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Numerical Study on Interaction Between Focusing Waves with Fixed Cylinder
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Wave focusing is one of the mechanisms that results in the generation of extreme waves. The accurate numerical simulation
of the interaction between the focusing wave with a fixed vertical cylinder is presented in this paper, and the simulation
is conducted using the naoe-FOAM-SJTU solver, an in-house CFD solver for marine hydrodynamics. The generation of
focusing wave is realized by the provided movement of the wavemaker, and the propagation of the wave is validated in
advance. The wave elevations and the pressures around the cylinder are provided and compared with the experiment.

INTRODUCTION

For the design of coastal and offshore structures, safety is
always a crucial issue. Generally, accidents in coastal and offshore
structures can hardly be afforded. So from the view of design,
the structures should be able to survive in the harshest sea con-
ditions as demanded. Therefore, accurate prediction of hydrody-
namic performance under extreme sea conditions is of great sig-
nificance to safety.

The freak wave is dangerous for structure design. Longuet-
Higgins (1974) pointed out that the freak wave could be regarded
as the combination of a series of monochromatic waves with their
crest focusing at a single point simultaneously, which we called
focusing wave. The free surface of the focusing-wave case has
drastic changes around the focusing point, which is impacted seri-
ously with the viscosity, especially when it comes to problems
of interaction between the focusing wave and offshore structures
near the focusing point. Though the method of potential flow can
quickly solve cases like this, the influence of viscosity can hardly
be taken into consideration. In some experiments, the Keulegan-
Carpenter number (1958) is out of the range that the influence of
drag force can be neglected. Besides, the existence of the tank
bottom also increases the influence of drag force to some degree.
Hence, there remains the necessity to use a computational fluid
dynamics (CFD) solver, which contains the calculation of viscos-
ity through Navier–Stokes equations.

With the rapid development of parallel computing software and
hardware, CFD has been more and more noticed and put into
application in the field of ocean and coastal engineering in recent
years. The approach to studying and simulating a freak wave is
also a challenge for CFD. Higuera et al. (2013) and Hu et al.
(2016) realized the irregular wave and even extreme wave gener-
ation with separated components in the OpenFOAM. DX Wang
et al. (2019) realized wave generation with the piston-type wave-
maker in the numerical wave tank.

In the area of offshore hydrodynamics, the interaction between
wave and fixed vertical cylinder is a hotspot issue and basic
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work of great significance. A clear vision of the interaction wave
elevation and loads of waves around the vertical cylinder is an
important issue (Faltinsen et al., 2014). Bredmose et al. (2010)
and Hildebrandt et al. (2013) simulated the interaction of break-
ing focusing wave and fixed structures. Westphalen et al. (2012)
picked up and analyzed the nonlinear effect of interaction between
the wave and vertical cylinder in the CFD numerical simulation.
Chen et al. (2020) compared the wave runup of different direc-
tions around the cylinder in the experiment and the numerical
simulation of the interaction between focusing waves and a ver-
tical cylinder. Yan et al. (2015) compared the experimental and
numerical results of the interaction between the focusing wave
and the moving cylinder.

A CFD solver aiming to solve the problems of ship and
marine engineering, naoe-FOAM-SJTU (Shen and Wan, 2016),
was established based on the open-source platform OpenFOAM in
modules, which can realize the functions of wave generation and
absorption, 6 DOF motion of rigid body, arrangement of overset
grid, etc. (JH Wang et al., 2019). Zhang et al. (2019) discussed the
applications of naoe-FOAM-SJTU in the coupling hydrodynamic
problems in ship and ocean engineering, including the interaction
between waves and structures. In this paper, naoe-FOAM-SJTU
is applied in the numerical simulation of the interaction between
a focusing wave and a fixed cylinder, as a basic study on the
monopile structure, which is among the most common types of
installations in the area of coastal and offshore applications. This
solver, but not the interFoam or interDyMFoam in OpenFOAM,
is chosen because the focusing waves are expected to be the same
as the experiment referred, and the given data are the position his-
tory curve of the wavemaker. These data can be directly used in
the naoe-FOAM-SJTU to generate the focusing wave, while for
interFoam or interDyMFoam, new boundary conditions or other
wave generation method still must be coded. The free surface ele-
vation and pressure data in certain locations are compared with
experiment data.

