1 R( )Er I( )Er

0.5λ 4.7512 2.2031 �4.2096 4.88 22.96 2.78
0.75λ 4.9023 2.2565 �4.3521 1.86 21.09 6.27
1λ 4.9493 2.6044 �4.2087 1.21 8.92 2.76
1.25λ 4.9344 2.6598 �4.1562 0.91 6.98 1.48
1.5λ 4.9635 2.7582 �4.1266 0.63 3.54 0.76
Stream function 4.9950 2.8595 �4.0955 0 0 0

V. Vukčević et al. / Ocean Engineering 121 (2016) 76–8880
the length of relaxation zones needed to prevent wave reflection.
The relaxation zones are positioned at the inlet and outlet
boundaries as indicated in Fig. 3. In the relaxation zones, the
perturbation components are damped to zero, leaving a full po-
tential flow solution. The relaxation zone length, λr was varied
from λ0.5 to λ1.5 . Fig. 6 presents the evolution of wave elevation
over the last period for wave gauge 2 (middle of the domain).
Other wave gauges show similar behaviour.

The first harmonics are presented in Table 7. If one neglects
other uncertainties and numerical errors, the relative error of first
order harmonics is an estimate for the amplitude of the reflected
wave. The phase speed of the wave is approximately 4.64 m/s, so
the simulation time of 30 s is sufficient for a reflected wave to travel
through the domain more than two times. The relative error of the
magnitude of first order harmonics converges by increasing re-
laxation zone length. The relative error for the first order harmonic
rapidly decreases from approximately 5% with λ λ= 0.5r to less than
2% with λ λ= 0.75r . Relaxation zone lengths greater than λ1 give an
estimate for the reflected wave below 1%. At this point, it cannot be
clear if reflection occurs, because different numerical errors pre-
sented in previous studies persist. Apart from the magnitude, the
relative errors for real and imaginary parts are calculated in order to
address the phase shift related to wave reflection. Table 7 shows
27 27.5 28 28.5 29 29.5 30

t, s

-0.04

-0.02

0

0.02

0.04

0.06

η,
 m

Stream function
0.5 λ
0.75 λ
1 λ
1.25 λ
1.5 λ

Fig. 6. Wave elevation over the last period for wave gauge 2. Different lengths of
relaxation zones λr are used.
that the phase shift problem decreases with increasing length of
relaxation zone, since the real and imaginary parts of the first order
harmonic exhibit monotone convergence.

2.4. Long simulation stability assessment

Stability, mass conservation and accuracy of the presented algo-
rithm is assessed with a very long simulation time of the benchmark
case defined in Table 1. The simulation time was 150 s, correspond-
ing to 50 wave periods. For all wave gauges, the Fourier analysis over
last 45 periods gave results that are almost identical to ones pre-
sented in Tables 2–4. The difference is in the fourth significant digit
for both real and imaginary parts of first harmonics, that is ≈0.1%.

The total amount of water changes at every time-step since the
mesh length is not proportional to wave length. The ratio of the
volume occupied by water to total mesh volume can be defined as:

α
=

∑
∑ ( )

G
V

V
,

5
w

P P P

P P

where αP denotes the void fraction (VOF approach) of the cell P
and VP is the volume of the cell. ∑P denotes summation over all
cells in the mesh. αP is reconstructed using the LS field, ψ by hy-
perbolic tangent as indicated in the accompanying paper. Fig. 7a
presents the evolution of global water ratio for both stream
function wave theory and CFD solution. The signal exhibits har-
monic behaviour because the mesh length is not directly propor-
tional to wave length. The global water ratio for stream function
wave theory and present CFD solution is hardly distinguishable,
indicating good conservative properties of both the relaxation
zones and the LS method. However, we turn our attention to a
moving window Fourier series representation of the signal in or-
der to successfully capture the evolution of the global ratio
through successive periods. Fig. 7b and c presents mean, G0 and
first order harmonic, G1 for global water ratio, respectively,
throughout successive periods. It can be seen that the relative
error between present CFD model and stream function wave the-
ory is approximately 0.0002%. This demonstrates good mass con-
servation properties of the SWENSE decomposed, implicitly re-
distanced LS method. Fig. 7b indicates that the rise in mean water
level is at most 0.00001%, which is considered negligible.

