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Abstract: This paper presents a numerical investigation of the interaction among wave, flow and a fixed cylinder using the
naoe-FOAM-SJTU solver, which is a viscous solver for hydrodynamics based on OpenFOAM. The simulation considers the strong
nonlinear interaction among a regular wave, flow, and a single fixed cylinder due to viscosity, which is common in offshore
structures. The study focus on the vortex induced by viscosity and its significant role in hydrodynamic performance computation. A
mesh convergence study is conducted prior to the simulation, and a proper set of mesh is chosen. The simultaneous generation of the
regular wave and flow is realized using the numerical field boundary, and the wave propagation is validated. The results of wave
elevation and pressures captured by wave gauges and probes around the fixed cylinder are compared with experiment results. The
structure of vortices is displayed at significant times, and the phenomena of wave elevation and pressure changes around the cylinder
are analyzed in detail using the Omega-Liutex identification method.
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0. Introduction

The study of sea conditions is an essential aspect
of designing coastal and offshore structures. The
unpredictable and sometimes extreme nature of the
ocean makes it challenging to determine the exact con-
ditions a structure may encounter during its lifetime.
However, accurate predictions are crucial for ensuring
the safety and economic viability of these structures.

The consequences of accidents involving coastal
and offshore structures can be devastating, both in
terms of economic losses and human lives. Therefore,
it is crucial to design structures that can withstand the
predicted harshest sea conditions. This requires a
comprehensive understanding of the environment,
including factors such as waves, flows, winds, tides,
and storms. Two types of wave-current interactions
are identified and the influence are analyzed™.
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In real-world ocean environments, waves and
flows often occur simultaneously. Therefore, under-
standing the complex interactions between these two
phenomena and their impact on structures is crucial
for designing coastal and offshore structures that can
withstand harsh sea conditions. Over time, research on
the interaction between waves and structures®™
flows and structures®™, and waves and flows'® has
become more advanced and mature. However, the
interaction between structures and both waves and
flows is still an active area of investigation[").

One study that explored the interaction between
waves and structures is the work of Xiang et al..
They investigated the wave elevation around a finite
fixed cylinder and found that the wave elevation is
nearly independent of the depth of the water. This
study provides valuable insights into the behavior of
waves in the vicinity of a structure and can inform the
design of structures that can withstand these types of
conditions.

On the other hand, in energetic areas, waves and
tidal flows interact for modifying the energy resource
and impacting on the design conditions®®. The sea
condition we can describe more complex, the profits
we can estimate more exactly.

Accurately predicting complex working condi-
tions is no easy task, and it requires extensive research,



testing, and analysis. Researchers use various tools
and techniques to collect data on sea conditions,
including remote sensing technologies, numerical
models, and physical experiments. By analyzing this
data, researchers can develop accurate predictions of
the environmental conditions that a structure may
face.

The significance of accurate predictions extends
beyond the safety of the structures themselves.
Designers must also consider the economic viability
of their projects, as the cost of repairing or replacing a
damaged structure can be enormous. Accurate predic-
tions can help designers optimize their structures,
ensuring they are both safe and cost-effective. There-
fore, the study of sea conditions is critical to the
design of coastal and offshore structures. Accurate
predictions of environmental conditions are essential
for ensuring the safety and economic viability of these
structures. Through research, testing, and analysis,
researchers can develop comprehensive understandings
of the environment, enabling them to design structures
that can withstand even the harshest sea conditions.

In terms of the vortex identification method,
Liutex method is the third-generation vortex identi-
fication method®*®!. This method separates the pure
rigid-body rotation components from the fluid motion
decomposition™ % which can uniquely exclude the
influence of shearing contamination when compared
with the previous Q-, 4, -criteria™. Then, Liutex

method is rapidl%/ aﬂ)lied to various vortex problems
in different areas”**!,

The CFD solver naoe-FOAM-SJTU is developed
based on OpenFOAM to solve the problems in marine
engineering with viscosity and incompressible fluid
assumption™®!.