NUMERICAL METHODS

Governing Equation

The simulation is conducted with the CFD solver naoe-FOAM-
SJTU, which is based on the incompressible fluid assumption and
takes viscosity into consideration. Thus, the governing equations
should be written as follows:

ï · U = 0 (1)
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where U and Ug are the velocities of fluid and the grid nodes; �
is the density of the fluid, which is mixed by the two phases of
air and water; pd is the dynamic pressure; x is the position vector;
�eff is the effective dynamic viscosity; f� is the source term of
surface tension, which has influence on the interface between the
two phases; and fs is also a source term that contributes to the
sponge layer for wave absorption. In this study, laminar model is
selected to avoid the decay of wave due to the turbulence model
and guarantee the efficiency of the simulation.

Volume of Fluid Method

In the two phases problem, OpenFOAM captures the free sur-
face information through the volume of fluid (VOF) method
(Rusche, 2002), which is mainly dependent on the volume frac-
tion. naoe-FOAM-SJTU follows to adopt that. After solving the
velocity field by the pressure implicit splitting operator (PISO)
algorithm, the volume fraction at the current time step can be
solved with the transport equation:
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)

�41 −�5= 0 (3)

In this equation, � is the volume fraction, which indicates the
volume ratio of the grid filled with water.

Dynamic Grid Technique

As to the movement of the wave generation boundary, the static
mesh cannot satisfy the requirement of simulation, so we turn to
the dynamic deformation mesh. The mesh velocity can be derived
with Laplace’s equation at each time step as follows:

ï ·
(

�ïXg

)

= 0 (4)

In this equation, � = 1/r2 is the quadratic inverse distance of cell
center to the moving boundary of the wavemaker, and r is the
distance between the grid center and the moving wall; Xg is the
position vector of the grid.

The Simulation of Piston-type Wavemaker

In the cases of simulation, the movement of the piston-type
wavemaker is given in the form of the piston position changes
over time in the normal direction of wave generating boundary.

The wave is generated as a 2-D wave, which is a superposition
of monochromatic wave with different frequency. As to the prob-
lem of focusing wave generation, the free surface elevation is

� 4x1 t5=

N
∑
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(
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)

(5)

where xt is the focusing position and tt is the focusing time.
So the surface elevation of the wave generating boundary is

� 401 t5=
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)
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The velocity of the moving boundary is also required in the solu-
tion, which can be estimated as follows:

U 4t5=
X
(

ti+1

)

−X 4ti5

ti+1 − ti
1 t ∈ 6ti1 ti+15 (7)

(a) Case 1 (b) Case 2

Fig. 1 History curves of wavemaker movement in x direction of
experiment

CORRESPONDING EXPERIMENT SETUP

The calculation domain is designed following the experiment
conducted in the Franzius-Institute Laboratory, Hannover, Ger-
many. According to the study of Sriram et al. (2015), the tank
is 110 m long, 2.2 m wide, 2 m deep, and the working depth of
fresh water cases is 0.7 m in the experiment. The developed wave
in a long scale of time and space appears to be different when
adopting linear and second order wavemaker theory, especially
when it comes to the wide range frequency spectrum, which just
fits the cases of the paper. A piston-type wavemaker is on one
short side of the tank. The frequency range of wave generated is
0.34 Hz∼1.02 Hz (the size of the frequency range ãf = 0.68 Hz,
the center frequency fc = 0068 Hz, and ãf /fc = 1), which is sep-
arated into 32 components with same steepness in the frequency
range. Focusing time is set at 38 s and the focusing location is set
at 23 m from the initial position of the wavemaker. The experi-
ment provides two cases of history curves of wavemaker move-
ment in x direction, which is enough because the target wave to be
generated is just a 2-D focusing wave. They are shown in Fig. 1.
It is obvious that the amplitude of the wavemaker movement in
the two cases is different; thus, the target wave heights of the two
cases are also different. The maximum wave height of case 1 is
about 0.1 m, while the maximum wave height of case 2 is about
0.3 m. This deviation results in the different surface elevation of
focusing wave in the two cases, which is shown in the work of
Sriram et al. (2021). In both cases, there are no wave-breaking
phenomena in the experiment.

