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ABSTRACT

Waves and currents coexist in a wide range of natural locations for the deployment of offshore structures and devices. This combined wave–
current environment largely determines the loading of vertical surface piercing cylinders, which are the foundations typically used for
offshore wind turbines along with many other offshore structures. The smoothed particle hydrodynamics (SPH) code DualSPHysics is used
to simulate focused waves on sheared currents and assess subsequent loading on a vertical cylinder. Outputs from another numerical model
are used to define the SPH inlet–outlet boundary conditions to generate the wave–current combinations. A modified damping zone is used
to damp the waves, but allow the currents to exit the domain. Numerical results are validated against experimental measurements for surface
elevation and associated loading on the cylinder. Four phase repeats are used in the SPH model to understand the harmonic structure of the
surface elevation at the front face of the cylinder and associated loading. It is shown that the SPH model provides agreement with
experimental measurements of harmonic components for both force and elevations. Taking advantage of the SPH method, wave amplitudes
were increased up to, and beyond, the breaking threshold highlighting a complex relationship between peak force and wave phase, requiring
detailed investigation. The numerical modeling of interactions of steep and breaking waves on sheared currents with the cylinder
demonstrates the SPH model’s capability for modeling highly nonlinear fluid–structure interaction problems.

VC 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0160021

I. INTRODUCTION

Combined wave–current fields exist in a wide range of nearshore
and coastal regions suitable for the deployment of offshore renewable
energy (ORE) systems. Wave characteristics, such as the wavelength,
wave-induced velocities, and wave heights, are modified in the pres-
ence of a current,1–3 which results in complex wave–current condi-
tions that determine the loads on offshore systems. Focused waves are
often selected as representative for reproducing extreme wave condi-
tions to investigate extreme loads on offshore systems. Meanwhile, a
current with a non-zero vorticity is more realistic in coastal regions,
and a vertical cylinder is widely used as the substructure of typical

offshore fixed wind turbines, which are mainly arranged in nearshore
and coastal regions. Thus, prediction of loads acting on a vertical cylin-
der in combined focused waves and sheared currents conditions is of
great significance for practical applications.

Interactions of waves and currents with a cylinder have been
studied analytically, numerically, and experimentally. Key findings
from studies are focused on the wave–current interaction process, load
coefficients (drag and inertia), and structural loadings in combined
wave–current conditions. The study of Lin and Li4 for a bottom-
mounted vertical square cylinder subject to combined wave–current
loading indicated that the strength and frequency of vortex shedding
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caused by the uniform current can be reduced in the presence of waves
owing to nonlinear wave–current interaction. It is also shown that the
vortex shedding plays an important role in the prediction of in-line
force. Jian et al.5 demonstrated that the water run-up on a bottom-
mounted vertical circular cylinder becomes higher with an increase in
the current speed and the total wave loads acting on the cylinder in
combined short-crested wave–current conditions are larger compared
with the wave loads in pure short-crested wave conditions. Li and Lin6

found that the drag coefficients for a stationary submerged horizontal
circular cylinder are affected significantly by currents, while the verti-
cal inertia coefficients in combined wave–current conditions are simi-
lar to those in pure waves. It is demonstrated that a linear sum of the
wave-induced force and the current-induced force cannot predict the
actual force on the cylinder accurately in combined solitary wave–
current conditions for a horizontal cylinder near the free surface in
Ref. 7 and for a vertical cylinder mounted into the flume in Ref. 8.
Studies concentrated on interactions of waves and currents with other
types of structures, such as the truss model,9 the jacket model,10 the
tidal turbine model,11 the submerged plate,12 and the jack-up plat-
form,13 also indicated the non-negligible effect of wave–current inter-
actions on the loading compared to pure wave conditions or pure
current conditions. It can be seen that the wave–structure interaction
will be affected by the presence of a current, and the wave-induced
force and current-induced force cannot be considered separately for
the prediction of the actual force.

Harmonics of wave loads and surface elevations for structure in
waves and in combined wave–current conditions were also investigated
in previous studies. Fitzgerald et al.14 presented a general phase-based
harmonic separation method for fully nonlinear free-surface
elevation and hydrodynamic force on a fixed structure, which uses time
histories obtained from focused wave groups with phase shifts of 0�,
90�, 180�, and 270� interacting with the cylinder, respectively. Mohseni
et al.15 studied wave–cylinder interaction using mesh-based
Computational Fluid Dynamics (CFD) with investigation on harmonics
in wave run-up. It was found that wave run-up associated with high har-
monics is involved in the scattered wave field around the fixed vertical
cylinder for both short and long wave conditions. Chen et al.16 studied
the interactions of focused waves and sheared currents with a vertical
surface piercing cylinder using mesh-based CFD. Two approaches for
numerical modeling (the direct method and the coupling method) were
used with the application of an iterative wave focusing methodology to
achieve wave focusing at the location of the vertical cylinder in the pres-
ence of sheared currents. It is demonstrated that the four-phase based
decomposition method can be used to obtain the harmonic structure of
forces acting on a cylinder in combined waves and sheared currents
accurately. Feng et al.17 investigated the higher harmonic wave loads
and moments on a bottom-mounted vertical cylinder using the four-
phase based decomposition method, where it was found that the dis-
crepancy between experimental results and numerical results existed in
the third-order harmonic. Ghadirian et al.18 studied the effects of wave–
current interactions on wave forces on a vertical cylinder. Based on the
four-phase based decomposition method on the experimental measure-
ments, it was found that the surface elevation time histories of waves on
the opposing current are the most nonlinear, while the surface elevation
time histories of waves on the following current and the inline force
time histories of waves with no current are the most linear. Jiang et al.19

studied the nonlinear resonant behavior induced by higher-order

harmonics for two boxes in a side-by-side arrangement. It was found
that the second-order and third-order harmonic-induced wave resonan-
ces affect the horizontal wave forces on the boxes in this arrangement.
Mj et al.20 investigated the harmonic structure of wave-induced forces
on a vertical cylinder for a range of unidirectional and directionally
spread random sea-states, and a key finding showed that the harmonic
coefficients are almost identical if fitted as powers of the linear inline
force and its Hilbert transform for spread and unidirectional seas. Chen
et al.21 investigated the harmonic structure of hydrodynamic forces on a
fixed ship-shaped floating production, storage, and offloading (FPSO)
vessel hull, where it was found that the harmonic structure of the force
is weakly dependent on the wave steepness and the FPSO bow diameter,
while the higher-order harmonics increase rapidly with the decrease in
the FPSO length.

