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ABSTRACT

Simulation of solitary wave run-up on a vertical circular cylinder is carried out in a viscous numerical wave tank
developed based on the open source codes OpenFOAM. An incompressible two-phase flow solver naoe-FOAM-SITU is
used to solve the Reynolds-Averaged Navier—Stokes (RANS) equations with the SST k—@ turbulence model. The PISO
algorithm is utilized for the pressure-velocity coupling. The air-water interface is captured via Volume of Fluid (VOF)
technique. The present numerical model is validated by simulating the solitary wave run-up and reflected against a vertical
wall, and solitary wave run-up on a vertical circular cylinder. Comparisons between numerical results and available
experimental data show satisfactory agreement. Furthermore, simulations are carried out to study the solitary wave run-up
on the cylinder with different incident wave height A and different cylinder radius a. The relationships of the wave run-up
height with the incident wave height H, cylinder radius a are analyzed. The evolutions of the scattering free surface and

vortex shedding are also presented to give a better understanding of the process of nonlinear wave—cylinder interaction.
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1. Introduction

Wave run-up on structures is a highly nonlinear phenomenon, which can cause unexpected damage
to offshore structures. The design of offshore structures requires accurate prediction of the maximum
wave run-up height to maintain sufficient airgap below the platform deck. Therefore, the investigation of
wave run-up becomes more and more significant with the increasing number of offshore platforms and
wind farms built for human activities.

Cylindrical piles have been widely used as the foundation of coastal and offshore structures. In the
case of hazardous sea conditions such as hurricanes, storms and tsunamis caused by undersea earthquake,
the piles may suffer great impact loads, and the large wave run-up on the vertical piles may cause great
pressure loads on the deck, even cause green water problem. Thus, the study of the nonlinear water wave
run-up on cylindrical piles has great significance for the design of maritime structures.

The nonlinear theory for wave diffraction by obstacles in shallow water has been studied for several
decades. Owing to the full nonlinear characteristics, solitary wave is often used to study the nonlinear
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wave diffraction by structures. In previous studies, the focus is mainly concentrated on the solitary wave
force on structures. Isaacson (1983) applied the boundary integral equation method to the problem of a
solitary wave propagating past a vertical circular cylinder, and calculated the force on the cylinder by an
integral equation based on Green’s theorem. Chen et al. (1989) proposed a semi-analytic spectral
method for solving the same problem. Wang ef al. (1992) investigated a three-dimensional scattering of
solitary waves by a vertical cylinder in shallow water numerically based on the generalized Boussinesq
two-equation model, in which both the wave force on the cylinder and the evolution of the scattering
wave field were numerically evaluated. Yates and Wang (1994) reported an experimental study of
solitary waves scattered by a vertical cylinder. Experimental data were presented for the wave elevations
and the forces on the vertical circular cylinder. Basmat and Ziegler (1998) employed the second-order
Boussinesq equations for diffraction of the solitary wave by a vertical cylinder, which gave more
accurate results of force. Ohyama (1990) studied the solitary wave force acting on a large vertical
cylinder by using a time-stepping method to improve the conventional boundary element method.

In recent years, numerous numerical methods have been applied to the nonlinear wave diffraction
problems. Mo ef al. (2007) proposed a three-dimensional model for calculating the non-breaking wave
force on vertical piles. The numerical model is based on solving the Euler equations with Finite Volume
Method (FVM) and capturing the free surface by Volume of Fluid (VOF) approach. Zhao et al. (2007)
carried out numerical simulations of solitary wave scattering by a circular cylinder group. The Finite
Element Method (FEM) was used to discretize the generalized Bousinesq equations. Zhong and Wang
(2008) proposed a time-accurate stabilized finite-element model to investigate nonlinear wave
diffraction problems, and the problem of solitary wave—cylinder interaction was studied as a test case.
Ning et al. (2008) modeled the nonlinear wave interaction with maritime structures by solving the
Bounssinesq-type equations on a Cartesian cut-cell grid. Most of above methods were based on either
the potential flow theory or neglecting the fluid viscous effect. With the improvement of computing
capability and parallel computation technique, the Reynolds-Averaged Navier—Stokes (RANS) model
becomes more and more popular for solving hydrodynamic problem in offshore and ocean engineering.
Therefore more details of the flow field near structures are required, especially the fluid viscous effects.

This paper presents the numerical investigation of solitary wave run-up on a vertical surface-
piercing circular cylinder in the viscous numerical wave tank (NWT). The fluid viscous effect is taken
into account in the simulations. The results of wave run-up and wave impact forces on the cylinder are
compared with the available experimental data. The details of the flow field including velocity, pressure,
and the vortex shedding from the cylinder are presented and analyzed, which can improve the
understanding of the characteristics of solitary wave interaction with vertical cylinder.