NUMERICAL SETUP

As to the numerical realization, there are some reasonable
changes in the numerical simulation, and relative parameters are
shown in Table 1. In order to generate and develop a focusing
wave, there is a long distance between wave generation bound-
ary and the preset focusing position. The cylinder is fixed even
further than the focusing position. These relative positions are all
kept the same as in the experiment. It is unnecessary to keep the

Parameter Value

Length of domain 32.3 m
Width of domain 2.2 m
Height of domain 1.4 m
Depth 0.7 m
Focusing location 23 m
Cylinder location 25 m
Cylinder diameter 0.22 m
Cylinder height 1 m

Table 1 Relative parameters of the numerical domain
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Fig. 2 Numerical domain

(a) Grid distribution overall (b) Refined mesh around the
cylinder

Fig. 3 Computational grid

numerical domain totally the same size as that of the experiment
tank, or it will be a waste of the computational resource of time
and storage. The numerical domain is designed as 32.3 m long,
2.2 m wide, 1.4 m high, and the depth of the water is set as 0.7 m.

The numerical domain is shown in Fig. 2. Figure 3 shows the
computational grid distribution and the mesh around the cylinder.
The mesh is generated with the blockMesh and refined with the
snappyHexMesh. They are both original tools in the OpenFOAM.
As the background mesh generated in the blockMesh, the numer-
ical domain is separated into 272, 12, and 25 grids, respectively,
in directions of x, y, and z. The cells around the cylinder and the
free surface are refined with snappyHexMesh with the level of 2
and 3 for each. Eventually, the total number of the cells of the
adopted mesh is approximately 3.18 million.

All the locations given in this study are relative to the middle
of the initial location of the moving boundary of the wavemaker
in directions of y and x.

Since the numerical simulation is to be compared with the
experiment, in order to guarantee the correctness of the wave gen-
eration and development, not only the static setup but also the
process of the wavemaker movement is necessary to ascertain
as a boundary condition. The numerical simulation adopted the
piston-type moving boundary, which is the same wave generation
method as that of the experiment. The parameter and the piston
position changes over time in the normal direction of wave gen-
erating boundary are totally the same as that of the experiment.

The setup of the wave gauges and the pressure probes is shown
in Fig. 4 and Fig. 5, and the specific locations are listed in Table 2
and Table 3, respectively. It is obvious that WP1 is relatively near
to the moving wall of the wavemaker, while WP4, WP5, and WP6
are around the fixed cylinder, and WP2 and WP3 are in the middle
of the two groups above. The angular location of the pressure
probes is the horizontal angle relative to the negative direction
of the x axis. Equidistant pressure probes PP1, PP2, PP3, and

Fig. 4 Layout of the wave gauges

Fig. 5 Layout of the pressure probes

Wave gauges Horizontal location / (m, m)

WP1 (4.975, 0.015)
WP2 (13.928, 0.015)
WP3 (14.428, 0.015)
WP4 (24.31, 0.275)
WP5 (24.88, 0.275)
WP6 (25.585, 0.275)

Table 2 The specific locations of wave gauges

Pressure probes Vertical location Angular location

PP1 0.515 m 0�

PP2 0.615 m 0�

PP3 0.715 m 0�

PP4 0.615 m 90�

Table 3 The specific locations of pressure probes

PP4 are set crossing the free surface of the still water along the
cylinder in z direction, and PP5 and PP6 are set on the side of the
cylinder and behind the cylinder with the same vertical location
of PP2.

The data of the fluid field, including the volume fraction �,
dynamic pressure, and velocity, are all saved in the hard disk of
the PC with a certain interval set as the parameter writeInterval
in the controlDict of OpenFOAM. And hindered by the storage
of the PC, the interval is set as 0.2 s.