Smoothed particle hydrodynamics (SPH),22,23 as a Lagrangian
and meshless technique for CFD, is ideally suited to solve fluid prob-
lems involving highly nonlinear deformation.24–29 For numerical
modeling of wave–current interaction, regular waves interacting with
steady currents were studied in Ref. 30 using a circulating current sys-
tem and in Ref. 31 using a non-reflective open boundary condition.
Numerical modeling of focused waves on variable sheared currents
was presented in Ref. 32 using open boundaries and a modified damp-
ing zone. The combination of open boundaries and a modified damp-
ing zone is also implemented in the present study. For interactions of
waves and currents with a structure using the SPH method, they are
rare compared with those using mesh-based CFDmethods and experi-
ments. Using a circulating current system based on the SPH method,
Shi et al.33 and Liu et al.34 investigated the hydrodynamic response of
a flexible floating boom and silt curtain under combined wave–current
conditions, respectively. However, for considering loading on the
structure in offshore and ocean engineering based on the SPHmethod,
most previous studies concentrated on waves only without the pres-
ence of a current. Wen et al.35 investigated the regular wave interacting
with a vertical cylinder using weakly compressible SPH (WCSPH).
Lind et al.36 studied wave forces on a vertical cylinder including regu-
lar wave loading and focused wave loading using incompressible SPH
(ISPH). Chow et al.37 developed a numerical wave basin that is capable
of simulating focused breaking waves interacting with a vertical cylin-
der using ISPH. However, a current is known to affect wave character-
istics and thus wave loading. Therefore, one of the main scopes of this
paper is modeling complex and extreme events of combined waves
and sheared currents interacting with a vertical cylinder using the SPH
method which is ideally suited to highly nonlinear problems, and this
study has received no attention to date using the SPH method. The
second scope is using the four-phase based harmonic separation
method to validate the model’s ability at capturing the harmonic struc-
ture of the elevations and loading.

The solver used in the present study is DualSPHysics which is an
open-source SPH code accelerated on a graphics processing unit
(GPU).38 Numerical modeling of waves within DualSPHysics was pre-
sented in Ref. 39 using a wavemaker and a damping zone and in Ref.
40 using open boundaries. The two methods are well tested within
DualSPHysics. The detailed implementation of open boundaries in
DualSPHysics was given in Ref. 41. A numerical wave–current flume
for waves on variable sheared currents was developed based on the
combination of open boundaries and a modified damping zone acting
on the vertical velocity component within DualSPHysics in Ref. 32.
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Focused waves interacting with various sheared currents were vali-
dated with analytical linear solutions. Capasso et al.42 have presented a
similar combined use of a damping zone with inlet–outlet boundary
conditions for simulating a moored wave buoy in waves and currents
in DualSPHysics using a third-order reconstruction the wave profile
and velocity field at the boundaries.

Various methods are used to achieve the focusing of waves at the
specified point in space and time. Linear wave theory is used to calcu-
late the initial phase of each wave component at the inlet to achieve a
wave group focusing at a particular location and time.43 An iterative
wave generation approach is used to calculate the corrected phases for
the wave generator input until all the wave components come into
phase at the focal location as used in Ref. 44, and this approach was
modified to include the dispersion relation considering waves in the
presence of a current with a constant shear in Ref. 45. The iterative
wave generation approach was extended to include both the phase cor-
rection and the amplitude correction in Ref. 46, and this type of itera-
tive method was applied in Ref. 47 to generate waves over complex
bathymetry, in Ref. 48 to generate waves on sheared currents, and in
Ref. 11 to generate waves in the presence of very fast currents (0.8m/s
of following current). An improved iterative focusing methodology
considering a linearized amplitude spectrum instead of a full nonlinear
spectrum was presented in Ref. 49, and wave records at different posi-
tions are used for phase and amplitude iterations. This iterative wave
focusing methodology was applied in experiments for the generation
of focused waves on sheared currents50 and in the numerical modeling
for the generation of breaking focused waves.51

In this paper, interactions of focused waves and sheared currents
with a vertical cylinder are investigated. The problem addressed is
inertia dominated with limited effect of diffraction. The time histories
of the surface elevation and flow kinematics used as boundary condi-
tions at the inlet of the SPH wave–current flume are pre-computed
using another Lagrangian numerical model,52,53 hereby referred to as
the Buldakov et al. model. An iterative wave focusing methodology49

was used within the model to replicate the experiments. This approach
was referred to as the coupling method by using the outputs of the
Buldakov et al. model as the inputs of the mesh-based CFD model in
Ref. 16. Compared with the direct method in Ref. 16 using the iterative
wave focusing methodology in the 2D mesh-based CFD model, the
coupling method has a higher computational efficiency. This is due to
the application of the iterative wave focusing methodology in the faster
Buldakov et al. model to calculate the required boundary conditions
that a smaller 3D computational domain of the mesh-based CFD
model can be used for wave-current-structure interactions. In this
paper, the numerical results from the SPH model are initially esti-
mated with the Buldakov et al. model for surface elevations and hori-
zontal velocity profile without a cylinder in place to validate the
accuracy of the generated wave–current conditions. Then, the numeri-
cal results from the SPH model are validated with experimental mea-
surements of surface elevations and horizontal forces on the vertical
cylinder. Four phase repeats are used to understand the harmonic
structure of the surface elevation and associated loading. A conver-
gence study for the horizontal force on the cylinder in focused wave
condition and combined focused waves-sheared current conditions is
presented. Finally, wave amplitudes are increased up to, and beyond,
the breaking threshold, to model steep and breaking waves on sheared
currents interacting with the vertical cylinder.

This paper is organized as follows: in Sec. II, the SPH model is
outlined. In Sec. III, the experimental setup, the numerical setup, and
the harmonic separation method are presented. In Sec. IV, the results
of numerical modeling are compared with the experimental measure-
ments including surface elevations, cylinder loading and harmonic
components for model validation. In Sec. V, the numerical modeling
of extreme wave–current conditions interacting with the vertical cylin-
der is presented. In Sec. VI, the conclusions and future work are given.

II. SMOOTHED PARTICLE HYDRODYNAMICS MODEL

The solver used for modeling wave-current-structure interactions
in the present study is the SPH-based DualSPHysics code.38 In SPH, a
function f at position r can be estimated by the integral approximation
as

f rð Þ ¼
ð
X

f r0ð ÞW r� r0; hð Þdr0; (1)

where the integral is over the domain X, Wðr� r0; hÞ is the kernel
function, and h is the smoothing length. In the discrete domain, Eq.
(1) can be approximated with a summation

f rað Þ �
X
b

f rbð Þmb

qb
W ra � rb; hð Þ; (2)

where mb=qb is the volume of particle b, mb is the particle mass, qb is
the particle density, andWðra � rb; hÞ is the kernel function between
particle a and particle b. Note herein f rbð Þ is written as fb.

A. SPH governing equations

The continuity and momentum equations in the Lagrangian
form can be written as

dq
dt

¼ �qr � v; (3)

dv
dt

¼ � 1
q
rP þ gþ C; (4)

where q is the density, v is the velocity, t is the time, P is the pressure,
g is the gravitational acceleration, and C refers to dissipative terms. In
the SPH form, Eq. (3) including the density diffusion term can be writ-
ten as

dqa
dt

¼ qa
X
b

mb

qb
vab � raWab þ dhca

X
b

mb

qb
Wab � raWab; (5)

where m is the mass, W is the kernel function, h is the smoothing
length, c is the speed of sound, and d is the free parameter. The value
of d is set to 0.1 according to Antuono et al.54 The density diffusion
functionWab applied in the present study to avoid unphysical fluctua-
tions in the pressure field is that of Fourtakas et al.55 and is given by

Wab ¼ 2 qTba � qHab
� � rab

rabj j2 ; (6)

where superscripts T and H denote the total and hydrostatic compo-
nent, respectively. In the SPH form, Eq. (4) can be written as

dva
dt

¼ �
X
b

mb
Pb þ Pa
qbqa

þPab

� �
raWab þ g: (7)
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The artificial viscosity56 is a common stabilizing method in SPH.
The viscosity termPab applied in the present study is given by

