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Abstract: This paper presents a numerical study on focused wave and current interactions with a cylinder. The cylinder is moving in
the opposite direction to the wave propagation. An effective computational decomposition method is adopted to reduce the calculation
resources. A potential solver high-order spectral (HOS) method is applied to generate focused wave field, while our in-house
computational fluid dynamics (CFD) solver naoe-FOAM-SJTU with overset grid takes the charge of achieving the viscous effect
around the moving cylinder. The viscous domain moving with the cylinder thus the size and mesh grids in computational domain is
greatly reduced. The pressure on cylinder surface and wave fields around cylinder are compared with experimental data, shows a well
agreement. Meanwhile, the scattering wave field and vortex shedding are discussed. With the existence of moving cylinder, the

classical scattering wave types are still observed.
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0. Introduction

The monopile is a common structure in costal or
wind turbine construction. As the bottom fixed, the
monopile would be exposed to severe sea states such
as rouge waves or rough wave interacts with current.
This may bring huge damage on structures and com-
plicated hydrodynamic characteristics. When the
monopile encountered with rouge wave with current,
the wave-wave and wave-current-structure interaction
need to be considered.

In past decades, large amount studies on interac-
tion between waves and cylinder have been carried
out. Most of the studies were based on Morison
equation which predicted inertia and drag forces well
but cannot include radiated or scattering waves!'l. This
might lead to wrong results when steep waves interac-
ted with cylinders. Meanwhile, breaking phenomenon
might happen when steep waves interacted with the
cylinder, which brought impact pressure on cylinders.
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The researches of steep wave-structure interac-
tion turned from high-order regular waves” to
focused waves. The focused waves are the idealized
concept to mimic the sudden and huge wave loading
as those in rouge waves. Chen et al.®! studied the
scattering waves from focused wave and a surface
piercing cylinder in computational fluid dynamics
(CFD) method. They found the nonlinearity of
scattering waves coincide with viscous around the
cylinder. Ransley et al.™ conducted a series of blind
tests from fixed structure to floating body under
focused waves, displayed the pros and cons of those
various numerical methods in simulating focused
wave-structure interactions.

Most studies rarely considered the effects of
current in focused\freak waves interacted with
cylinders. This might because generating waves over a
current in a laboratory is a huge challengels'(’],
especially the focused wave. Feng et al.”! applied a
phase-manipulation method to do an experiment on
focused wave-current interaction on a vertical cylinder.
Yang et al.’™ applied smoothed particle method to
simulate a breaking wave on the cylinder under a
sheared current. Ghadirian et al.[g], Chen et al.'”
investigated a wave-current interaction and the inline
force on a circular cylinder. Gong et al.l""! applied a
hybrid method named qaleFOAM to simulate a



moving cylinder in focused waves. They made the
cylinder moving with a speed instead of considering
the current, thus ignored wave-current interaction.
Agarwal et al.'"” collected and compared four nume-
rical solvers on simulating the moving cylinder
interacted with a focused wave.

In this paper, we apply an effective method to
simulate a moving cylinder under a focused wave. The
focused wave is generated using high-order spectral
(HOS) method"®! and a CFD method with overset
grid is coupled to extract the short-time focused wave
information. The pressure and wave field around the
moving cylinder is compared with experimental data
to verify the coupled method, and the analysis of flow
field is carried out.

Fig. 1 The calculation process of the combined solver in naoe-
FOAM-SJTU with overset grid

1. Numerical method

In this section, the numerical method adopted in
this paper is introduced. We apply the coupled method
of HOS, naoe-FOAM-SJTU with overset grid to
achieve the simulation.

1.1 Viscous solver

Our in-house CFD solver naoe-FOAM-SJTU!"!
is based on the open source software OpenFOAM
with 6 DOF module, overset grids and turbulence
models. The governing equations are:

V-U=0 M
ﬁ%w.[p(u_ug)uh—m—g'XVP @

where U is velocity field, U, is velocity of grid

nodes, p, is the dynamic pressure, X is the vector
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of the volumetric center position in one grid cell, ¢
is the gravity and p is the density of the flow. The

volume of fluid method with bounded techniques is
applied.