2. Numerical Methods

The present simulations are carried out with a CFD solver called naoe-FOAM-SJTU (Shen et al.,
2012), which is an incompressible viscous two-phase flow solver developed specially for solving the
hydrodynamic problems involved in offshore and ocean engineering. This solver is programmed within
the framework of OpenFOAM-2.0.1, with RANS equations as the governing equations and VOF
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method for treating the free surface. In addition, numerical wave generator and wave damping zone are
added to construct a complete NWT module, with which various types of waves can be generated, such
as regular wave, irregular wave, and solitary wave (Zha and Wan, 2011; Cao et al., 2011a, 2011b; Cao
and Wan, 2012). This solver also includes 6-degree-of-freedom (6-DOF) body motion module and
mooring system module for simulating the motion of floating body with or without mooring lines.

2.1 Governing Equations
Assumed that both the water and air are incompressible viscous Newtonian fluid, the RANS
equations are employed as the governing equations, which can be expressed as follows:
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where U, denotes the fluid velocity component in the i-th direction; P is the pressure; p is the fluid
density; g, denotes the acceleration of gravity; u' denotes the fluctuating velocity component;

Mo =p+u , ¢ is the molecular viscosity, and g is the turbulent eddy viscosity.

2.2 SST k— o Turbulence Model
The Menter’s Shear Stress Transport (SST) k£ —w turbulence model is employed (Menter, 1994),

and the turbulent kinetic energy & and the specific dissipation rate @ are governed by:

d(pk) o(pU k) . o ok
————+———=P - fpok+—|(u+o.u)—1|; 3
o tTan hFeeke oo ®)

o(pw) O(pU.w) vy , O ow o, Ok Ow

+ —="P - ppo’ +—|(p+ou)—|+2(0-F)—2———, (4
o o v el oo AR e @

where F is a harmonic function expressed as the following formula.
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ak
/j‘ :—p ! 5 (7)
max(a,0, 2F))
2
F, = tanh| max 2*i, Sozﬂ , (8)
pod d o

where d is the distance between the field point and the nearest wall, and € is the vorticity magnitude.
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The constants are: o,, =0.85034, 0, =10, 0, =05, 0,,=0.85616, S =0.075, 5, =0.0828,
B =009, a =031, y,=5/9,andy, =0.4403.

2.3 VOF Method

Numerous methods have been proposed and used for tracing or capturing the interface of multi-
phase flow, such as marker-and-cell (MAC) method, VOF method, and level set method. VOF method is
one of the most popular approaches because it has the following advantages: good mass conservation,
computational efficiency, and easy implementation. Therefore, VOF method is applied in present work,
and the volume fraction « is defined as:

a=0 air
a(x,t)=<0<a <1 interface )
a=1 water

The volume fraction & needs to satisfy the following equation:
da o@U) _,
ot ox,

(10)

During the solving procedure, the VOF method with bounded compression techniques is applied
(Rusche, 2003). The necessary compression of the free surface is achieved by introducing an extra
artificial compression term into Eq. (10) as follows:
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in which, the compression term takes effect only on the interface due to the existence of (1 —a)a .U,
is the velocity field suitable to compress the interface, which can be obtained with the following
equation:

U :n-min[Ca

»

U, max(jv,)], (12)
where n is the unit normal vector on the interface; C, is the compression factor for controlling the
strength of compression.
The density p and viscosity v are calculated by a weighting function of « :
=op, +(l-a
p=ap, +(1-a)p, (13)
v=av, +(1-a),
where p_ and p, denote the density of water and air, respectively; v, and v, denote the viscosity

coefficient of water and air, respectively.

2.4 Initial and Boundary Conditions

A rectangular computational domain is selected as the model of NWT. The no-slip boundary
condition is imposed on the solid wall, and the law of the wall function is applied to the k-
turbulence model. The symmetry boundary condition is applied to the side walls to weaken the wave
reflection. The zero-gradient boundary condition is applied to the outlet. As the VOF method is used to
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capture free surface, there is no need to set the kinematic and dynamic free surface boundary conditions.

At the initial time of simulations, both the air and the water are at rest. The hydrostatic pressure is
initialized in the computational domain. The volume fraction is set as & =0 for the cell occupied by air
and o =1 for the cell occupied by water. The incident wave profile and velocities of water particles at

the inlet boundary are given according to the analytical solution of wave theory.