Pab ¼
�acablab

qab
vab � rab < 0

0 vab � rab � 0
;

8><
>: (8)

where cab ¼ ðca þ cbÞ=2 is the mean speed of sound, qab ¼ ðqa
þ qbÞ=2, lab ¼ hvab � rab=ðr2ab þ 0:01h2Þ and a is the coefficient to
provide stabilizing dissipation. The value of a is set to 0.001 in the pre-
sent study to provide a slight dissipation. The kernel function W used
in the present study is the quintic Wendland kernel57 given by

W r; hð Þ ¼ aD 1� q
2

� �4

2qþ 1ð Þ 0 � q � 2; (9)

where aD equals 7=ð4ph2Þ in 2D and 21=ð16ph3Þ in 3-D, and q ¼ r=h
is the non-dimensional distance between particles, where r is the dis-
tance between particle a and particle b. The smoothing length is set
equal to h ¼ 1:5� ffiffiffi

3
p � dp in the present study with dp the initial

interparticle distance. An equation of state is used to determine the
fluid pressure based on the particle density in WCSPH. The relation-
ship between pressure and density in the present study is given by the
following Morris’ equation of state:

P ¼ c20 q� q0ð Þ; (10)

where q0 is the reference density which equals 1000 kg/m3, and c0 is
the speed of sound at the reference density. The speed of sound at
60m/s is used in the present study. Equation (10) is also used in Refs.
58 and 59 to reduce noise in the pressure field. Particle positions are
updated as follows:

dra
dt

¼ va; (11)

where r is the position. Time stepping is given by the symplectic
method with time step criterion given a Courant–Friedrichs–Lewy
(CFL) value of 0.5 in the present study.

B. Boundary conditions

Open boundary conditions are implemented based on the buffer
zones that the physical quantities, such as velocity, density, and surface
elevation, can be imposed on the buffer particles or extrapolated from
the fluid domain. The detailed implementation can be found in Ref.
41. The imposed physical quantities can be from theoretical solutions,

experiments, and other numerical tools. The physical quantities
extrapolated from the fluid domain are based on the use of ghost
nodes. The open boundary conditions are applied in the present study
for the generation of wave-alone and wave–current conditions and for
particles to leave or enter the fluid domain.

The dynamic boundary condition (DBC)60 is the default bound-
ary treatment within DualSPHysics. Modified dynamic boundary con-
ditions (mDBC) were introduced in detail in Ref. 61 such that the
unphysical gap between fluid and boundary commonly observed with
DBC can be avoided. The boundary particles are arranged in the same
way as in DBC. The density of each solid particle is obtained from the
position of related ghost node within the fluid domain using a linear
extrapolation. In mDBC, a no-slip boundary condition is approximated
with zero velocity applied to the boundary particles and is applied in
the present study.

Periodic boundary conditions (PBCs) can be used to describe an
infinitely long domain by using a periodically repeating finite domain
within DualSPHyics.38 To achieve this, particles located within nh
(n ¼ 2 in the present study) near an open lateral boundary on each
lateral side of the domain are allowed to interact with the fluid par-
ticles of the opposite open lateral boundary on the other side of the
domain completing the truncated support in a cyclic manner. The
PBC is applied in the present study instead of solid side walls for the
numerical wave–current flume. The general sketch of boundary condi-
tions used in the numerical modeling of wave–current–structure inter-
action in the present study is shown in Fig. 1.

III. EXPERIMENTAL AND NUMERICAL SETUP

Experimental studies on interactions of focused wave and
sheared currents with a vertical cylinder were performed in a wave–
current flume at University College London (UCL). The experimental
and numerical setup are presented in this section. The experimental
measurements are used to validate the results of the numerical model-
ing with the vertical cylinder in place. In addition, the harmonic sepa-
ration method applied to both experimental and numerical data is also
presented in this section.

A. Experimental setup

The recirculating wave–current flume at UCL is 20m long, 1.2m
wide, and 1m depth with all experiments conducted in a water depth
of 0.5m. Two Edinburgh Design Limited force-feedback “piston-type”
wavemakers are installed at each end of the flume. One wavemaker is
used to generate waves, and the other is used to absorb waves actively.
The flow entered the working section of the flume at approximately
1m in front of the wavemaker.

FIG. 1. General sketch of boundary con-
ditions used in the numerical modeling.
From top to bottom: side view and top
view.
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Focused waves were generated using a Gaussian target spectrum
with a peak frequency fp of 0.6Hz and linear focused amplitude AL of
0.07m. The same target spectrum was used for generating focused
waves on three different flow conditions (following sheared current,
no current, and opposing sheared current). Surface elevation of a tar-
get wave group at x ¼ 0 is defined as

g tð Þ ¼ A
ð1
0

S xð Þcos xt þ U xð Þð Þdx; (12)

where A is a linear focus amplitude, and for a crest focused wave we
setU xð Þ ¼ 0. A normalized Gaussian amplitude spectrum is

S xð Þ ¼ 1

xpr
ffiffiffiffiffi
2p

p exp � 1
2r2

x
xp

� 1
� �2

 !
; (13)

where xp ¼ 2pfp is a peak angular frequency. The bandwidth of the
spectrum is controlled by a parameter r, and we use r ¼ 0:2898. This
provides a spectrum that occupies a range of frequencies from x ¼ 0
to x ¼ 2xp, and we neglect parts of the spectrum beyond this range.
The focusing point (FP) defined at x¼ 0 m was 8.7m from the wave-
maker. The amplitude matching point (AMP) is at x¼�4.7m. The
return period was set to 128 s resulting in 256 wave components with
frequency interval Df ¼ 1/128Hz input to the wavemaker. The focal
time was set to 64 s from the start of the wavemaker (focal time
tf ¼ 0 s in this paper). For the detailed descriptions of the experimental
setup, the reader can refer to Ref. 16. A general sketch of the wave–
current flume is adapted from Ref. 16 and shown in Fig. 2. The surface
elevation measured at the wave probe locations at x¼�4.7m and
x¼�0.02m (0.02m from the cylinder face) in the physical flume is
used for the comparison with the SPHmodel.

B. Numerical setup

The time histories of horizontal velocities and surface elevation
used as the inputs at the inlet of the SPH numerical wave–current
flume are pre-computed by the Buldakov et al.model with the applica-
tion of the iterative wave focusing methodology to reconstruct experi-
mental surface elevation and kinematics of incoming focused waves
and incoming focused waves on sheared currents. A truncated numer-
ical flume compared with the physical flume is allowed owing to a full
development of the combined wave–current conditions within this
distance before interacting with the cylinder. A general sketch of the
SPH numerical model is shown in Fig. 3. The domain length is 10m,
the damping zone length is 3m, the water depth is 0.5m, and the
domain width is 1.2m. For wave–current–structure interaction tests,
the front face of the vertical cylinder (diameter D¼ 0.25 m) is located
at the FP (x¼ 0 m), which is 8.7m from the wavemaker in the physical
flume and is 5m from the inlet in the SPH numerical flume. The time
of linear focus is defined as tf ¼ 0 s. The force provided by the post-
processing software ComputeForces38 provides values for the total
instantaneous force including the combined effects of waves and
currents.