In the LS method, the preservation of the signed distance
function is of crucial importance for both mass conservation and
correct interface reconstruction. This is demonstrated in Fig. 8. The
figure presents the LS field in the middle part of the domain
bounded by ∈ [ ]x 29, 30 and ∈ [ − ]y 0.4, 0.4 m. The interface lo-
cation is denoted by a white line. Ten black lines denote iso-con-
tours of the LS field equally spaced between �0.2 and 0.2. The
signed distance character of the LS field is very well preserved,
both near the interface and in the far field.

The duration of the simulation was 3 h and 25 min on an Intel
Core i7-4820K CPU at 3.70 GHz for 50 wave periods, or approxi-
mately 4 min per period.



Fig. 7. Global water ratio in the long simulation.

Fig. 8. Preservation of the signed distance function at the end of the long simu-
lation: last period, t¼150 s.
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2.5. Wave steepness study

Wave steepness can be represented by dimensionless number, ka
where k is the wave number in rad/s and a is the amplitude of the wave
inm. The non-linearity of wave increases with increasing steepness. The
wave length also changes according to the specified wave height and
period. This change is considered small compared to the change inwave
height. In this study, the wave height is gradually increased, while the
wave period, T is fixed to 3 s. The wave height is varied from 0.2 to
1.6 m, giving a steepness range from 0.045 to 0.325 according to the
stream function wave theory. For each case, the total cell count in the
mesh remained constant (11 700). However, blocks spacing is adjusted
with wave height such that there are always 15 cells per wave height
and 100 cells per wave length in the middle of the domain. This way,
the mesh is similar to the one used in previous studies.

Results for the wave steepness study are shown in Figs. 9 and 10.
The graphs present magnitude of Fourier harmonics for waves with
different steepness (see Table 8). Both the stream functionwave theory
and the present model capture higher order effects with increasing
steepness. The stream functionwave theory indicates significant mean
value for very steep waves. This could be related to coarseness of the
numerical mesh used for a stream function wave (64 grid point per
wave length). This effect is not present in the CFD simulation. Relative
errors of first and second order harmonics are presented in Fig. 11. The
relative error for first order harmonics gradually increases with
steepness. However, the relative error is always below 7%. The relative
error for second order harmonics oscillates within narrow band (less
than 3%) for waves up to ka¼0.25. For very steep waves, the error is
about 4%. Third order errors show the similar trend to first order ones.

In this approach, wave steepness is varied by changing the wave
height. This leads to very large velocities below the crest of the wave
for steepest waves. Large velocities in turn cause parasitic air velo-
cities because the interface jump conditions described in Huang et al.
(2007) or Queutey and Visonneau (2007) are not yet tested and will
be described in a subsequent publication. The implementation of
interface jump conditions will be the topic for future work because
this could explain larger relative errors for very steep waves.

2.6. Long domain simulation

A long domain simulation has been carried out in order to assess the
numerical diffusion related to wave propagation. The wave parameters
are same as in the original benchmark case presented in Table 1. But the
domain now spans from 0 to 120m in the longitudinal direction. The
relaxation zone length is left unaltered at 22.5m. Themiddle part of the
domain where 100% of CFD solution is present contains approximately



Fig. 9. Comparison of Fourier harmonics obtained with stream function wave theory and present CFD model for different waves (Table 8, waves 1–6).
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5.5 wave lengths. In this region, 100 cells per wave length and 15 cells
per wave height are used which is identical to the benchmark case
(Fig. 1). 6 wave gauges are used to measure wave elevation at different
multiples of λ: from λ2 to λ7 . The relative error for first order harmonic
is presented in Fig. 12 for different wave gauge positions given in
multiples of λ. The figure shows that the relative error decreases for
signals further away from the inlet. This decrease is quite small (≈0.3%)
while the relative error stays within ≈0.6%, demonstrating insensitivity
of the wave propagation to numerical dissipation.

