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Abstract

In this study, a 3D numerical model was used to predict nonlinear wave forces on a cylindrical pile installed in
a shallow water region. The model was based on solving the viscous and incompressible Navier-Stokes equations
for a two-phase flow (water and air) model and the volume of fluid method for treating the free surface of water.
A new application was developed based on the cut-cell method to allow easy installation of complicated obstacles
(e.g., bottom geometry and cylindrical pile) in a computational domain. Free-surface elevation, water particle
velocities, and inline wave forces were calculated, and the results show good agreement with experimental data
obtained by the Danish Hydraulic Institute. The simulation results revealed that the proposed model can, without
the use of empirical formulas (i.e., Morison equation) and additional wave analysis models, reliably predict non-

linear wave forces on an offshore wind turbine foundation installed in a shallow water region.
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1. Introduction

Over the past few years, a large number of off-
shore wind turbines, which are mainly supported by
typical mono-piles, gravity foundations, tripod
structures, or jacket structures, have been developed

or planned in order to harness abundant wind power.

Most of these offshore wind turbines are likely to
be installed in relatively shallow water regions be-
cause the cost of building and maintaining them and
transmitting the power back to land increases with
the distance from the shore. When an offshore wind
turbine is installed in a shallow water region, the
waves propagating toward the structure may expe-
rience severely nonlinear wave deformations, gen-
erating nonlinear waves that give rise to serious
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concerns about the foundation. Therefore, in de-
signing offshore wind turbines installed in shallow
water regions, it is of great importance to accurately
estimate the external wave force acting on them.
Until now, conventional methods such as com-
bining a wave analysis model with a structural
analysis model have mainly been used for estimat-
ing nonlinear wave forces acting on offshore struc-
tures installed in a shallow water region [7][8][19].
However, such methods appear to have problems
with respect to accurate estimation of the nonlinear
wave forces. First, most of the wave analysis mod-
els are based on shallow water equations-the sim-
plest form of the equation of motion-derived from
depth-integrating the Navier-Stokes equations. Alt-
hough the wave models that use shallow water
equations can simulate undisturbed wave kinemat-
ics occurring in the vicinity of the structural posi-
tion to a reasonable degree, they are unlikely to be
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sufficient for simulating strongly nonlinear interac-
tions between waves and the structure in a shallow
water region. Second, most of the structural analy-
sis models use the Morison equation. However, in
the Morison equation, the inertia and drag coeffi-
cients required to compute wave force seem to in-
volve considerable uncertainties in their applica-
tions because they have been estimated from differ-
ent experimental studies and field investigations.
Furthermore, the estimated coefficients showed
remarkable differences depending on the wave the-
ories used in the experiments. With this in mind,
the shore protection manual points out that, for
force calculations, it is important to use a wave
theory that is equivalent to the wave theory used to
obtain the inertia and drag coefficients [5]. In addi-
tion to this constraint, the hydrodynamic coeffi-
cients depend greatly on the shape of the structure.
For instance, if the shape of each member of the
offshore wind turbine foundation is unique, the
inertia and drag coefficients have to be estimated
for each member on the basis of additional experi-
mental approaches instead of using general values
presented in methods such as APl RP 2A-WSD [3],
1SO 19902 [14], and DnV-RP-C205 [9].

The use of a computational fluid dynamics
(CFD) computer model is an alternative method for
overcoming such problems. In particular, numerical
models that are based on the Navier-Stokes solver
capable of solving nonlinear wave-structure interac-
tions with high resolution are rapidly increasing
with the expansion of computer resources [13][21].
Because the Navier-Stokes solver not only can spe-
cifically simulate strongly nonlinear characteristics
of the waves occurring in the vicinity of the com-
plex structure but also can calculate the wave forces
by directly integrating the pressures along the struc-
ture surface, there is no need to use an empirical
formula such as the Morison equation or additional
wave analysis models.