Open boundaries are applied for the generation of wave-alone
and wave–current conditions and for particles to leave or enter the
fluid domain. At the inlet, time histories of horizontal velocities and
surface elevation from the Buldakov et al. model are imposed, and
density is extrapolated from the fluid domain. At the outlet, horizontal
velocities are imposed according to the current profile, surface eleva-
tion is imposed according to the water depth, and density is extrapo-
lated from the fluid domain. Only horizontal velocities are imposed at
the inlet since no accuracy improvement can be gained by imposing
vertical velocities and a negative impact on the particle spacing can
occur.40,62 It is suggested that at least eight layers of buffer particles

FIG. 2. General sketch of the wave–cur-
rent flume at UCL, modified from Ref. 16.

FIG. 3. General sketch of the SPH
numerical model. From top to bottom: side
view and top view.
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arranged in buffer zones can give accurate wave propagation simula-
tions,40 and this value is used in the present study.

Following the methodology presented in Ref. 32, the buffer zone
at the inlet is divided into eight vertical sections in the present study.
In each vertical section, the horizontal velocities (time series) are
imposed at three different heights. The horizontal velocities at other
heights in this section are obtained according to a parabolic fit func-
tion of DualSPHysics for each instant. A general sketch of the buffer
zone at the inlet with the horizontal velocities imposing at the inlet
and one section of the buffer zone is shown in Fig. 4.

A modified damping zone acting on the vertical velocity compo-
nent is used for wave absorption when a current exists. A similar
approach was applied in Ref. 63. In DualSPHysics, the velocity is
reduced in the damping zone according to

v ¼ v0 � f x;Dtð Þ; (14)

f x;Dtð Þ ¼ 1� Dt � b � x � x0
x1 � x0

� �2

; (15)

where v0 is the initial velocity of the particle, v is the final velocity of
the particle, f ðx;DtÞ is the reduction function, Dt is the duration of the
last time step, x is the position of particles, x0 and x1 are the initial and
the final position of the damping zone, respectively, and b is the coeffi-
cient to modify the reduction function. When a current exists, only the
vertical velocity component is reduced to absorb waves with b¼ 100
for the cases of focused waves on a following sheared current and
focused waves on an opposing sheared current. Both the horizontal
velocity component and vertical velocity component are reduced to
absorb waves for the cases of focused waves only with b¼ 10.

C. Harmonic separation

Two focused wave groups generating with the phase shifts of 0�

(crest focused waves) and 180� (trough focused waves) can be used to
separate even and odd components.64,65 With additional two focused
wave groups generating with the phase shifts of 90� and 270�, these
time histories of surface elevation (S) and force (F) can be used to
achieve a more effective separation. Figure 5 shows an example of sur-
face elevations at the focal location of focused wave groups generated
with the phase shifts of 0�, 90�, 180�; and 270�.

Four focused wave groups are generated with the phase shifts
of 0� (obtain time histories S0 and F0), 90� (S90 and F90), 180�

FIG. 4. General sketch of buffer zone at the inlet from Ref. 32. From left to right: the horizontal velocities imposing at the inlet and one section of the buffer zone at the inlet.

FIG. 5. An example of surface elevations at the focal location of focused wave
groups generating with different phase shifts.
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(S180 and F180), and 270� (S270 and F270). Then, the Hilbert transform
is applied to the surface elevation time histories S90 and S270 to obtain
SH90 and SH270 and applied to the force time histories F90 and F270 to
obtain FH

90 and FH
270. Taking force as an example (using the same

approach for the extraction of harmonics for surface elevation), har-
monic components can be extracted by the following linear combina-
tions of these time histories and their Hilbert transforms:14,17,18,20,21

F0 þ F90 þ F180 þ F270ð Þ
4

¼ A2f2;0 þ A4f4;0 þ A4f4;4cos 4uþ O A6ð Þ;
(16)

F0 � FH
90 � F180 þ FH

270

� �
4

¼ Af1;1cosuþ A3f3;1cosuþO A5ð Þ; (17)

F0 � F90 þ F180 � F270ð Þ
4

¼ A2f2;2cos 2uþ A4f4;2cos 2uþ O A6ð Þ;
(18)

F0 þ FH
90 � F180 � FH

270

� �
4

¼ A3f3;3cos 3uþ O A5ð Þ; (19)

where f refers to the extracted force components, the first combination
extracts the second-order subharmonic and fourth-order superhar-
monic (these two can be separated by frequency filtering), and the last
three combinations extract the first-order (linear) harmonic, second-
order superharmonic, and third-order superharmonic, respectively,
with negligible higher-order terms. A fast Fourier transform (FFT) can
be applied to the time history signals of different harmonic compo-
nents to obtain the amplitude spectra.

IV. MODEL VALIDATION AND HARMONIC ANALYSIS

The implementation of the SPH-based numerical wave–current
flume and modeling of wave–current–structure interactions in the
model is validated in this section. The wave–current generation
method is first validated with the Buldakov et al.model for surface ele-
vation and velocity profile in Sec. IVA to demonstrate the accuracy of
generation of wave–current conditions. The numerical modeling of
interactions of focused waves and sheared currents with the cylinder is
validated with experiments for surface elevation and horizontal force
on the cylinder in Sec. IVB to demonstrate the model’s capability for

modeling wave–current–structure interaction. The harmonic analysis
is performed using the method described in Sec. III C, and the results
are validated with experiments in Sec. IVC. The convergence study
with computational performance is presented in Sec. IVD.

A. Wave–current conditions

The sheared current profiles imposed in the SPH numerical
model and their comparison with the profiles used in the Buldakov
et al. model (referred to as LaNM in the figure legends) are shown in
Fig. 6. The current profiles in the Buldakov et al.model were approxi-
mated according to the current profiles measured in the experiments.
The sheared current profile is also imposed at the outlet of the SPH
numerical model.

The surface elevations are measured at the AMP (x¼�4.7m)
and the FP (x¼ 0 m). At the FP, the horizontal velocity profile is mea-
sured at the focal time. The measured numerical results for three cases
of focused waves on a following sheared current, focused waves only,
and focused waves on an opposing sheared current are compared with
the Buldakov et al.model in Fig. 7, demonstrating the accuracy of con-
ditions generated in the SPH numerical model. Previous particle
refinement studies showing convergence for focused waves and cur-
rents can be found in Ref. 32. Figure 8 shows the simulation snapshot
of the horizontal velocity field at the focal time for focused waves on a
following sheared current, focused waves only, and focused waves on
an opposing sheared current.

B. Cylinder loading

The measured surface elevations from the SPH numerical model
are compared with the surface elevations measured at two of the wave
probe locations (the AMP: x¼�4.7m, and at the front face of the cyl-
inder close to the FP: x¼�0.02m) in the experiments. The measured
horizontal forces on the cylinder from the SPH numerical model are
also compared with the measured ones in the experiments in this sec-
tion. As suggested in Ref. 37 for the simulation of focused waves
impacting a cylinder using ISPH, the particles of the cylinder are
arranged in terms of radial arrangement instead of a Cartesian
arrangement, and both arrangements are shown in Fig. 9.