In the present work, numerical simulations of the
interaction among waves, flow and fixed vertical
cylinder and corresponding validations are realized on
the naoe-FOAM-SJTU solver. The results and the
phenomena are compared with the other working
conditions. The comparisons show the unique perfor-
mances of the interaction of wave, flow and cylinder.
Omega-Liutex method®" is adopted in the Rortex/
vortex identification, which is a normalized method
on the basis of Liutex method, in order to display the
complex flow structure in the interaction working
condition and explain the phenomena above visually
and clearly.

1. Numerical methods

1.1 Governing equations

The numerical simulation is conducted on the
CFD solver naoe-FOAM-SJTU based on the assump-
tion of the incompressible fluid. In the present work,

the large eddy simulation (LES) is chosen, in order to
capture the major turbulence characteristics, and
ensure the accuracy of Rortex/vortex identification to
a certain extent in the further post-processing part.
And the governing equations should be written as
follows:

v-U=0 €h)
opU

+V-(pUU) =-Vp, —g-xVp+

V'{pvsGS {VU +(VU)' —%(VU)I}—%,OKI
)

where U is velocity, p is density of the fluid
which is mixed by the two phases of air and water,
p, is the dynamic pressure, X is position vector,
k is turbulent kinetic energy, 1 is identity matrix
and Vg Is the kinematic viscosity of the sub-grid
scale (SGS) eddies, it can be calculated as

Vees = (CA)? 25;S; 3)

where C; is known as the Smagorinsky coefficient,
A is the scale of the grid and S; is the component
of the strain rate tensor.

1.2 Interface capturing method

In two-phase simulations in the present work, the
free surface is captured by the volume of fluid (VOF)
method. The method is mainly dependent on the
volume fraction « , which indicates the volume ratio
of each grid. The volume fraction at the flow time step
can be updated with the transport equation

%"‘W-Uam(l—a)v.uc:o (4)

where U, =min[c, |U|,max(U)](Va/|Va]) , con-
stant c, is a compression factor and takes value 1 by
default.

1.3 Wave generation

In this study, wave generation is achieved by
setting values for velocity and volume fraction at the
inlet boundary, resulting in the implementation of two
boundary conditions. Pressure is calculated using the
“buoyantPressure” boundary condition, which utilizes
a special function available in OpenFOAM to deter-
mine the normal gradient from the local density



gradient.

The type of wave condition considered in this
study is regular waves, and the Stokes second wave
theory is used for wave generation. Theoretical solu-
tions for free surface height and velocity are calcu-
lated and used as inputs for the inlet boundary,
allowing for a comparison with the simulation results.
This approach enables researchers to validate the
accuracy of their numerical model and identify any
discrepancies between theoretical predictions and
simulation outcomes.

The theoretical free surface height is
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where H is the designed wave height, 6 is the

phase of the wave, k is the wave number, h is the
depth of the wave tank.

In the present work, the coexistence of wave and
flow is the main working condition, therefore the
interaction of flow also demands to be taken into
consideration. The horizontal and vertical free surface
velocity components under wave and flow are:

_H cosh(kz) c

LI 0s 6 +

2 sinh(kz)

2
3H a)k COASh(ZkZ) 0520 + U oy ©
4 4sinh* (kh)
- 2 i

:ﬂa)msi +§L:m(2k2)sm29 ")

2 sinh(kh) 4 4sinh*(kh)

where @ is the angular velocity of the wave, u
is the velocity of the flow.

flow

1.4 Wave absorption

The solver adopted active wave absorber, which
can cut down the computational domain size of about
two wave length when compared with the passive
absorbers rely on relaxation zones. In order to cancel
out the reflected waves, the boundary must generate a
correction velocity equal to the incident one but in the
opposite direction, which can be expressed as follows

U, =7, —u (®)

h current

where U, is the correction velocity that is applied
perpendicularly to the boundary and points into the
computational domain, the reflected wave height (7;)
is calculated by subtracting the measured elevation at
the wavemaker (7;,,) from the target one (r;),

according to the expected reflection-free wave gene-
ration: 7, =7, —7;

2. Numerical setup

In the present work, numerical simulations of the
regular wave and the flow passing a vertical cylinder
is conducted. The design of the numerical setup refers
the experiment performed in the “Schneiderberg” wave
basin of the Ludwig-Franzius-Institute at Leibniz
University of Hannover, Germany. The experiment is
set as a cylinder rigidly hung on a towing carriage and
they can move together along the direction of the
wave basin length. While in the numerical simulation,
the movement of cylinder is equivalent to the flow.