RESULTS AND DISCUSSION

First, in order to carry out the convergence analysis, three sets
of mesh resolution are trialed in case 2. The amplitude of case 2
is larger in the two nonbreaking wave cases. Mesh 1, 2, and 3
are three sets of meshes for the same domain shown in the last
section. The generation processes of the 3 sets are similar, and
the only difference between them is the specific number of cells
in the mesh. There are about 2.25 million cells in mesh 1, about
3.18 million cells in mesh 2, and about 3.89 million cells in
mesh 3. Take the smallest size of the cells in z direction (which
is the densest direction for cells, and most significant for the sim-
ulation of focusing wave) as an example. The smallest size of the
cells in z direction of mesh 1, 2, and 3 are 0.014 m, 0.010 m, and
0.007 m, respectively.

Take the wave elevation data at WP4, for example, where the
wave elevations of mesh 1, 2, and 3 are shown in Fig. 6. Com-
pared with the result of the experiment, it is obvious that the result
of mesh 2 and 3 is closer to the experiment than that of mesh 1,
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Fig. 6 Wave elevation at WP4 of different meshes

Fig. 7 Wave elevation at WP4 of different maximum Courant
number

according to not only the fluctuation of the early stage, but also
the largest amplitude. The difference of the result of mesh 2 and 3
is just about 3% at the largest peak, but the difference keeps and
increases along with time. In order to obtain the best simulation
result, mesh 3 is adopted in the following study.

Then, the convergence of the maximum of the Courant number
has also been conducted. The time history curve of wave elevation
with different maximum Courant numbers is shown in Fig. 7. The
result is almost the same when the value of the maximum Courant
number is 2, 1, or 0.5. So 1 is adopted as the maximum Courant
number in the following study.

The wave elevation of case 1 is shown and compared with the
experimental data in Fig. 8. As can be observed from Figs. 8a, 8b,
and 8c, the generation and propagation of the focusing wave in
case 1 can be guaranteed in the degree that the largest amplitude
can be accurately simulated, with the deviations from the experi-
ment less than 5%. When it comes to the wave gauges around the
cylinder, namely WP4, WP5, and WP6 in Figs. 8d, 8e, and 8f,
respectively, the largest amplitude is even larger, and the shape
of the wave elevation history curve near the focusing location is
greatly different from the symmetric shape, because of the deep
trough next to the largest peak. The rough shape of the curve can
also be kept in the numerical simulation, and the deviations from
the experiment of the largest amplitude are about 15%.

The wave elevation of case 2 is shown and compared with the
experimental data in Fig. 9. Similar to the phenomenon appearing
in case 1, according to Figs. 8a, 8b, and 8c, the accuracy of gen-
eration and propagation of the focusing wave in case 2 can also
be validated, and the deviations of numerical simulation from the
experiment of the largest amplitude are also less than 5%. As to
WP4, WP5, and WP6, which can be seen in Figs. 9d, 9e, and 9f,
respectively, there is also a much larger peak, and the wave eleva-
tion history curve near the focusing location is also far from sym-
metry, according to the steep peaks after the largest one, which
are greatly different from the case without a cylinder nearby. This
phenomenon is deduced as an influence of the existence of the
cylinder located 25 m from the initial location of the wavemaker.
The location of the cylinder is near and after the focusing location
of the wave. In the numerical simulation case, the rough shape
of the curve can also be kept, and the deviations of numerical

(a) WP1

(b) WP2

(c) WP3

(d) WP4

(e) WP5

(f) WP6

Fig. 8 Wave elevation compared with the experiment of case 1

simulation from the experiment of the largest amplitude are also
about 15%.

As to the differences between the numerical simulation and the
experiment, especially to the deviations of the largest amplitude,
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(a) WP1

(b) WP2

(c) WP3

(d) WP4

(e) WP5

(f) WP6

Fig. 9 Wave elevation compared with the experiment of case 2

the parameter writeInterval, which was introduced above, might
be thought of as a key point to determine the deviations. This is
because in the discrete data of the wave elevation history curve,
the data around the maximum and minimum change fiercely with

(a) PP1

(b) PP2

(c) PP3

(d) PP4

(e) PP5

(f) PP6

Fig. 10 Pressure compared with the experiment of case 2

the even change of time. Hence, the case with denser time inter-
val may capture the more accurate peak and trough. Otherwise,
the mesh of the numerical domain, especially around the free sur-
face and the cylinder, may also be a factor in the magnitude of
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deviation; the larger distance of WP4, WP5, and WP6 than that
of the other three also contributes to the larger deviations. Due
to the current computational condition, more complex simulations
can hardly be conducted for the cases.