FIG. 6. Comparison between the sheared current profiles in the SPH numerical model (imposed) and in the Buldakov et al. LaNM model. From left to right: a following sheared
current and an opposing sheared current.
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The measured numerical results for focused waves on a following
sheared current, focused waves only, and focused waves on an oppos-
ing sheared current are compared with the experiments (referred to as
EXP) in Fig. 10, demonstrating the accuracy of modeling wave–cur-
rent–structure interactions in the SPH numerical model. Figure 11
shows the simulation snapshot of the horizontal velocity field at the
focal time with the cylinder in place for focused waves on a following
sheared current, focused waves only, and focused waves on an oppos-
ing sheared current. Four focused wave groups are generated with
phase shifts of 0�, 90�, 180�; and 270�. For focused wave groups gener-
ated with phase shifts of 90�, 180�; and 270�, the measured numerical
results of the surface elevations at the AMP and at the front face of the
cylinder close to the FP and the horizontal forces on the cylinder are
compared with the experiments and given in the Appendix. The veloc-
ity fields are shown to be smooth and in good agreement with the
experiments. Some very small noise is noted to exist in the velocity and
associated pressure fields. In the present study, the coefficient in the vis-
cosity term in the momentum equation is set to 0.001 to limit the
effects of artificial viscosity on wave propagation. In addition to artifi-
cial viscosity, there are new treatments emerging, which offer the possi-
bility to reduce this unphysical noise including the velocity-divergence

error mitigating (VEM) and volume conservation shifting (VCS)
schemes in Ref. 66 or an acoustic damper term in Ref. 67. Alternatively,
the pressure values can be filtered during post-processing.68

C. Harmonic analysis

Using the harmonic separation method described in Sec. IIIC,
the second-order subharmonic, the linear signal and the first three
superharmonics (to fourth-order) are obtained for the surface eleva-
tion at the front face of the cylinder and the horizontal force on the
cylinder based on the numerical results in Sec. IVB and the Appendix.
The second-order subharmonic and the fourth-order superharmonic
are separated by frequency filtering. The frequency range is 0 < f =
fp < 1 for the second-order subharmonic as also used in Ref. 16 and
3 < f =fp < 5 for the fourth-order superharmonic according to Nfp
� fp < f < Nfp þ fp ðN ¼ 4Þ. The harmonic components of the free-
surface elevation at the front face of the cylinder and the horizontal force
on the cylinder are shown in Figs. 12 and 13, respectively. Time histories
of the separated harmonics (second-order subharmonic, linear
harmonic, second-order superharmonic, third-order superharmonic,
and fourth-order superharmonic) for focused waves on three different
flow conditions (following sheared current case, no current case, and

FIG. 7. Comparison between the numerical results in the SPH numerical model and in the Buldakov et al. LaNM model for crest focused waves. From top to bottom: following
sheared current case, no current case, and opposing sheared current case. From left to right: surface elevation at x¼�4.7 m, surface elevation at x¼ 0 m, and horizontal
velocity profile at the focal location (FP) and focal time.
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opposing sheared current case) are given. An overall good agreement
between harmonic components obtained from experimental measure-
ments and numerical results is achieved. However, less good agreement
is found for second-order subharmonic and third-order superharmonic
as in Ref. 16. The second-order subharmonic discrepancy is likely to do
with the difference in the generated subharmonic error waves between
the experiments and combined numerical modeling approach.

D. Convergence study

The initial interparticle distance dp (0.0125m) used in the simu-
lations in Sec. IVA, Sec. IVB, and the Appendix has been shown to

provide accurate results. However, a convergence study for crest
focused waves on a following sheared current, crest focused waves
only, and crest focused waves on an opposing sheared current with the
cylinder in place has been performed, respectively. The measured hori-
zontal forces on the cylinder from the SPH numerical model are com-
pared with the measured ones in the experiments with four different
values of dp (0.03125, 0.025, 0.02, and 0.0125m) in Fig. 14. Values of
dp in the convergence study were selected so that the ratio d=dp is an
integer, which is recommended in Ref. 39. As dp reduces, the agree-
ment with experiments improves. In order to quantify the accuracy of
the simulations with different values of dp, the Root Mean Square

FIG. 8. Simulation snapshot of the horizontal velocity field at the focal time for crest focused waves. From top to bottom: following sheared current case, no current case, and
opposing sheared current case.
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Error (RMSE) value over time for the horizontal force on the cylinder
[e.g., from t ¼ t1 ði ¼ 1Þ to t ¼ tn ði ¼ nÞ] is calculated as follows:

RMSE Fð Þ ¼ 1

maxi F tið Þ EXP
� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Xn
i¼1

F tið ÞSPH � F tið ÞEXP
� �2s

:

(20)

The RMSE values (time histories of horizontal force based on a
10 s time duration from �5 to 5 s), runtime (for 15 s of physical time),
and total number of particles (Np) are listed in Table I. Using a finer
resolution (0.0125m) improves the accuracy of the simulation com-
pared with the other resolutions (0.02, 0.025, and 0.03125m) with
the RMSE value decreasing for all the following sheared current
case, the no current case, and the opposing sheared current case.

FIG. 9. Arrangements of the particle distribution for the cylinder. From left to right: Cartesian arrangement and radial arrangement.

FIG. 10. Comparison between the numerical results in the SPH numerical model and measurements in the experiments for crest focused waves. From top to bottom: following
sheared current case, no current case, and opposing sheared current case. From left to right: surface elevation at x¼�4.7 m, surface elevation at x¼�0.02m, and horizon-
tal force on the cylinder.
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The computational performance of DualSPHysics on GPUs for
modeling wave–structure interactions and wave–current–structure
interactions is of practical importance for research and engineering.
The computational times in the present study are on the order of
hours. All simulations in this section were computed on an Nvidia
GeForce RTX 3080 Laptop GPU.

V. PEAK FORCE IN STEEP AND BREAKING WAVES
ON SHEARED CURRENTS

The model validation in Sec. IV and the Appendix demonstrates a
high accuracy for modeling wave–current–structure interaction in the
SPH numerical model in the present study. In this section, the sensitiv-
ity of peak force on the cylinder in steep and breaking focused waves

with phase shifts of 0�, 90�, 180�; and 270� on different flow conditions
is investigated. Wave amplitudes are increased up to, and beyond, the
breaking threshold. The methodology for increasing wave amplitude is
presented in Sec. V A. The sensitivity of peak force with increasing
wave amplitude for different focused wave phases is presented in Sec.
VB. The comparison with the Morison equation is given in Sec. VC.