2.1 Computational domain

The main parameters of the computational do-
main and the wave-current working condition is listed
in Table 1 and Fig. 1 gives a more intuitive perspec-
tive of the computational domain and the cylinder.
The width of the computational domain is set to 2.2 m,
the depth is 0.7 m, and the diameter of the cylinder is
set to 0.2 m. These are completely identical to the
experiment setup, while the length of the computa-
tional domain is reasonably shortened when compared
with the experiment basin. Finally, the size of the whole
domain is set to —7.45 m<x<745m, -1.1 m<

y<1l1m and -0.7 m<z<0.7m (corresponding to

the length, width and height of computational domain
respectively).

Table 1 Parameters of the computational domain and wave-
current interaction working condition

Parameter Value
Depth/m 0.7
Wave height/m 0.2
Wave length/m 7.45
Wave period/s 3
Flow velocity/(m-s™) 0.34
Cylinder diameter/m 0.22

Fig. 1 (Color online) Computational domain

As to the boundary condition, the wave gene-
ration and inflow is set at the inlet boundary, and the
corresponding wave absorption is also set at the outlet
boundary. The no-slip boundary condition is adopted
to the bottom and the cylinder boundary, the Neumann



boundary condition is applied to the atmosphere
boundary, and the symmetry boundary condition is
imposed on the both sides of the computational
domain.

2.2 Probes preset

In order to measure the variable height of the free
surface, wave gauges are necessary to set up before
the numerical simulation. Figure 2 shows the hori-
zontal distribution of the wave gauges, and the
specific locations of them are listed in the Table 2. A
wave gauge (WP1) is set relatively near to the inlet
boundary to monitor the correction of the wave
propagation. Three wave gauges is set following the
experiment (WP2-WP4) to observe the variation of
the wave shape, and there are 5 wave gauges
(WP5-WP9) located around the cylinder on the other
side used for capture the wave run-up around the
cylinder.

Fig. 2 (Color online) The horizontal location sketch of the wave
gauges

Table 2 Specific horizon locations of the wave gauges

Fig. 3 (Color online) The locations sketch of pressure probes

Table 3 Specific locations of the pressure probes

Pressure
probe number X/m y/m z/m
PP1 —-0.11500 0 -0.185
PP2 —-0.11500 0 —-0.085
PP3 —-0.11500 0 0.015
PP4 —0.11500 0 0.115
PP5 —-0.08132 0.08132 —-0.085
PP6 0 0.11500 —-0.085
PP7 0.08132 0.08132 -0.085
PP8 0.11500 0 -0.085
PP9 0.11500 0 0.115

Wave gauge

number X /m y/m
WP1 -3.72500 0
WP2 -0.57000 0.61500
WP3 0 0.61500
WP4 0.70500 0.61500
WP5 —0.11500 0.00000
WP6 -0.08132 0.08132
WP7 0 0.11500
WP8 0.08132 0.08132
WP9 0.11500 0

Wave run-up around induces drastic changes of
the pressure around the cylinder near the free surface,
therefore pressure data is helpful to explain the move-
ment of free surface and understand the interaction of
wave and flow. Some positions around the cylinder
are interested in and chosen to preset the pressure
probes as Fig. 3, and the specific coordinates of them
are listed in the Table 3. Four pressure probes (PP1-
PP4) are set on the wave-ward side at different heights
the same as the experiment, five pressure probes (PP2,
PP5-PP8) are set at the same height and 45° intervals
around the cylinder in the horizontal direction, and a
pressure probe (PP9) is set at the same height of PP4
on the wave-back side of the cylinder to monitor the
convergence phenomenon of the wave passing the
both sides of the cylinder.