The main objective of this study was to propose
a 3D numerical model based on a numerical wave
tank concept, which is a powerful tool that can effi-
ciently and economically simulate flow fields under
the same conditions as those in hydraulic experi-
ments or field tests. Therefore, the developed nu-
merical model can predict the nonlinear wave forc-
es on an offshore wind turbine foundation installed
in a shallow water region without the use of an em-

pirical formula and additional wave analysis models.
In order to meet the goals of the present study, a 3D
Navier-Stokes solver was used that was based on
viscous and incompressible momentum equations
for a two-phase flow (water and air) model and the
volume of fluid (VOF) method. In particular, the
complicated obstacles (e.g., the bottom geometry
and the cylindrical pile) in the computational do-
main were embodied by the cut-cell method. The
nonlinear wave forces on the cylindrical pile were
calculated by using the proposed numerical model,
and the calculated results were compared with ex-
perimental data obtained by the Danish Hydraulic
Institute (DHI). Furthermore, the applicability of
the developed numerical model for predicting the
nonlinear wave forces is discussed.

2. Numerical Methodology

2.1 Governing equations

To investigate interactions between a cylindri-
cal structure and waves, we adopted the numerical
wave tank (NWT) method developed by Lee et al
[17], which comprises an internal wave source for
generating waves, an artificial damping zone
(sponge layer) to prevent wave reflection at the
lateral boundary, and a surface-tracking function
for treating the evolution of the free surface of the
water.

Assuming that the two fluids are viscous, in-
compressible, and immiscible, the fluid flow is
governed by the continuity and the modified Na-
vier-Stokes equations.
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where t is the time; V, =[u,v, W]T is the ve-
locity vector; p is pressure; x =[x,vy,z]" is
the position vector; m is the ratios of the frac-
tional area open to the flow; f, is the arbitrary
body forces due to the effects of the gravity and
surface tension; D; = (v, /0x; +0v;/0x)/2 is the
strain rate tensor; z; is the turbulent stress based
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on the Smagorinsky SGS model [20];
By = Poi0j; is the dissipation factor matrix, in
which g is the dissipation factor that equals 0
except in the added dissipation  zone;
q =q(y,z;t)/Ax, is the wave generation source;
o and v are the density and kinematic viscosity
averaged over the computational grid, respectively,
which is determined as a linear sum of the local
mass, using the volume-of-fluid (VOF) function of
water, C .

p=Cp,+@1-C)p, 3)
v =Cv, +(1-C)y, (4)

where the subscriptions indicate each fluid phase.
The value of the VOF function ranges between zero
and unity, where unity occurs if the cell is com-
pletely filled with water, zero occurs if the cell is
completely filled with air or an obstacle, and
0<C <1 generates if the cell is filled partly with
water and air. The wave source vector Q, is for-
mulated as follows:

200"

= 5
Q 3 ox ®)
where ¢" is gradually increased for the initial
three wave periods using an exponential function

[4].
2.2 Free-surface elevation

In order to track the interface between two-
phase flows, we used the original VOF method
developed by Hirt and Nichols [11]. Although this
method uses the simplified line interface calculation
in interface reconstruction, its applicability has

been demonstrated by many researchers [6][15][16].

In the VOF method, the interface between the water

and the air phase is modeled according to the VOF
function, i.e., the VOF method evolves the volume
of water in each cell over time instead of directly
tracking the free surface itself. The advection of the
VOF function is obtained by solving the conserva-
tion of fluid mass in each cell as follows:
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2.3 A new application based on the cut-cell method

To numerically solve the governing equations
above, finite difference approximations were used
in the fixed rectangular grid system. However, be-
cause the finite difference method depends on the
grid quality in handling the obstruction installed in
the calculation zone, its application will be restrict-
ed to simple geometry and the discontinuity of the
obstacle surface by the rectangular cells can be
generated in the vicinity of the obstacle. In order to
overcome the drawback of using regular grid sys-
tems in incorporating complicated obstacles, a new
application was developed based on the cut-cell
method, which is essentially similar to the fraction
area/volume obstacle representation (FAVOR)
method, developed by Hirt and Sicilian [12], as
shown in Figs. 1 and 2. This application records the
following four parameters in each cell: the ratio of
fractional volume open to flow, m, ; the ratio of
fractional area open to flow in each direction, m,,
m,, and m, ; the area of the wetted surface of the
structure; and the unit normal vectors to the obsta-
cle surfaces. The governing equations are formulat-
ed in terms of the computed four parameters to
block portions of each cell containing the obstacle.
Moreover, the calculated area of the wetted surface
of the structure and the unit normal vectors were
used to obtain the wave forces on the structure.