A. Methodology for increasing wave steepness

The time histories of surface elevation used as the inputs at the
inlet of the SPH numerical wave–current flume (pre-computed by the
Buldakov et al. model) are used to extract the first-order (linear) har-
monic according to Eq. (17). A Fourier transform is applied to the
time histories of the first-order (linear) harmonic to obtain the wave

FIG. 11. Simulation snapshot of the horizontal velocity field at the focal time with the cylinder in place for crest focused waves. From top to bottom: following sheared current
case, no current case, and opposing sheared current case.
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amplitude ai of each wave component. The wavenumber of each wave
component is obtained by the standard linear dispersion relation for
focused waves only and the modified dispersion relation considering a
linearly sheared current with constant vorticity across the water
depth69 for focused waves on a current. The standard linear dispersion
relation and the modified dispersion relation are given as follows:

x2 ¼ gktanh kdð Þ; (21)

x� kUsð Þ2 ¼ gk� Xs x� kUsð Þ� �
tanh kdð Þ; (22)

where g is the acceleration due to gravity, d is the water depth, x is the
angular frequency, k is the wavenumber, Us is the surface current, and
Xs is the constant vorticity equal to Us=d. The global steepness is

FIG. 12. Harmonic components of the free surface elevation at the front face of the cylinder. From left to right: following sheared current case, no current case, and opposing
sheard current case. From top to bottom: second-order subharmonic, linear harmonic, second-order superharmonic, third-order superharmonic, fourth-order superharmonic,
and amplitude spectra of the free surface elevation.
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obtained by
P

kiai (defined as original
P

kiai), and they are 0.143,
0.153, and 0.172 for focused waves on a following sheared current,
focused waves only, and focused waves on an opposing sheared cur-
rent, respectively. The initial target

P
kiai is set to 0.2 and then

increased in 0.05 increments until the breaking is found. The time

histories of wave-induced horizontal velocities and surface elevation at
the inlet are modified by multiplying the ratio between target

P
kiai

and original
P

kiai. For generation of focused waves on a current,
the time histories of horizontal velocities at the inlet are obtained by
the superposition of modified wave-induced horizontal velocities and

FIG. 13. Harmonic components of the horizontal force on the cylinder. From left to right: following sheared current case, no current case, and opposing sheared current case.
From top to bottom: second-order subharmonic, linear harmonic, second-order superharmonic, third-order superharmonic, fourth-order superharmonic, and amplitude spectra
of the horizontal force.
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the current profile. Then, the modified time histories of horizontal
velocities and surface elevation are used as the inputs at the inlet of the
SPH numerical wave–current flume. It is to be noted that this
approach is only approximate as we apply a linear scaling approach to
nonlinear signals of elevation and velocity. Due to the broadbanded
nature of the wave groups, however, dispersive effects mean that the
waves are relatively linear at the inlet position with the linear contribu-
tion accounting for around 90% of the total elevation. We, therefore,
use this approximate approach to further demonstrate the model’s
ability at modeling steep and breaking wave loads in the presence of
sheared currents and how wave amplitude and breaking affects peak
loads. We do not, however, assess the separated harmonics due to the
approximate generation of the bound harmonics using this approach.

B. Sensitivity of peak force with increasing wave
amplitude

As shown in Sec. IVD, though a finer resolution gives a closer
agreement with experimental data, dp (0.02m) gives a very similar
results compared with dp (0.0125m) with a considerably shorter run-
time. Thus, all the results presented in Sec. VB are using dp (0.02m).
We find significantly different breaking threshold steepness values for
the three current profiles. The breaking thresholds are identified visu-
ally from the SPH simulations and are found between

P
kiai ¼ 0:2

and
P

kiai ¼ 0:25 for crest focused waves on a following sheared cur-
rent, between

P
kiai ¼ 0:3 and

P
kiai ¼ 0:35 for crest focused

waves only, and between
P

kiai ¼ 0:4 and
P

kiai ¼ 0:45 for crest
focused waves on an opposing sheared current.

We believe these differences in breaking threshold steepness can
be explained partially by the modified ratios of total surface particle
velocity (¼wave-induced particle velocityþ current surface velocity at
the surface) relative to the current-modified phase speed. The increase

in the breaking threshold steepness in negative shear can be explained
by the reduction of the total surface particle velocity (¼a negative sur-
face current þ current-modified wave-induced particle velocity) rela-
tive to the phase speed. Similarly, the positive shear increases the total
surface particle velocity relative to the phase speed, and thus, breaking
onset occurs at a lower steepness. This is consistent with the conclu-
sion in Ref. 45 that a reduction in wave steepness at the breaking
threshold is found proportional to the magnitude of the velocity gradi-
ent. However, the contribution of the approximate scaling methodol-
ogy, and associated errors in the bound wave structure, could also
affect these preliminary results. These findings do warrant a significant
future study on the effect of shear profile on breaking steepness, which
is out of the scope of this paper.

The maximum target values of
P

kiai are 0.3, 0.35, and 0.45 for
focused waves on a following sheared current, focused waves only, and
focused waves on an opposing sheared current, respectively, to obtain
breaking waves for all focused wave groups with phase shifts of 0�,
90�, 180�; and 270�. The maximum value of the surface elevation at
the front face of the cylinder (x¼�0.05m) and the positive peak hori-
zontal force on the cylinder are plotted as a function of

P
ai in Figs.

15 and 16. According to Fig. 16, among four focused wave groups gen-
erated with the phase shifts of 0�, 90�, 180�; and 270�, it was found
that the maximum positive peak horizontal force on the cylinder is
obtained in focused waves generated with phase shift 270� for two
flow conditions (focused waves only and focused waves on an oppos-
ing sheared current). For focused waves on a following sheared cur-
rent, focused waves generated with phase shift 0� give a slightly larger
positive peak horizontal force on the cylinder than focused waves gen-
erated with phase shift 270� (200.8N and 196.5N). This is contrary to
that expected from linear theory for an inertia dominated structure
where peak forces would be expected for the 90� phase shift condition

FIG. 14. Horizontal force on the cylinder for different initial interparticle distances for crest focused waves. From left to right: following sheared current case, no current case,
and opposing sheared current case.

TABLE I. RMSE values, runtimes, and number of particles Np with different resolutions dp for the case of crest focused waves.

dp (m) (Np [10
6])

Following sheared current No current Opposing sheared current

RMSEðFÞ Runtime (h) RMSEðFÞ Runtime (h) RMSEðFÞ Runtime (h)

0.03125 (0.33) 0.126 0.262 0.108 0.241 0.089 0.252
0.025 (0.62) 0.096 0.523 0.074 0.538 0.068 0.529
0.02 (1.17) 0.083 1.172 0.071 1.190 0.052 1.172
0.0125 (4.50) 0.076 6.335 0.061 6.230 0.044 6.266
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where components are focused in such a way to provide maximum
acceleration. Although this appears to be the case for the more linear
conditions (lower

P
ai), this is no longer the case for larger waves.

The results demonstrate extreme sensitivity of maximum force to the
wave phase and hence equivalently the relative location of the cylinder
to a large wave event, suggesting different phases/relative locations
should routinely be considered in design.

To assess this relationship further, we look at the times where
maximum forces are recorded, relative to the focal time, for each con-
dition. The times when the cylinder experiences the positive peak hori-
zontal force are presented in Table II. These are shown for the original
and the largest

P
kiai values normalized according to ðt � tf Þ=Tp

(linear focal time tf is 0 s). These values further highlight the complex
relationship between the phase of the waves and the peak force as the
times where peak force are expected, based on the linear theory, for an
inertia dominated structure are not what we observe in the outputs.
For example, the maximum value of acceleration and hence expected

FIG. 15. The maximum value of the free surface elevation at the front face of the cylinder with increased wave amplitude. From left to right: focused waves on a following
sheared current, focused waves only, and focused waves on an opposing sheared current.

FIG. 16. The positive peak horizontal force on the cylinder with increased wave amplitude. From left to right: focused waves on a following sheared current, focused waves
only, and focused waves on an opposing sheared current.