2.3 Computational mesh

In order to guarantee the high-fidelity numerical
simulation conducted, proper computational mesh is
important. In the present work, the commercial soft-
ware Pointwise is adopted to generate the structured
mesh for numerical simulation, which is shown in Fig.
4. On the whole, in terms of cells distribution, the
closer its position to the cylinder, the denser the mesh
designed to capture the flow field as fine as possible
with finite computing resources. In Fig. 4, an O-grid
block is chosen to fit the shape of cylinder with
structed-mesh. The radius of the block is designed as
0.42 m, and the height of the first layer around the
cylinder is 10 m to ensure the non-dimensional wall

distance y* <1. Besides, according to some experi-

mental simulations, the cells near free surface
(-0.10m<z<0.25m) are refined specially, which

is smaller than 1/40 of the wave height. There are
totally 6 975 094 cells in the mesh.

2.4 Numerical schemes

In the present work, the finite-volume method is
used to conduct the numerical simulation following
the OpenFOAM platform. The temporal term, is dis-
cretized with the first-order Euler scheme. In terms of
the spatial discretization, the PIMPLE algorithm is ado-
pted to decouple the velocity and the pressure. Then
preconditioned conjugate gradient (PCG) solver solves
the pressure equation with the diagonal incomplete-



Cholesky (DIC) preconditioner. As to other variables,
such as velocity and phase fraction « , they are
handled by a solver implemented by symmetric
Gauss-Seidel smoother. The tolerances of all of the
solvers are set lower than 10® to reduce the dimen-
sions of residuals.

Fig. 4 Computational mesh

Considering the wave and the inflow velocity,
the time step is set small enough as 0.00025 s to en-
sure the maximum Courant number lower than 1.
According to the experimental simulation, the wave-
current-cylinder interaction phenomenon reaches a
stable state from about the time that the third peak
passing the cylinder. Thus, the duration of the whole
simulation is set as 36 s, which is equal to 12 wave
periods, to ensure at least 8 stable wave periods
remaining.

3. Mesh convergence study and wave validation

In order to ensure the efficiency and the exactness
of the numerical simulation, mesh convergence study
and wave validation are conducted respectively.

3.1 Mesh convergence

A nice numerical simulation demands not only
high-fidelity analysis of the domain, but also reason-
able cost of computing resources. These rely on the
fine enough density of mesh and small enough quan-
tity of grids respectively. Therefore, in order to design
the proper grid distribution and density, the mesh
convergence study is essential.

The numerical simulation is conducted on 3 sets
of 2-D meshes (with only 1 grid on the y direction)
with same working condition of wave and flow as the
experiment (shown as Table 1) but the existence of
cylinder in the same CFD time of 24 s, in order to
check out which one fits the simulation best. The 3
sets of meshes have identical pattern of the mesh
generation, while the only difference among them is
the density of the grids, and number the meshes 1-3
from the coarsest one to the finest one.

Table 4 lists the grid sizes and clock time of the 3
sets of meshes, and Fig. 5 compares the wave eleva-
tion history curves in two complete stable periods at
WP1 of 3 sets of meshes. The numerical simulation is
conducted by 40 cores parallel computing on the
cluster.

Table 4 Parameters of 3 sets 2-D mesh in mesh convergence

study
Mesh .
number N, AXIm  Az/m Clock time/s
1 2.7x10* 0.0157  0.021 34380
2 6.9x10* 0.0078  0.011 117576
3 9.9x10*  0.0039  0.005 121824

Note: N, is the total cells number of the mesh, Ax is the

uniform horizontal cell size of the O-grid region around the
position of cylinder, Az is the uniform vertical cell size of the
refinement region around the free surface.

Fig. 5 (Color online) Wave elevation history curves in two
complete stable periods at WP1 of 3 sets of meshes

According to the Fig. 5, it can be observed that
the wave elevation amplitude of mesh 1 is slightly
smaller than the other two sets of meshes due to the
numerical dissipation. Referring the suggested pro-
cedure of Celik et al.®¥, the amplitude data of the
wave elevation history curves of the 3 sets of meshes
are taken into the grid convergence index (GCI) study,
as shown in Table 5.