3. Higher order forces on a vertical cylinder

Wave diffraction of a 3-D vertical circular cylinder in regular
waves is simulated and the higher order in-line forces are
calculated. Higher order forces are important in offshore applica-
tions because of the ringing phenomena (Ferrant et al., 1999;
Malenica and Molin, 1995) where the higher load frequency can be
close to the natural frequency of the structure.

Base case geometry and parameters are presented, followed by
time-step refinement study. Then, a mesh refinement study is
carried out and the wave number (and thus wave frequency) is
varied for another set of test cases. The results are compared to the
well-established data from Ferrant et al. (1999) obtained with a
fully non-linear, time domain, potential flow algorithm.

3.1. Base case geometry and parameters

A deep water incident wave with intermediate steepness



Fig. 10. Comparison of Fourier harmonics obtained with stream function wave theory and present CFD model for different waves (Table 8, waves 7 and 8).

Table 8
Wave parameters for steepness study.

Index Wave amplitude Wave length Wave number Steepness
i a, m λ, m k, rad/s ka

1 0.1 13.9546 0.4503 0.04503
2 0.2 14.0360 0.4477 0.08953
3 0.3 14.1688 0.4435 0.13304
4 0.4 14.3488 0.4379 0.17516
5 0.5 14.5714 0.4312 0.21560
6 0.6 14.8314 0.4236 0.25418
7 0.7 15.1236 0.4155 0.29082
8 0.8 15.4427 0.4069 0.32550

0.05 0.075 0.1 0.125 0.15 0.175 0.2 0.225 0.25 0.275 0.3 0.325
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Fig. 11. Relative errors for first and second order harmonics compared to stream
function wave theory.
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Fig. 12. Relative errors for first harmonic compared to stream function wave the-
ory, given for wave gauges at different multiples of λ.

Table 9
Wave parameters of the base case.

Cylinder radius r, m 1
Wave number, depth parameter kd 8
Wave number, radius parameter kr 0.2
Wave amplitude, depth parameter a d/ 0.015
Wave steepness parameter ka 0.12
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ka¼0.12 is simulated, with the wave parameters given in di-
mensionless form in Table 9.

The bounding box of the block-structured, cylindrical mesh is
λ λ∈ [ − ]x 2 , 2 , λ∈ [ ]y 0, 2 and ∈ [ − ]z a40, 5 , as presented in Fig. 13.

The longitudinal symmetry plane is used to lower the CPU time. The
cells are heavily graded towards the cylinder in x and y directions. In
the vertical, z direction, the cells are graded towards the free surface.
There are 120 cells per wave length in the area near the cylinder and
20 cells per wave height. The mesh consists of 552 000 hexahedral
cells, with a maximum cell aspect ratio of 166.7.
3.2. Time refinement study

Time refinement study has been carried out by changing the CFL
number. It was varied from 5 to 0.125 (5, 2.5, 1, 0.5, 0.25 and 0.125,
respectively). Simulation time was set to 10 periods for all cases.
Results are presented in the frequency domain as magnitudes of the
Fourier coefficients of the force signals. The Fourier analysis has been
carried out using a moving window FFT. The square window has a
length of one period: 10 sets of results were obtained. The final force
is calculated as the average of the last 9 periods. The first period was
excluded to eliminate transient effects related to simulation start up.
In-line forces are presented in a dimensionless form:

ρ
′ =

( ) ( )
F

F
gr a r/

,
6i

i
i3

where Fi is the i-th harmonic of the force, ρ¼1000 kg/m3 is the fluid
density and g¼9.81 m/s2 is the gravitational acceleration. In addition,



Fig. 13. Perspective view of one half of the mesh.
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F s2 will be used to denote the second order drift (mean) force.
Results of the time-step dependence study are presented in Fig. 14.