TABLE II. The normalized times ðt � tf Þ=Tp when the cylinder experiences the positive peak horizontal force at original
P

kiai (and largest
P

kiai ).

Following sheared current
original (largest)

No current
original (largest)

Opposing sheared current
original (largest)

0� focused waves �0.09 (�0.18) �0.09 (�0.195) �0.105 (�0.21)
90� focused waves 0.18 (0.195) 0.165 (0.18) 0.165 (�1.05)
180� focused waves 0.435 (�0.69) 0.39 (�0.78) 0.36 (�0.885)
270� focused waves �0.375 (�0.495) �0.36 (�0.555) �0.36 (�0.57)

FIG. 17. Horizontal force on the cylinder for focused waves generating with phase
shift 90� on an opposing sheared current with different values of

P
kiai .
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FIG. 18. Simulation snapshot of the horizontal velocity field at the instant when cylinder is subject to positive peak horizontal force. From top to bottom: focused waves gener-
ated with a phase shift 0�, 90�, 180�, and 270�, respectively. From left to right: following sheared current case, no current case, and opposing sheared current case.

TABLE III. The values of CM for focused wave groups with the phase shifts of 0� at original
P

kiai (and different
P

kiai ) and for focused wave groups with the phase shifts of
90�, 180�, and 270� at original

P
kiai .

Following sheared current
0.143 (0.2, 0.25, 0.3)

No current
0.153 (0.2, 0.25, 0.3, 0.35)

Opposing sheared current
0.172 (0.2, 0.25, 0.3, 0.35, 0.4, 0.45)

0� focused waves 2.10 (2.03, 1.93, 2.06) 2.05 (2.03, 2.01, 1.97, 2.04) 2.00 (2.00, 2.00, 2.00, 1.96, 1.97, 1.95)
90� focused waves 2.12 2.06 2.01
180� focused waves 2.13 2.06 2.02
270� focused waves 2.12 2.05 1.99
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TABLE IV. The values of CD for focused wave groups with the phase shifts of 0� at original
P

kiai (and different
P

kiai ) and for focused wave groups with the phase shifts of
90�, 180�, and 270� at original

P
kiai .

Following sheared current
0.143 (0.2, 0.25, 0.3)

No current
0.153 (0.2, 0.25, 0.3, 0.35)

Opposing sheared current
0.172 (0.2, 0.25, 0.3, 0.35, 0.4, 0.45)

0� focused waves 1.28 (1.46, 1.42, 0.95) 2.27 (2.08, 1.97, 1.65, 1.14) 0.49 (0.56, 0.75, 0.89, 1.03, 1.16, 1.43)
90� focused waves 1.22 2.02 0.41
180� focused waves 1.18 1.42 0.46
270� focused waves 1.24 1.96 0.43

FIG. 19. Comparison between the results in the SPH numerical model and results using the Morison equation for crest focused waves. From top to bottom: original
P

kiai
and largest

P
kiai . From left to right: following sheared current case, no current case, and opposing sheared current case.

FIG. 20. Comparison between the inertia terms in the Morison equation and the drag terms in the Morison equation for crest focused waves. From top to bottom: originalP
kiai and largest

P
kiai . From left to right: following sheared current case, no current case, and opposing sheared current case.
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force in a 0� focused wave would be expected at around �0.25Tp

whereas this is observed at around �0.1Tp for small amplitude waves
and �0.2Tp for steep breaking waves. Similarly, the maximum force
for a 90� focused wave would be expected to occur at the focal time
(0Tp) yet values closer to 0.2Tp are recorded. This problem becomes
complex as we increase amplitude due to nonlinear dispersive effects
along with the effect of bound harmonics on the kinematics and is fur-
ther complicated by the presence of wave breaking. This is demon-
strated in Fig. 17 showing the force time-history for the 90� focused
wave cases in opposing current as we increase amplitude. A moderate
shift in the time of maximum force is observed with amplitude until
the largest case, which is probably due to wave nonlinearity. For the
largest wave case where there is breaking, the wave prior to the largest
crest predicted by linear theory breaks and introduces a large slam-
ming force, explaining the �1.05Tp time recorded for the maximum
force in Table II. However, the positive peak horizontal force occurs
during a period of a positive slope in the time histories of the free-
surface elevation at the front face of the cylinder for almost all cases,
which corresponds to a time associated with large particle accelera-
tions. This is broadly consistent with the NewForce approach70 and
the findings in the experimental investigation of near-breaking and
spilling breaking wave forces on a cylinder,71 yet the precise times are

more difficult to predict due to the highly nonlinear waves and the
presence of wave breaking. Wave breaking and the associated slam-
ming, energy redistribution, and dissipation can affect this significantly
(as indicated in Fig. 17), and it is noted that for the largest

P
kiai for

the 270� focused wave without current, the maximum force occurs
closer to the time maximum elevation where wave breaking and slam-
ming forces dominate. The complex relationship observed for which
phase introduces the largest force and when this force occurs, particu-
larly in breaking waves, warrants further exploration. It may be
required to test a wide range of focused wave phases and relative posi-
tions in order to truly identify the peak design loads.

In Fig. 18, the simulation snapshots of the horizontal velocity
field at the instant listed in Table II are shown (only the largestP

kiai). It demonstrates the effectiveness of using the SPH method
for numerical modeling of wave–current–structure interaction with
high nonlinearity and wave breaking. The results are all for a fixed
depth with intermediate-depth waves. The force magnification by
breaking over non-breaking waves has been shown experimentally (in
regular waves without currents) to be dependent on the depth parame-
ter kd with magnification varying from about � 3 in shallow water to
negligible in deep water waves,72 and the effect of depth parameter will
be studied in further work.

FIG. 21. Comparison between the inertia terms in the Morison equation and the drag terms in the Morison equation for other focused waves. From top to bottom: focused
wave groups generated with phase shifts of 90�, 180�, and 270�. From left to right: following sheared current case, no current case, and opposing sheared current case.

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 35, 087132 (2023); doi: 10.1063/5.0160021 35, 087132-18

VC Author(s) 2023

 29 August 2023 19:16:37

pubs.aip.org/aip/phf


C. Comparison with the Morison equation

In the present study, the hydrodynamic force on the cylinder is
dominated by inertial effects with limited effect of diffraction with
D=Lp � 0:077 (D is cylinder diameter, and Lp is peak wavelength).73

Therefore, the Morison equation74 can be used to reconstruct the time
histories of horizontal force based on inertia term and drag term for
most of the cases in Sec. VB. The inertia coefficient CM and drag coef-
ficient CD in the Morison equation are computed and shown in Tables
III and IV to investigate the contribution of the inertia term and the
drag term on the horizontal force on the cylinder. In the Morison
equation, the horizontal force dF on a strip of length dz of a rigid ver-
tical circular cylinder is given by

dF ¼ q
pD2

4
CMaxdz þ q

2
CDDvx vxj jdz; (23)

where q is the density of the water, D is the diameter of the cylinder,
and vx and ax are the horizontal undisturbed fluid velocity and accel-
eration at the midpoint of the strip. To calculate the best values of CM

and CD for the Morison equation to represent the time histories of
horizontal force computed directly in the SPH model, an optimization

approach is implemented varying CM and CD simultaneously to mini-
mize the following objective function [time history of horizontal force
on the cylinder, e.g., from t ¼ t1 ði ¼ 1Þ to t ¼ tn ði ¼ nÞ]:

Objective ¼
Xn
i¼1

F tið ÞSPH � F tið ÞME
� �2

; (24)

where F tið ÞSPH is the time history of horizontal force computed in the
SPHmodel (subtracting the small mean force), and F tið ÞME is the time
history of horizontal force computed in the Morison equation, based
on a 10 s time duration from �5 to 5 s. The computed optimized val-
ues of CM and CD are listed in Tables III and IV, respectively. For
focused waves on a following sheared current, focused waves only, and
focused waves on an opposing sheared current, the original

P
kiai is

0.143, 0.153, and 0.172, while the largest
P

kiai is 0.3, 0.35, and 0.45,
respectively.