Fig. 1 Application of cut-cell method

Fig. 2 Calculation results for grid information
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Fig. 3. Numerical Wave Tank

2.4 Boundary conditions

To treat the boundary of the calculation area, ap-
propriate boundary conditions were adopted on the
solid boundary and the lateral boundaries. There
was no need to apply the free-surface boundary
condition because the water and the air phase were
modeled as a fluid in the two-phase flow model.
For this reason, the dynamic boundary condition is
automatically satisfied, whereas the kinematic
boundary condition is satisfied by tracking the VOF
function. As for the open boundary conditions, fic-
titious dissipation zones were added at both ends of
the computational domain to control the reflected
waves. To obtain an artificial damping effect, grids
in the added fictitious dissipation zones were grad-
ually coarsened toward the outmost open bounda-
ries. Moreover, a non-gradient boundary condition
was employed at the outer edges of the added ficti-
tious dissipation zones. The pressure-constant con-

Slope zone

WG1

Fig. 4. Locations of the wave gauges and the velocity
meter over the slope zone

dition was applied to the top boundary condition.
An impermeable condition (for normal velocities)
and a slip condition (for tangential velocities) were
imposed to treat the bottom boundary condition and
the obstacle boundary condition, respectively.

2.5 Solution method

Finite difference approximations were used to cal-
culate the governing equations and the VOF advec-
tion equation. A staggered mesh was used for the
computational discretization to avoid the chess-
board type solutions that can easily occur in the
periodic pressure or velocity fields such as wave
motion. For the staggered mesh pressure, the wave
source function and the VOF function were com-
puted at the cell center, whereas the velocity com-
ponents were computed at the center of the cell face.
The continuity equation was discretized by using
the central difference method.

Table 1. Measuring positions

X(m) Y(m) Z(m)
WG1 -6.75 0.00 -
WG2 -0.15 0.00 -
WG3 0.00 0.15 -
WG4 0.20 0.00 -
VG1 -0.25 -0.05 0.46
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Fig. 5. Comparison of free-surface elevations between experi-
mental measurements and the numerical results

For the discretization of the Navier-Stokes equa-
tions, the forward difference method for time deriv-
ative terms, constrained interpolation profile (CIP)
method for the advection terms, the central differ-
ence method for the non-advection terms were em-
ployed. The velocity components and the pressure
at the new time step can be estimated using the
discretized momentum equations and suitable
boundary conditions. However, the new time veloc-
ity components, which are estimated using the dis-
cretized momentum equations, do not generally
satisfy the continuity equation in a controlled vol-

Fy/ pgHD?

(c) Vertical velocity

Fig. 6. Comparison of the time variations for water particle
velocities

Fig. 7. Comparison of the time variations for inline wave
forces

ume. Therefore, the simplified maker and cell
(SMAC) method [2] was incorporated in order to
iteratively adjust the velocities and the pressure in
each cell until the continuity equation was reasona-
bly satisfied. By using the SMAC method, the pres-
sure correction can be obtained by solving a Pois-
son Pressure Equation (PPE). Then, the correct
velocities at the new time step can be updated using
the pressure correction computed by the PPE. In the
present study, the PPE was solved by using the
algebraic multi-grid (AP-AMG) solver, which was
developed by lwamura [1]. After the correct veloci-
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ty components and pressure were determined, the
new free-surface configuration was tracked by solv-
ing the advection equation for the VOF function
using the updated velocity components.