Fig. 2 The setup of numerical model and the pressure and wave
probes

Fig. 3 (Color online) Comparison between HOS results and
experimental results

In this paper, the turbulence model is chosen to
be shear stress transfer (SST) k - @ !"*). The transform
equations of turbulent kinetic energy and specific
dissipation rate are:
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where v is the kinematic turbulent viscosity, v, is
the turbulent eddy viscosity and F 1is the function
that combines k -@ model, standard k -® model:

4
F = tanh< min max{ \*/E ,5020‘/], 4af’2k2 (5)
p oy yo)CD,y

CD,, =max(2amlekVa),10mj (6)
®

where Yy is the wall distance.
InEq. (3), G can be described as

G = min(G,¢,f'ko), G=v,S" (7)

where S is the invariant measure of the strain rate.

Fig. 4 (Color online) The setup of numerical simulation

Through the equation ¢=Fg +(1-F)@, (¢

stands for the parameter ¢,, 7, f and «, in Egs.

(3), (4), ¢, stands for the parameter ¢,,, «,, B

and y,, ¢, stands for the parameter ¢,,, a,,, 5,

and y,), all the parameters can be achieved. The
values of all the parameters in above equations are
a,, =0.85034,«,=10, «,=05, «,=0.85616,
p,=0.075 , pB,=0.0828 , » =0.5532 , y,=
0.4403, B =0.09 and c =10.

Fig. 5 (Color online) The wave field of moving cylinder in fixed
computational domain

Fig. 6 (Color online) The setup of moving viscous domain and
the whole computational domain

1.2 HOS method

The partial difference equation of HOS method
scheme based on the dynamic and kinematic free
surface boundary condition istl:

etV -V -(1+V.n-V.1)¢,(x.,n,t)=0
®)
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where ¢° is the surface potential function, p, is the
pressure, 77 is the wave elevation, t is the time, X
and z stand for X and z direction.

Fig. 7 (Color online) The overset mesh generation

Fig. 8 (Color online) The mesh convergence study in different
pressure probes

We utilized HOS-NWT!' to generate focused
wave in a method of flap wave maker. When we got
the time history of wave elevation in wave tank, the
Fourier transform gives complex number of wave
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elevation 77(f). With a delay of ¢ " in phase, the
wave can be regenerated where k is the wave
number in each wave components, X, is the focused

position.

Fig. 9 (Color online) The mesh convergence study in wave probe
wpb

Fig. 10 (Color online) The time step convergence study in
different pressure probes

Fig. 11 (Color online) The time step convergence study in wave
probe wp6

1.3 Combined method

We applied a computational decomposition
method"”’ to couple these two methods. To clearly
illustrate the coupling method, Fig. 1(a) gives the way
to deal with the interface of computational domains.

Q, presents the reconstructed HOS field"™, 7,
presents the interface, (2. is the CFD field. Therefore,
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in the interface zone, there exists:

U, =Uy,, xely (10)

Ny =ny, Xely (11)

We applied relaxation scheme!"” in the interface,
¢ is the parameter of flow field

¢ = aR¢computed + (1 - aR ) ¢target (12)

The @,,, is from HOS field, ¢, .0 18

computed from CFD zone. The relaxation weight o,

is exponential weight. The exponential weight has the
following form!'”!

P11
o, —1- P01 (13)
expl—-1
The exponent p is set to 3.5 as default, o isa
local coordinate with relaxation zone.

Figure 1(b) shows the calculation process of the
combined solver of naoe-FOAM-SJITU with overset
grid. The detailed description of process can be found
; . [20-21] .
in previous work . In this paper, we adopted
frozen relaxation scheme to ensure the computational

domain can move with the object.