According to Tables III and IV, the values of CM are close to 2,
while the values of CD vary from 0.41 to 2.27. The inertia term is dom-
inant in the present study, and the effect of the drag term is relatively
small so that the values of CD are less important to determine the total
force. It is consistent with the investigation of the variability of the

FIG. 22. Comparison between the numerical results in the SPH numerical model and measurements in the experiments for focused waves generating with the phase shift
90�. From top to bottom: following sheared current case, no current case, and opposing sheared current case. From left to right: surface elevation at x¼�4.7 m, surface ele-
vation at x¼�0.02 m, and horizontal force on the cylinder.
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inertia and drag coefficients considering the Morison wave force on a
fixed vertical cylinder due to irregular waves in Ref. 75. In their study,
irregular wave tests were also inertia dominated that it was found that
there is a high variability in the constant drag coefficient compared to
the inertia coefficient (close to 2) and that the precise value has a negli-
gible effect on the wave force prediction owing to the predominance of
the inertia term. The values of CM are close to the potential flow value
of 2, and small differences here are due to viscous effects.76

The time histories of horizontal force using the Morison equation
with the values of CM and CD in Tables III and IV are compared with
the time histories of horizontal force computed in the SPH model
(subtracting the small mean force) for focused wave groups with the
phase shifts of 0� at the original

P
kiai and the largest

P
kiai (the

breaking wave cases) in Fig. 19. It is noted that the Morison equation
is not recommended to predict the horizontal force due to breaking
waves due to slamming as indicated in Fig. 18. The reason for the
observed discrepancy in cases at the largest

P
kiai in Fig. 19 is likely

due to the slamming. The inertia terms and drag terms for these cases
are compared in Fig. 20. It is noted that the drag-like term becomes
more important in breaking wave cases.

For focused wave groups generated with phase shifts of 90�,
180�; and 270� for waves on a following sheared current, waves only,

and waves on an opposing sheared current at the original
P

kiai, the
inertia terms and drag terms for these cases are compared in Fig. 21. It
is indicated that the wave phase plays a less important role in deter-
mining the contribution of the inertia term and the drag term in the
present study as the effect of drag term is small at the original

P
kiai.

VI. CONCLUSIONS

Prediction of loadings on substructures of ORE systems in com-
plex and extreme events of combined waves and sheared currents is of
great significance for practical applications in offshore renewable
energy. Numerical modeling of interactions of focused waves and
sheared currents with a vertical cylinder using SPH-based
DualSPHysics code has been introduced in the present study. To gen-
erate the conditions in the SPH numerical wave–current flume, open
boundaries and a modified damping zone are implemented as in Ref.
32. The time histories of the surface elevation and flow kinematics
used as boundary conditions at the inlet of the SPH numerical model
are obtained using the Buldakov et al. model with an iterative wave
focusing methodology to replicate the wave conditions and wave–
current conditions generated in the physical flume. Additionally, a
relatively long distance between the wavemaker and the cylinder in the

FIG. 23. Comparison between the numerical results in the SPH numerical model and measurements in the experiments for focused waves generating with the phase shift
180�. From top to bottom: following sheared current case, no current case, and opposing sheared current case. From left to right: surface elevation at x¼�4.7 m, surface ele-
vation at x¼�0.02 m, and horizontal force on the cylinder.
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physical flume is not required for the distance between the inlet and
the cylinder in the SPH numerical model.

The numerical results from the SPH wave–current flume are
validated with the Buldakov et al. model for surface elevation and
velocity profile, demonstrating the accuracy of the method used to
generate focused waves on different flow conditions (focused waves
on a following sheared current, focused waves only, and focused
waves on an opposing sheared current). Agreement between the
numerical results from the SPH wave–current flume and experimen-
tal measurements for surface elevations and horizontal force on the
cylinder is achieved, demonstrating the model’s capability in the pre-
sent study for modeling wave–current–structure interactions. Four
phase repeats are used in the SPH model to understand the harmonic
structure and extract the harmonic components of the surface eleva-
tion at the front face of the cylinder and associated loading on the cyl-
inder. Harmonic components and amplitude spectra from harmonic
analysis based on the numerical results and the experimental mea-
surements show an overall good agreement. At the same time, a satis-
factory computational performance is gained for 3D simulations by
only using a laptop GPU, which is of great importance for practical
applications in engineering.

The SPH-based numerical flume is well suited for modeling
highly nonlinear fluid–structure interaction problems including wave
breaking, and the peak forces on the cylinder in steep waves on
sheared currents were investigated by increasing the wave amplitudes
up to the breaking limit. Among the four focused wave groups with
the phase shifts of 0�, 90�, 180�; and 270�, it was found that the maxi-
mum positive peak horizontal force on the cylinder is obtained in
focused waves generated with phase shift 270� for two flow conditions
(focused waves only and focused waves on an opposing sheared cur-
rent), and with phase shift 0� for one flow condition (focused waves
on a following sheared current). This is counter-intuitive to what we
would expect from the linear theory, and the relationship between
peak force and wave phase, along with when the peak force occurs, is
found to be complex and warrants further study. An optimization
approach was applied to calculate the inertia coefficient CM and drag
coefficient CD in the Morison equation using kinematics from the
SPH model. The comparisons indicate that the inertia effect is domi-
nant and the effect of drag effect is relatively small in the present study.
However, slamming is shown to be important for breaking wave cases,
and the Morison equation is shown not to be able to capture the peak
loads for these cases.

FIG. 24. Comparison between the numerical results in the SPH numerical model and measurements in the experiments for focused waves generating with the phase shift
270�. From top to bottom: following sheared current case, no current case, and opposing sheared current case. From left to right: surface elevation at x¼�4.7 m, surface ele-
vation at x¼�0.02 m, and horizontal force on the cylinder.
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APPENDIX: FOCUSEDWAVE GROUPS GENERATING
WITH OTHER THREE PHASE SHIFTS

Four focused wave groups generating with the phase shifts of
0�, 90�, 180�, and 270� are required for the harmonic separation.
Here, the measured numerical results of the surface elevations at
the AMP and at the front face of the cylinder close to the FP and
the horizontal forces on the cylinder are compared with the experi-
ments for focused waves generating with the phase shift 90�,
focused waves generating with the phase shift 180� and focused
waves generating with the phase shift 270� on different flow condi-
tions (following sheared current case, no current case, and opposing
sheared current case) and are given in Figs. 22–24, respectively.
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