Table 5 GCI study for the wave elevation amplitudes

Parameter Value
&,Im -0.00713
&y, /M ~0.00457
r 2
Converge ratio 0.641
p 0.642
GCly,/% 6.629
GCly3/% 4.249

In light of Table 4, grid refinement factor r is 2.
Through the calculation, the converge ratio is known
smaller than 1, which confirms the solution is mono-



tonic convergence with the refinement of the mesh.
Furthermore, the numerical uncertainty defined by
GCI also shrinks with the gradual refinement of the
meshes, and GCl,; is lower than 5%.

Thus, we adopt the grid design and distribution
of mesh 2 to generate 3-D mesh in the following
numerical simulation and analysis.

4.2 Wave validation

We confirmed the grid convergency of the solu-
tion and chose the proper grid strategy in the previous
section. Now it is clear that the numerical simulation
has a result with low numerical uncertainty, but the
solution is correct or not still remains to be validated.
A regular wave test is performed with 3-D mesh
adopting the grid strategy and numerical setup above.
The parameters of the regular wave are identical to the
wave condition, and the theoretical solution can be
calculated based on it.

The result of the test is compared with the
theoretical solution in Fig. 6. The relative error of the
simulation value is lower than 3% in stable wave
periods.

Fig. 6 (Color online) Wave elevation history curves of regular
wave test and theoretical solution

Figure 7 shows the frequency domain analysis
result of both theoretical result and numerical simula-
tion result. Though there still remains the third order
frequency components in simulation result, the ampli-
tude of major frequency components fits well, and the
error is small enough, which indicates the availability
of numerical setup and grid adaptation in terms of the
present working condition.

4. Result and discussion

The experiment provided the dimensionless force
in x-direction of the fixed vertical cylinder, and the
comparison with the result of numerical simulation of
the present study is shown in Fig. 8. The result of

numerical simulation fits that of experiment well, the
deviation of them is within 10%.

Fig. 7 (Color online) Frequency domain analysis of wave eleva-
tion history curves of regular wave test and theoretical
solution

Fig. 8 (Color online) Dimensionless force in x-direction of
the fixed vertical cylinder comparison between experi-
ment and numerical simulation of present study during a
whole wave period under the working condition of the
interaction between wave and flow

4.1 Influence on free surface by the participance of
flow
We start with the basic observable phenomena of
numerical simulation. Figure 9 is the free surface
elevation around the cylinder at t=23s under two

working conditions: Wave only and wave-current inter-
action. The typical “ringing” phenomenonm occurs
under the working condition of wave only, and there
are only “type-2” ripples around the cylinder. While at
the same time under the working condition of the inter-
action between wave and flow, it is obvious that there
remains wave breaking phenomenon on the both sides
of cylinder, which is different from the scene under
the working condition of wave only. The difference
indicates that the participance of flow brings addi-
tional influence on the free surface.



Fig. 9 (Color online) Free surface at t=23s around cylinder
under the working conditions

However, the mechanism and the detailed pro-
cess of the influence from underwater to the free sur-
face is hard to find just through the observation of free
surface. The problem leads present work to further
investigation of underwater flow structure as following.

Figures 10, 11 shows the wave elevation and
dynamic pressure history curves on the side of the
fixed vertical cylinder under the two working condi-
tions of wave only and the interaction between wave
and flow. As to the wave only working condition,
there remains a straight segment in a wave period
because the pressure probe is above the free surface
(free surface there is lower than z =—-0.085m in the

time intervals), which can be checked in Fig. 10.
While the wave-current interaction working condition
have a small peak in the trough of the whole period,
and the dynamic pressure of that time interval fluc-
tuates up and down. This also fits the wave breaking
phenomenon observed from the free surface visually
as Fig. 9.

4.2 Vortex identification
The Liutex method defined depends on the
Liutex vector, which indicates the direction of rota-
tional axis and the local rotation intensity of fluid.
And then, the modified Omega-Liutex method
occurs. It is a normalized method. As long as extract

the iso-surface value Q as 0.52, vortices of a large

intensity range can be captured through this method. It
can be expressed as follow:
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where A4, is the real part of the complex-conjugate

eigenvalues, A is the real eigenvalue and ¢ =

[33]

r

by (8% — %), by is set to 107° as recommended
in the present work.