2. Numerical simulation

In this numerical case, numerical model is
chosen to be a circular cylinder. The wave condition is
a unidirectional focused wave. The cylinder stands
from a certain position and then starts moving towards
the peak of the focused wave at a speed of 0.25 m/s.

2.1 Numerical setup

The diameter of the circular cylinder is 0.22 m,
the height is 1.055 m, as shown in Fig. 2(a).

The focused wave model is a unidirectional
focused wave composed of 32 wave components, with
a wave frequency range from f =0.34Hz to

f.. =1.02Hz. The focused time is 38s, and the

Fig. 12 (Color online) The comparison between numerical results and experimental data



focused point is 23 m away from the wave making
position. The experiment applies the piston wave
making method for wave generation, and the depth of
the water tank is 0.7 m'**!

Fig. 13 (Color online) The comparison of wave probes between
numerical results and experimental data

Fig. 14 (Color online) Comparison of coupled method with
original CFD method

In order to compare with the experimental results,
seven pressure probes are set on the circular cylinder,
with four probes located at an angle of 0° from the
incident wave. The distance between the probes and
the bottom of the water tank is 0.515 m, 0.615 m,
0.715 m and 0.815 m. The other three are at angles of
20°, 90° and 180° from the incident wave, and at a
distance of 0.615 m from the bottom of the wave tank,
as shown in Fig. 2(b). Meanwhile, Fig. 2(c) illustrates
three wave probes moving with the cylinder, they are
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at the distance of 0.57 m in the front of the cylinder
center, on the cylinder center and behind the cylinder
center.

Considering the complex flow field around the
cylinder, the turbulence model is chosen to be the
Reynolds averaged Navier-Stokes SST Kk -® model.
The time integration scheme adopts the second order
Crank-Nicholson scheme, the convective term in the
momentum equation adopts the mixed linear upwind
stabilized for transport (LUST) scheme, and the
convective term in the turbulent transport equation
adopts the total variation diminshing scheme. The
viscous term adopts the central differencing scheme.

2.2 Validation

Firstly, we generate the wave field based on
HOS-NWT. The experiment results didn’t include the
wave elevation in empty wave tank, we adopt the
wave probe at X=4.975m as initial wave elevation,

where the wave is not influenced by the scattering
wave from cylinder.

The computational domain in HOS method is set
as: L,=50m , L ,=29.74m , The water depth

h=0.7m, the HOS order M =35, the discrete point

N, =512, N, =33. The CPU time is 75 s with one

core. Figure 3 illustrates the comparison of wave
elevation between experimental results and HOS
results. The wave crest and through agrees well with
that in experimental data.

Figure 4 displays the numerical setup of the
moving cylinder. In this case, the cylinder moves
forward with a certain speed, thus overset grid is
adopted. Figure 4(a) shows the layout of boundary
conditions with overset grid method. Figure 4(b)
shows the layout comparison between present method
and original CFD method. If we adopted traditional
CFD methods or other global solving methods, the
calculation domain represented by light blue blocks in
the figure is required, which includes the distance of
the focused wave propagation and the long-time
cylinder walking. This will require a large compu-
tational domain and huge computing resources. In this
paper, the HOS region considers the focused distance
of the focused wave, while the CFD region considers
the cylinder motion distance. By selecting the
coupling region near the formation of the focused
wave, the cylindrical motion time can be greatly
reduced, thus the computational domain size and time
in the CFD region is reduced.

For the object with the forward speed, there are
two ways to calculate using the overset grid method.
One is to fix the computational domain and move the
object forward, as shown in Fig. 5. It can be seen that
with the speed of 0.25 m/s, even if the simulation is
only conducted near the focused position, it is still
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Table 1 Main parameters of test cases

Name Number of background Number of hull grid Number of total grid Ti ton/
grid numberx10° numberx10° numberx10° 1me step’s
Case A 49 25 74.8 0.002
Case B 161 72 232 0.002
Case C 529 197 726 0.001
Case D 49 72 121 0.002
Case E 161 72 232 0.001

Fig. 15 (Color online) The wave fields around cylinder

need to add at least 5 m length to the calculation
domain. Therefore, in order to save resources to a
greater extent, we applied the way that viscous com-
putational domain moves with the object.