3. Application of Numerical Analysis

3.1 Numerical Wave Tank Set-Up

An NWT similar to an experimental configura-
tion was developed. Figure 3 shows the schematic
of the NWT developed for this analysis. The length,
width, and height of the NWT were 18.0 m, 0.45 m,
and 1.2 m, respectively. In the NWT, the grid size
varied from a minimum of 0.01x0.01x0.01 m in
the vicinity of the cylindrical pile to a maximum of
0.04x0.01x0.08 m far from the cylindrical pile.
The water depths were 0.53 m in front of the inter-
nal wave generator (d;) and 0.17 m on the plateau
(dy). The slope of the bottom was considered to be
1/25. Added fictitious dissipation zones were locat-
ed to the left and right sides of the computational
domain with a thickness of 2L, with L being the
wave length, in order to absorb the wave energy.
The internal wave generator (which can generate a
regular wave train using a Stokes first order wave
theory) was located in front of the added fictitious
dissipation zone that was located at the left part of
the computational domain. An incident wave condi-
tion (wave height H;= 0.138 m and wave period T=
1.565 s) was considered in the numerical analysis
among a total of 29 experimental conditions (regu-
lar wave conditions). A cylindrical pile with a di-
ameter of 0.075 m was located 7.75 m from the
internal wave generator. Three numerical wave
gauges were used to measure the water surface ele-
vations at the starting point of the sloping bottom
(at WG 1) and near the cylindrical pile (at WG 2,
WG 3, and WG 4). Moreover, the water particle
velocities in the vicinity of the cylindrical pile (in
the x-, y-, and z-directions) were measured using a
numerical velocity meter (VG1). The correct loca-
tions of the velocity meter and the wave gauges
(shown in Figure 4) are listed in Table 1.

3.2 Computational Results and Discussion

Fig. 5 shows the comparisons of the calculated and
the measured free-surface elevations at WG 1, WG 2,
WG 3, and WG 4. Four wave gauges are located at
the starting point of the sloping bottom (at WG 1), in

front of the pile (at WG 2), at the left side of the pile
(WG 3), and at the rear of the pile (WG 4) as already
shown in Fig. 4. The free-surface displacements,
which were measured in an experiment carried out at
DHI (and computed) at all gauges, were normalized
by the incident wave height. The red open circles
represent the measured free-surface elevations and the
black lines indicate the computed free-surface eleva-
tions. As the waves move over the sloping bottom,
the wave profiles are transformed into typical shallow
water waves (nonlinear effects becoming stronger)
such that the wave crests are steeper and narrower
with increased wave heights and the wave troughs are
longer and flatter. These characteristics are evident in
Figs 5(b)-(d). Overall, a reasonable agreement be-
tween the measured and the calculated free-surface
elevations was observed. However, in point WG 4,
the calculated results at both the wave crest and
trough are slightly underestimated compared with the
measured results. Meanwhile, it should be noted that,
in WG 2, the slight ripples in the wave trough are
reproduced relatively well in the numerical results,
although a slight phase discrepancy is observed.

Fig. 6 represents the comparisons of the calculat-
ed water particle velocities (VGL1 in the x-, y-, and z-
directions) with the water particle velocities measured
by using a Vectrino (Acoustic Doppler Velocity me-
ter). The x-, y-, and z-coordinates of the Vectrino are
respectively —0.25 m, —0.05 m, and 0.2 m away from
the center of the pile. The ordinate in the figures is the
velocity normalized by (gH:)"2 In these figures, the
black lines indicate the results found by the Navier-
Stokes solver and the red open circles indicate the
results measured by DHI. As waves move toward the
cylindrical pile over the sloping bottom, the time var-
iation of the water particle velocities becomes com-
plex. Even so, several characteristic ripples were es-
timated fairly well in the time variation of the com-
puted velocities. For the horizontal water particle
velocity, the computations and measurements were in
reasonable agreement, although there was a small gap
between the calculated and the measured results at the
velocity troughs. However, for the vertical water par-
ticle velocities, the calculated results at both the ve-
locity crest and the trough were slightly overestimated
compared with the experimental data. This slight
discrepancy can be explained by the relatively coarse
setup of the grid spacing, and it is thought that this
discrepancy can be improved by using finer grids.
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Wave height : 0.138 m time=12.1540 s
Wave period : 1.565 sec

Water depth (Offshore) : 0.53 m
Water depth (Shallow) : 0.17 m

Slope : 1/25

Wave height : 0.138 m time=12.5564 s
Wave period : 1.565 sec

Water depth (Offshore) : 0.53 m
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Wave height : 0.138 m time=12.3549 s
Wave period : 1.565 sec
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Wave height : 0.138 m time=12.7586 s
Wave period : 1.565 sec
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Fig. 8. Snapshots of the spatiotemporal variations for the instantaneous water levels

(time =12.155,12.355, 12.55 5, and 12.75 s).