Fig. 10 (Color online) Wave elevation history curves at the
position of WP6 (on the side of cylinder) under the
working conditions of wave only and the interaction
between wave and flow

Fig. 11 (Color online) Dynamic pressure history curves at the
position of PP6 (on the side of cylinder) under the
working conditions of wave only and the interaction
between wave and flow

According to the theory above, the state of vortex
shedding can be displayed with the iso-surface set to



£, =0.52, and the situation of the wave only working

condition is shown in Fig. 12. There are plenty messy
little vortices but not integrated vortex structures
around the cylinder, and both the location and the
shape of vortices are almost symmetric.

Fig. 12 (Color online) Iso-surface .(}R =052 at t=31.6s

under the working conditions of wave only, colored
by the magnitude of vorticity

As to the working condition of wave only and the
interaction between wave and flow, the iso-surface of

.@R =0.52 isshown in Fig. 13. At this time, last wave

peak has already been passed away a relative long
time. and next wave peak is coming soon at the time.
Similar to the working condition of flow only™, there
are obvious *“necklace vortices” and Karman vortex
shedding phenomena, which can be observed more
clearly with the vertical view and side view together.
While the *necklace vortices” phenomenon cannot
always remain in a wave period.

The situation of a different time is shown in Fig.
14. At t=32.8s, a peak of wave full of energy just

passed the fixed vertical cylinder, and pushed the
“necklace vortices” to cylinder. The structure of vor-
tices was cut off, broke and spread into smaller and
more messy flow structures at the both sides of
cylinders. The process occurs not only underwater, but
also on the free surface, which induces the wave
breaking phenomenon in Fig. 9.

4.3 The influence on the force of fixed vertical cylinder
by interaction between wave and flow

When analyzing the force of cylinder under the
wave-current working condition, we notice that in a
wave period, the force of the beginning is not the
same as the ending, namely the curve in Fig. 8 is not
periodical. This can be confirmed easily, especially as
to the data of experiment.

In fact, the period lengths of the wave and the
vortex shedding around the cylinder are not totally the
same. And if we describe physical values in wave
periods, the interaction of vortex shedding will present
as a kind of disturbance.

Fig. 13 (Color online) Iso-surface .@R =052 at t=31.6s

under the working conditions of the interaction
between wave and flow, colored by the magnitude of
vorticity

Fig. 14 (Color online) Iso-surface .@R =052 at t=328s

under the working conditions of the interaction
between wave and flow, colored by the magnitude of
vorticity



The frequency analysis of dynamic pressure
history curve on one side of the cylinder is shown in
Fig. 15. It is obvious that the major frequency is
0.33 5%, which is equal to the frequency of wave, and
there is another peak of amplitude that frequency is
0.95 s™*. We notice that the amplitude of 2 times of
wave frequency is far lower than the second peak,
which indicates that the wave components have few
contributions to the second peak.

Fig. 15 Frequency domain analysis of dynamic pressure history
curve of PP6 (on the side of cylinder)

Figure 16 gives the situations of vortex shedding
from the fixed vertical cylinder in 3 adjacent periods
at the corresponding time respectively. According to
the figure, for the nearest integrated vortex structures
to the cylinder, the attitude and the distance to the
cylinder surface are different at the corresponding time
in adjacent periods. As a result, the shedding level of
corresponding time varies along with different periods.

Figure 17 shows the shedding sides of the vortex
from the vertical view. The comparison between the
figures at the corresponding time in adjacent periods
indicates that the vortex shedding in the adjacent
periods may even on different sides.

Thus, the shedding process varies in different
periods, which influents the force in x-direction of
the fixed vertical cylinder. Especially at the time of
wave peak passing by the cylinder and leaving away,
the wave with relatively large energy interacts the
move- ment of the vortex around the cylinder.

4.4 The influence on the vortex structure growth by

the participance of wave

There is another noticeable phenomenon in Fig.
16 that when the wave peak passing the fixed vertical
cylinder, if it meets the columnar vortex structure just
shed from cylinder, the column will be sheared off by
the wave into two parts obviously.