The viscous CFD computational domain moves
in the HOS wave field at the same speed of cylinder,
while the relative position of the cylinder and the

computational domain remains unchanged. Figure 6
shows the size of the computational domain and its
layout in the HOS domain. The computational domain
size is —6.2595m<x<5m, -l.Ilm<y<Il.lm
and —0.7m<z<0.7m. The length of relaxation zone

s —6.2595m<x, <-22595m, 3m<x,<5m (X



and X, represent the inlet and outlet relaxation zones

respectively). The distance from the viscous domain
to the HOS domain is Xx=29m, y=15m . The

simulation time is 20 s.

The mesh generation tools BlockMesh and
snappyHexMesh in OpenFOAM are adopted for back-
ground and cylinder mesh generation. The mesh is
refined on the free surface and around the cylinder. In
order to ensure complete vortex shedding during the
movement of the cylinder, the mesh is refined in the
length of four times of cylinder diameters behind the
cylinder in the object grid as shown in Fig. 7.

Five different cases with different grid number
and time steps are carried out for convergence simula-
tion. The parameters of background grid, hull grid,
and total grid quantity for each case are shown in
Table 1. Case A has 70 grid number per wavelength
and 22 grid number per wave height, case B has 100
grid number per wavelength and 32 grid number per
wave height, case C has 141 grid number per
wavelength and 45 grid number per wave height.

The comparison among the time history of the
two pressure probes under the four cases A, B, C and
D with the experimental results are shown in Fig. 8. It
can be seen that among the two pressure probes, the

Fig. 16 (Color online) The vortex in wave field
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results of case A has the largest discrepancy from the
experimental results. The results of cases B, C are
very similar. The results of case D are consistent with
those of case B at pressure probe pp2, while the
results of Case B are closer to the experimental results
at pp7. cases B, D have the same grid number around
the object. It can be seen that since the background
grid number in case D is selected, the wave converges
and there is no numerical dissipation due to the wave
propagation. The finer background grid number in
case C doesn’t bring the values of the pressure probes
closer to the experimental values. This may be due to
the fact that the grid already satisfies wave propa-
gation in case B, and on the other hand, it may require
a smaller time step to obtain more accurate results.

The comparison of wave elevation between the
wave probe wp6 around the cylinder and the experi-
mental data under four cases is displayed in Fig. 9.
Similar to that in pressure probes, the background grid
number in cases A, D already meets the needs of wave
propagation. Therefore, the results of the time history
of wave elevation obtained from these four cases are
very close.

Figures 10, 11 show the comparison of pressure
probes and wave probes between cases B, E with the
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same grid setting in different time steps. The results of
both pressure and wave elevation are basically the
same, indicating that the time step of 0.002 s already
conforms to the current simulation. Therefore, case B
is used for the subsequent simulation and analysis.

The comparison between the numerical results
and the experimental data with 7 pressure probes is
shown in Fig. 12. It can be seen that the numerical
results and experimental results are in good agreement
at pressure probes pp6, pp7 and pp8. The numerical

Fig. 17 (Color online) The vortex around cylinder at z=-0.6 m

error at pp7 is about 3%, while the numerical errors of
the other two probes are all within 25%. The nume-
rical results of the four pressure probes at the head
wave side are smaller than that in experimental values.
The discrepancy may come from the way that pressure
captured. The pressure results all come from a certain
point on the cylinder surface, which is the grid node.
Therefore, errors may occur due to moving of grid
nodes during simulation. In the pressure probes at
angles from head wave side, the numerical results are



Fig. 18 (Color online) The vortex around cylinder at

in good agreement with the experimental values,
indicating that the flow field around the cylinder can
be well simulated and captured.

Figure 13 shows the comparison between nume-
rical results and the experimental data with wave
elevation at the front, back, and center of the cylinder.
The numerical results of wave climb in front of and at
the center of the cylinder are slightly smaller than the
experimental values, and the numerical results of wave
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climb behind the cylinder are closer to the experi-
mental values.