The measured inline wave forces and the inline
wave forces calculated by the Navier-Stokes solver
are compared in Fig. 7. The ordinate in the figure is
the inline wave force normalized by pgH,D?*. The
black lines represent the results calculated by the Na-
vier-Stokes solver and the red open circles indicate
the data measured by DHI. The computed inline wave
forces were obtained by integrating the fluid pressure
over the wetted surface of the cylindrical pile. The
comparison reveals that the time variations for the
computed inline wave forces are quite similar to the
time variations for the measured inline wave forces,
although there is a discrepancy at the troughs of the
wave forces.

The discrepancy is explained as follows. First,

there was a discrepancy in how the total wave forces
on the cylindrical pile were measured for experiments
compared with the numerical analysis. In the experi-
ments, the wave forces were measured by using a 3D
forces gauge, which is located underneath the cylin-
drical pile; however, in the numerical analysis, the
wave forces were obtained by integrating the pressure
distribution over the wetted surface of the pile. Such a
discrepancy would have had a slight effect on esti-
mating the respective (measured and calculated) total
wave forces. Second, this difference arose in terms of
how the shape of the cylindrical pile was depicted in
the wave tanks. The cylindrical pile that was used in
the experiments was a true circle, but the cylindrical
pile that was employed in the computational domain
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was a polygon that was split in an arbitrary manner.
Although the new application was based on the cut-
cell method in order to correctly approximate the
structure in the computational domain, the slight dif-
ference between experimental and numerical analyses
would yield the slightly underestimated wave forces
around the trough in the numerical simulation. The
discrepancy could be improved by using finer grids,
but this would lead to a long simulation. Finally, the
computed dynamic pressures in the vicinity of still
water levels (SWLs) would be slightly under-
predicted compared with the measured results. How-
ever, comparisons between computed and measured
pressures were not made in the present paper because
the dynamic pressures near the SWLs were not meas-
ured in the experiments previously undertaken by
DHI. Therefore, additional investigations are required
to examine this. Despite these discrepancies, the
overall results show a reasonable agreement with the
experimental data, as shown in Fig. 7.

Fig. 8 shows snapshots of the spatiotemporal varia-
tions for instantaneous water levels (time =12.15 s,
12.35 s, 12,55 s, and 12.75 s), where the cylindrical
pile and the sloping bottom are embodied by the new
application. The nonlinear wave-structure interaction
occurring in the vicinity of the cylindrical pile is sim-
ulated relatively well by the numerical model.

4. Conclusions

A 3D numerical model was proposed in the pre-
sent study in order to estimate the free-surface eleva-
tion, water particle velocities, and nonlinear wave
forces acting on a cylindrical pile installed on a slop-
ing bottom. In addition to the 3D numerical model, the
new application, which is based on the cut-cell method,
has been used to easily install complicated obstacles in
the computational domain. By comparing our experi-
mental data with that obtained by DHI, the major con-
clusions can be summarized as follows:

1) The numerical model performed very well for esti-
mating the free-surface elevation and water particle
velocities (in the x-, y-, and z-directions) in the vi-
cinity of the cylindrical pile on a sloping bottom,
even for relatively steep wave conditions.

2) The computed inline wave forces agree reasonably
well with the measured results, although the inline
forces around the troughs are somewhat under-
predicted compared with the measured values. It
would be necessary to further investigate this dis-

crepancy by using the pressure and velocity fields
that are measured in the vicinity of the SWLs.

3) The applicability of the new application based on
the cut-cell method is ideal. The nonlinear interac-
tion between waves and structures is simulated rel-
atively well in the vicinity of a cylindrical pile.

4) The proposed 3D numerical model is a useful tool
that can predict the nonlinear wave forces on off-
shore wind turbine foundations without the use of
an empirical formula (i.e., Morison equation) or
additional wave analysis models.
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