Take t=32.5s in Fig. 16 as an example. Fig.

18 shows the vorticity of z-axis in different depths.

In terms of the vortex structure just shed from the
fixed vertical cylinder, the vortex covered much more
range in the direction of y-axis at free surface and

z=-0.1m than z=-0.3m, -0.5m.

Fig. 16 (Color online) Side view of iso-surface .(}R =0.52 in

3 adjacent periods under the working conditions of
the interaction between wave and flow, colored by
the magnitude of vorticity (filtered out the vortex
structure with low magnitude of vorticity)

The comparison above indicates that a section of
the columnar vortex structure is sheared off from the
vertical attitude by the wave, and fall to the direction
of one side of the cylinder but not the flow direction.
According to Fig. 16, at t=325s, the position

behind the cylinder is experiencing a trough of the
wave, therefore, the trough of the wave interacts the
original growth of the Karman vortex shedding, it
pushed the vortex structure near the free surface away
from the trough itself. Specially, as to the small area
behind the cylinder, the troughs occur at the entirely
different from other positions around the fixed vertical
cylinder, and it just right intersects with the shedding
area.



Fig. 17 (Color online) Side view of iso-surface .(}R =0.52 in

3 adjacent periods under the working conditions of
the interaction between wave and flow, colored by
the magnitude of vorticity

As a result, when the wave passing the cylinder
(and it is a trough of history curve behind the cylinder
simultaneously) meets the vortex shedding from the
cylinder, part of the vortex structure near the free
surface will be sheared off and pushed to a side of
cylinder.

5. Conclusions

In this study, the numerical simulation working
condition of interaction among wave, flow and a fixed
vertical cylinder is conducted with the LES turbulence
model with naoe-FOAM-SJTU solver, which is deve-
lop based on the opensource platform OpenFOAM. In
order to ensure the efficiency and the accuracy, mesh
convergence study and wave validation were perfor-

med at prior. After these, a proper mesh with enough
accuracy and the grid quantity as small as possible is
chosen, and the propagation of the wave is checked
correct. Then the numerical simulation was conducted
based on these. Wave gauges and pressure probes at
certain positions saved history data of the whole
simulation, and the turbulent structure can also be
captured precisely by the normalized Omega-Liutex
vortex identification method.

Fig. 18 (Color online) Vorticity of the z- axis under the
working conditions of wave only and the interaction
between wave and flow in different depth

We find different phenomena of the working
conditions between wave only and the interaction with
wave and flow. With just the history curves of wave
elevation and dynamic pressure around cylinder, we
can only confirm the phenomenon of wave breaking
on the both sides of cylinder when the trough passing
the cylinder, but the process and the reason were still
out of cognition. Further investigation is necessary.
According to the movement and deformation of the
vortex structure, it can be deducted that the “necklace



vortex” structure generated at the front of cylinder is
pushed to the cylinder by the wave peak, gets cut off,
break and spread into smaller and more messy flow
structures at the both sides of cylinders. These occur
near the free surface, and lead to the wave break
phenomenon.

When comparing the dimensionless force of the
fixed vertical cylinder in x-direction in experiment and
numerical simulation, and the results fits well. We
notice that the force seems not entirely periodic. The
frequency analysis of dynamic pressure history curve
confirmed the phenomenon, and find out the fre-
quency of the disturbance in wave periods. We
observed the vortex shedding situations at corres-
ponding time in different wave periods, and noticed
that the period of wave and vortex shedding is not the
same. As to a certain wave period, the force of
cylinder is affected by the vortex shedding status,
which contributes to the deviation not only between
experiment and numerical simulation, but also among
different periods of the experiment itself.

Moreover, we also observed and investigated the
movement of the vortex structure sheared off by wave.
The falling direction is judged as a side of cylinder but
far not right along with x axis. Because the sheared off
part of vortex structure just shed from the cylinder
probably meets the trough section of the area behind
the cylinder as long as they have intersecting volume,
and the part of vortex structure escapes from the
trough at right the area behind cylinder. It has no
choice but to be squeezed out to a side of cylinder.
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