Fig. 14a shows the normalised force harmonic coefficients with respect
to the CFL number. In the region of small CFL numbers (0.125–0.5), the
results change slightly for first and second order forces. Results for
third and fourth order show steep convergence for small CFL numbers.
Second and third order forces show oscillatory behaviour for large CFL
numbers (1–5) compared to small CFL numbers. Fig. 14b shows relative
errors compared to Ferrant et al. (1999). The first order force exhibits
uniform convergence, from approximately �6% at CFL¼5 to �2.7% at
CFL¼0.125. The steady second order drift force oscillates around
�25% for < <CFL0.5 5, followed by a rapid decrease to �16% for
CFL¼0.125. The second order force shows oscillatory convergence
within narrow band (�9% to �14%), stabilising at approximately
�12% for lower CFL numbers. The third order force exhibits rapid
convergence for small CFL numbers. The relative error of the third
order force for CFL¼0.125 is approximately �2%. The fourth order
force converges uniformly with the time refinement. For large CFL
numbers, the relative error of the fourth order force is approximately
�32%, converging to �1% for the lowest CFL number. It is interesting
to note that all the forces are smaller compared to Ferrant et al. (1999).
This is reasonable since the rotational and viscous effects are included
in the present study and are neglected in Ferrant et al. (1999).

Relative errors compared to Ferrant et al. (1999) for the smal-
lest CFL number are presented in Table 10. The errors for first, third
and fourth order forces are less than 3%. The error for the steady
second order drift force is the largest with value of �16%. The
error for second order force is approximately �12%.
Fig. 14. Vertical cylinder diffract
The simulations were run in parallel on 4 Intel Core i7-4820K at
3.7 GHz CPU cores. Approximate simulation CPU times are pre-
sented in Table 11. The longest simulation took approximately 23 h
for 10 incident wave periods, while the shortest one took ap-
proximately 2 h. Hence, reasonable results (relative errors less
than 10% for first, second and third order forces) can be obtained
in a few hours time using a personal computer.

3.3. Mesh refinement study

The mesh refinement study has been carried out by uniformly
increasing cell numbers in each direction. The simulation time was
10 periods for all test cases. The CFL number was set to 0.25. Mesh
refinement details are given in Table 12. The cell count increase
parameter denotes approximate cell count increase in each di-
rection compared to the base case (indexed with 3).

The results are obtained in the sameway as for the time refinement
study and are presented in Fig. 15. Normalised force harmonic coeffi-
cients with respect to the mesh refinement are presented in Fig. 15a.
Most of the results vary only slightly with the mesh refinement, ex-
cluding the steady second order drift force and fourth order force. The
fourth order harmonic shows oscillatory behaviour for the second level
of refinement. Fig. 15b presents relative errors compared to Ferrant
et al. (1999). The first order force exhibits uniform convergence from
�2.9% to �1.8%. The steady second order drift force also exhibits
uniform convergence from approximately �18% to �4%. The second
order force decreases from �12% on the coarsest mesh to approxi-
mately �10% on finer meshes. For mesh refinements 2–0, it oscillates
within a very narrow band (0.2%). The third order force shows oscil-
latory behaviour from �4% on the coarsest, followed by �3% on the
mesh refinement 1. The relative error on the final refinement (refine-
ment 0) increases to �5%. Excluding the results obtained with mesh
refinement 1, relative error for the fourth order harmonic is within
�4%. Again, almost all relative errors are negative: forces are smaller
compared to non-linear potential flow theory (Ferrant et al., 1999).

Relative errors compared to Ferrant et al. (1999) for the finest
mesh (mesh refinement 0) are presented in Table 13. The relative
error for the first order force is less than �2%. Relative errors for
higher order forces (excluding second order) are within �6%. The
largest relative error is in the second order force which is ap-
proximately �10%.