The original CFD method needs large computa-
tional domain and resources as we mentioned before.
We compared our coupled method with that in
original CFD method"®, as shown in Fig. 14. Through
reducing computational domain and simulation time,
the accuracy of the numerical results increases and
CPU time reduces 65%.
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3. Flow field analysis

3.1 scattering wave

Figure 15 shows the flow field around the
cylinder when it passes through the focused wave.
When t=8.8s, the cylinder encounters with the crest

of the focused wave. When t=809s, a roll-up of free

surface is captured on the backside of the cylinder. At
the time of t=9s, a type 1 concentric circular
scattering wave surface appeared at the head of the
cylinder, and a type 2 scattering wave surface
appeared on both sides of the cylinder. At the same
time, the roll-up behind the cylinder is more obvious,
and a breaking phenomenon is captured. At the
moment of t=9.1s, the moving cylinder leaves the
wave crest, while the wave climb on the back cylinder
continues, and there still exists waves breaking and
rolling on both sides of the cylinder. At t=9.4s, the
cylinder encounters with the trough of focused wave,
and an obvious Coanda effect appears on the side of
the cylinder with rise of free surface. This wave
surface promotion gradually eliminates until t=9.7s,
and the wave surface promotions on both sides of the
cylinder converge at the front of the cylinder, forming
a type 1 scattering wave surface again.

Figure 16 illustrates the vortex around the cy-
linder. It can be seen that with the existence of scattering
wave, the vortex around the cylinder shows corres-
ponding type with the scattering waves. Meanwhile,
due to the uniform speed of the cylinder, the vortex
begins to detachat t=9.0s, stretchat t=94s.

3.2 Vortex shedding

Figure 17 illustrates vortex shedding at z=
—0.6 m. At this space, the free surface and waves
have no effect on the vortex, thus the overall vortex
shedding is roughly the same as that in uniform flow
passes through cylinder. At t=6s, two vortices form
behind the cylinder. As the cylinder moves forward,
the vortex shedding begins to appear at t=8s and

exhibit a completely detached form at t=9s. After

the cylinder continues to move forward for 9 s, that is,
at t=18s, the alternative vortex shedding behind the
cylinder is observed.

Figure 18 illustrates vortex shedding at z=
—0.1m . At this cross-section, it is very close to the
free surface, and the vortex shedding of the cylinder is
not only affected by the free surface, but also by the
wave velocity. It can be seen that at t=6s, two
vortices are also formed behind the cylinder, and at
this time, the two vortices extend along the wave
propagation direction under the influence of wave

velocity. The vortex exhibits a completely different
shape from the vortex at z=-0.6m starting from
t="7s.
slender under the action of wave velocity, and the
vortex that just falls off is immediately stretched or
even wiped out. Therefore, at t =18 s, there is still no

The vortex at the free surface becomes

alternative vortex shedding observed.

4. Conclusions

This paper applies an effective method coupled
HOS and CFD method with overset grid to solve the
hydrodynamic problem of a moving cylinder in a
unidirectional focused wave. By applying overset grid
technology, the viscous computational domain and the
cylinder move forward simultaneously in the HOS
wave field. The accuracy of the calculation results is
verified by comparing the time history of the pressure
probes and wave probes on the cylindrical surface
with the experimental results. We analyze the
scattering wave field around the cylinder, and two
classical scattering wave types are found when the
cylinder passing through the focused wave. The
moving cylinder doe not change the scattering wave
type, but strength it. The type-2 scattering wave
breaks at the backside of the cylinder due to the
object’s uniform speed.

The vortex shedding at the bottom and near free
surface of a cylinder is discussed. Due to the presence
of waves at the free surface, the detached vortices
cannot form alternative vortex shedding. At the
bottom, as it is not disturbed by the free surface, a
clear phenomenon of alternative vortex shedding can
be observed.
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