Take case 2, for example (its amplitude is larger than case 1),
and all the phenomena are more obvious, where the pressure
recorded by the probes are shown in Fig. 10. The change along
with time in the numerical simulation is almost the same as in the
experiment, and the differences between the numerical simulation
and the experiment at their highest peak relative to the experiment
of PP1 and PP3 are lower than 15%, and those of PP2 and PP5
are even lower than 4%. Meanwhile, according to Fig. 10c, as for
the pressure of PP3, numerical simulation captures only positive
values and 0, which is different from the experiment.

There are little peaks around the highest peak of pressure of
PP2, PP5, and PP6, according to Figs. 10b, 10e, and 10f, respec-
tively, which are just valleys in the experiment. Take the PP5 (the
difference of which is the most obvious one) as an example, where
the free surface around PP5 (which is colored pink) of the two lit-
tle pressure peaks is shown in Fig. 11. At the two moments, PP5
is exactly at the free surface, and there is a little peak passing the
side of the cylinder, which induces the peak of the little pressure
peak simultaneously. As to the differences of the experiment and
the numerical simulation of the present work, it is maybe traceable
to the existence of the pressure probes in the experiment, which
may weaken the little peak. The conjecture can also be confirmed
from the side with the higher pressure of PP4 in the numerical
simulation than in the experiment, according to Fig. 10d.

The free surface of case 2 around the cylinder when the focus-
ing wave goes through is shown in Fig. 12. It can be easily
observed that the cylinder hinders the continuous development of
the wave. When the largest crest of the focusing wave passes
through the fixed cylinder, the free surface climbs up at the shoul-
der of the cylinder, and ripples around the cylinder occur. When

(a) T = 3902 s (b) T = 4002 s

Fig. 11 Free surface around the PP5

(a) T = 3904 s (b) T = 43906 s

(c) T = 3908 s (d) T = 40 s

Fig. 12 Free surface around the cylinder

the trough is drawing near to the cylinder, an obvious wave
diffraction can be found on the other side of the cylinder. The
phenomenon is called “ringing,” which is known as a kind of non-
linear effect induced by the interaction between wave and fixed
structure first in the early 1990s model test in Norway. The highly
nonlinear effect of the wave–structure interaction is reproduced
by Chaplin et al. (1997) and Rainey (2007) with the experiment
of fixed vertical cylinder and focusing wave in a tank, where they
described it. This nonlinear effect may damage the structure even
more seriously than the wave itself. The little wave peaks in Fig.
11 and the wrinkles of the free surface in Fig. 12 are probably
provided by the fierce interaction between the wave and the cylin-
der with the nonlinear dynamic characteristics of viscosity, which
cannot easily be captured with potential flow method, while facil-
ities in the experiment (such as gauges) also interfere with the
occurrence of these phenomena in some degree. Thus, in order
to capture these transient changes, it is significant to adopt CFD
solver, which takes viscosity into consideration.

CONCLUSIONS

In the present study, the numerical simulation of the two cases
of interaction between focusing wave and fixed cylinder is con-
ducted with the CFD solver, naoe-FOAM-SJTU, which can not
only qualify the generation and the propagation of the wave in a
long distance, but also take the viscosity into consideration. The
nonlinear dynamic characteristics of viscosity are captured as the
phenomenon of the little wave peaks in the trough of focusing wave
and the wrinkle of the free surface. The result of numerical simu-
lation indicates that nonlinear influence to the wave development
is derived by the existence of the fixed cylinder, which destroys
the symmetry of the history curve of wave elevation around the
focusing location. The difference between the simulation and the
experiment of largest wave elevation amplitude is less than 5% at
WP1, WP2, and WP3, but as to WP4, WP5, and WP6, which are
around the cylinder, the differences are around 15%. After analy-
sis, the reasons of the difference between the simulation and the
experiment and the difference of that among the data of different
wave gauges may mainly depend on the time interval of sampling,
density of mesh, and the deviations induced by the existence of
probes in the experiment. Besides, long distance propagation in
the numerical domain may also contribute to the problem. Further
optimized study still remains to be done in the future.
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