Simulation on the finest mesh (mesh refinement 0) took ap-
proximately 104 h on 4 CPU cores as before, corresponding to
approximately 10 h per incident wave period.

Periodic convergence of normalised force coefficients obtained
via moving window FFT is presented in Fig. 16 for the coarsest
mesh (index 3) and finest mesh (index 0). Periodic convergence
ion: time refinement study.



Table 10
Relative errors compared to Ferrant et al. (1999) for CFL¼0.125 case.

( )′E F , %r 1 ( )′E F , %r s2 ( )′E F , %r 2 ( )′E F , %r 3 ( )′E F , %r 4

�2.75 �16.14 �12.39 �2.25 �1.00

Table 11
CPU time for simulations in the time refinement study.

CFL number 0.125 0.25 0.5 1 2.5 5
CPU time per period, h 2.3 1.2 0.7 0.5 0.3 0.2
Total CPU time, h 23 12 7 5 3 2

Table 12
Mesh refinement study parameters.

Mesh refinement index 0 1 2 3
Cell count increase, % 75 50 25 0
Total cell count 2 964 500 1 854 000 1 005 700 552 000

Table 13
Relative errors compared to Ferrant et al. (1999) for the finest mesh.

( )′E F , %r 1 ( )′E F , %r s2 ( )′E F , %r 2 ( )′E F , %r 3 ( )′E F , %r 4

�1.82 �4.33 �9.80 �5.35 �1.22
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graphs for intermediate meshes (indices 1 and 2) are not pre-
sented as they exhibit the same trend. Normalised force harmonics
are plotted on y-axis, with respect to the period index i on the x-
axis. First order force converges within first few periods, allowing
its reasonable estimate within a single period. This behaviour is
expected because most of the first order force is caused by in-
cident wave field, which is explicit in the present model. Higher
order effects, which are not taken into account by the incident
flow model, have significant variations in the first period due to
initialisation of the simulation with a potential flow incident so-
lution. Nevertheless, all higher order forces start to converge in
few periods, oscillating within a narrow band.

3.4. Wave number study

The wave number study has been carried out for test cases as
presented in Ferrant et al. (1999). Computations were performed for
wave parameters presented in Table 14 and for kr¼0.05, 0.1, 0.15,
0.2, 0.25 and 0.3. Incoming waves have moderate steepness of
ka¼0.06. For each case, a different mesh is used such that the
number of cells per wave height and length remains the same as in
the base case. The grading of the mesh towards the areas of interest
is kept the same. Hence, a mesh with 552 000 cells is always used.

Normalised harmonic force coefficients are presented in Fig. 17.
Black, red and blue lines respectively represent real, imaginary and
absolute value of the harmonic. Dashed lines depict the results obtained
Fig. 15. Vertical cylinder diffracti
with the present model while solid lines depict results obtained by
Ferrant et al. (1999). A minor phase shift difference can be seen by
observing the real and imaginary parts of the forces. Differences are
larger for higher order forces in the region of higher wave numbers.
Absolute values of the harmonics are in good agreement for all orders.

3.5. Vorticity and viscosity effects

To assess the effects of vorticity, we shall examine enstrophy
ϵn:

ϵ = |∇ × | ( )u0.5 , 7n
2

where u is the velocity field. Enstrophy is directly related to the rate
of change of kinetic energy in the fluid through kinematic viscosity.
Dissipation due to vorticity is not present in potential flow theories
where irrotational flow ( ∇ × =u 0) is assumed. It was observed
that enstrophy is highest in the vicinity of the cylinder for all cases.
Furthermore, higher wave numbers (and thus frequencies) had
higher values of enstrophy. To quantify, enstrophy for the kr¼0.05
case was one order of magnitude smaller than for the kr¼0.3 case.

For the kr¼0.3 case, three probes were positioned closely in the
front, at the side and in the back of the cylinder. Fig. 18a presents
the enstrophy variation in time at probe locations. The highest
amount of vorticity is present at the side of the cylinder, possibly
related to the orthogonality of incident and diffracted waves in that
region. Fig. 18b presents the Fourier decomposition of the signals.
Apart from the mean value, enstrophy at each probe exhibits sig-
nificant second order behaviour which could explain under-
estimated second order forces compared to the potential flow
theory. Differences are more pronounced at high frequencies, which
agrees well with the observation of increasing enstrophy for high
frequencies. It is also important to note that the first order en-
strophy harmonic is often smaller than the third order harmonic.
4. Conclusion

Verification and validation of the decomposition model for
naval hydrodynamics is presented in this paper. Three sets of
on: mesh refinement study.



Fig. 16. Periodic convergence of normalised forces.

Table 14
Wave parameters for the wave number study.

Cylinder radius r, m 1
Wave number, depth parameter kd 8
Wave amplitude, depth parameter a d/ 0.0075
Wave steepness parameter ka 0.06
Wave number, radius parameter kr 0.05–0.3
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simulations regarding progressive waves were considered.
The first set of validation cases considered wave propagation in
Fig. 17. Vertical cylinder diffraction: wave number study. (For interpretation of the refere
paper.)
a 2D wave tank. A coarse mesh, consisting of 11 700 cells has been
used for all simulations. Wave elevations in the frequency domain
have been compared with non-linear stream function wave theory.
Magnitudes of the first harmonics were within 1%, and within 3%
for real and imaginary parts. This indicates a minor phase shift in
the solution. Diffusion parameter study showed insensitivity of the
solution to the parameters related to Level Set transport equation.
The smearing of the interface and wave elevations remain un-
changed. The reflection study has been carried out by varying the
length of relaxation zones. The relative error for wave elevation
signals decreases with increasing relaxation zone length, as
nces to colour in this figure caption, the reader is referred to the web version of this



Fig. 18. Enstrophy in the vicinity of the cylinder, kr¼0.3, ω¼1.718 rad/s case.
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expected. The relaxation zone of one wave length produced a re-
flection estimate of 1%. During a long run (50 wave periods), mean
water level did not rise and the Level Set function preserved the
signed distance character. Dissipation of the propagating wave did
not occur in a long domain where inlet and outlet boundaries were
approximately 8 wave lengths apart. A wave steepness study has
explored the ability of simulating very steep regular waves. For the
steepness range of < <ka0.05 0.25, the relative errors for the first
and second harmonic are within 4%, increasing up to 7% for very
steep waves, < <ka0.25 0.325. Larger difference for the steeper
waves could be related to large parasitic air velocities. Large ve-
locities could be resolved by different implementation of jump
conditions at the interface.

The second set of validation tests is related to wave diffraction
of a vertical circular cylinder in regular waves. For one inter-
mediately steep wave, ka¼0.12, mesh and time refinement studies
have been carried out. Higher order forces are compared with the
non-linear potential flow solution by Ferrant et al. (1999). Good
convergence has been obtained. The mesh refinement study re-
vealed oscillatory convergence for some higher order forces.
However, oscillations are within narrow band. Relative errors
compared to Ferrant et al. are approximately �2%, �10%, �5%
and �1% for the first, second, third and fourth order forces, re-
spectively. It is interesting to note that all the forces are under-
estimated in the present model. This is reasonable to expect be-
cause the vorticity and viscosity effects, not present in the po-
tential flow equations, are included in this model. A set of simu-
lations with varying frequencies has also been carried out. A good
comparison has been obtained compared to potential flow. The
largest discrepancies occurred in the second order force for higher
frequencies. For this reason, an assessment of the vorticity using
the enstrophy has been made. In the vicinity of the cylinder, en-
strophy has significant second order variations. This could explain
the largest discrepancy for the second order forces because the
potential flow assumes irrotational fluid motion.
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