2.5 Pressure-Velocity Coupling

Pressure Implicit with Splitting of Operator (PISO) algorithm proposed by Issa (1986) is employed
for the pressure-velocity coupling during the process of solving Navier—Stokes equations. This method
uses one predictor step and two corrector steps to obtain accurate velocity and pressure, which can give
stable results, especially for the unsteady flow problem.

2.6 Discretization Schemes

The RANS equations and the VOF transport equation are discretized by FVM. Implicit Euler
scheme is for the temporal discretization. The second-order TVD limited linear scheme is applied to the
convection terms of RANS equations, and the second-order central difference scheme is applied to the
diffusion term. The van Leer scheme is applied to the transport equation of volume fraction « .

3. Numerical Results and Discussion

In this section, simulations of solitary wave run-up on a vertical circular cylinder are presented.
With a serial of varied incident wave heights and cylinder radii, the maximum wave run-up height and
wave force are calculated and compared with the corresponding data from experiment and numerical

simulation. The evolution of the free surface and vortex field are also presented and analyzed.

3.1 Verification of Numerical Method

Firstly, a classical two-dimensional case of solitary wave run-up on a vertical wall is simulated to
validate the NWT module. The maximum wave run-up values are compared with both the experimental
data and the analytical solutions. The incident solitary wave is generated by specifying the analytical
solution at the inlet boundary. The solitary wave surface profile and the water particles velocities can also
be given according to analytical expression, which can refer to Dean and Dalrymple (1991). The solitary
wave profile is expresses as follows:

n=Hsech’[k(x—ct)]; k=+3H/4h), (14)
where H is the solitary wave height, /4 is the depth of water, x is the position of solitary wave crest, and

¢ =+/g(H +h) is the propagating velocity of solitary wave.

A rectangular computational domain is chosen as the model of NWT, whose length is 20 m and
width is 0.12 m. The origin of the coordinate system is at the intersection of the still water level and the
left inlet boundary. x and z are the horizontal and vertical coordinates, respectively. The wave depth is
h=1.0 m. The computational domain is discretized with 200x48 hexahedral cells with only one grid in
y-direction. Cases with different incident solitary wave heights are performed. The wave height H varies
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from 0.05 m to 0.65 m. After propagation through the whole wave tank, the solitary wave will run
upward along the vertical wall at the right end, where the no-slip wall boundary condition is applied.
Several wave probes are arranged at the position x=6 m, 8 m, 10 m, 12 m for measuring the free
surface elevation. Fig. 1 shows the comparison of free surface elevation at x=6 m between numerical
result and analytical solution. A good agreement indicates the efficiency and accuracy of the present
NWT for the solitary wave generation. Time histories of free surface elevation at all above probes are
plotted in Fig. 2, showing that the solitary wave profile and wave height are kept stable during its

propagation.
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Fig. 1. Comparison of the solitary wave profile. Fig. 2. Solitary wave profiles at different probes.

Fig. 3 shows the comparison of the maximum wave run-up height (R,.x) on the vertical wall.
Experimental data come from Maxworthy (1976), while the analytical solution is obtained with the
formula proposed by Byatt-Smith (1971), which is expressed as follows:

2 3
Rﬂ=2£+l[£j +o(£j . (1%5)
h h 2 h h

It can be seen that present numerical results agree well with the experimental data and analytical
solution. However, the numerical results are a bit larger than the analytical solutions for H/4 > 0.5, which
may be due to the instability and strong nonlinearity of the solitary wave with large wave height.

Fig. 4 shows the instantaneous solitary wave profile along the wave tank with the wave height H=0.5 m
at different time. 7, represents the time when the maximum wave run-up height occurs. It is seen that the
solitary wave height decreases obviously after reflected from the vertical wall, which is owing to the

viscous effect and dissipation of wave energy.

2.0
s Experimental (Maxworthy, 1976)
1.5 Analytical (Byatt-Smith, 1971)
= : © Numerical Result (Present) % A
g ‘_,__.n""
”;. 1.0 ',_.r'."'
0.5 ;g
s
A
&
0.0 T T T ;
0.1 02 03 04 05 06 07
Hih x/h

Fig. 3. Maximum run-up height on the vertical wall. Fig. 4. Wave profile at different time for H/h=0.5.
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3.2 Solitary Wave Interaction with A Circular Cylinder

In this section, the solitary wave interaction with a surface-piercing vertical circular cylinder is
investigated. The wave force and wave run-up are calculated with considerations of different incident
solitary wave heights. As the sketch of numerical model depicted in Fig. 5, the computational domain is
set up with the dimensions: 0 m<x<30m, -10m<y <10 m, and ~1.0 m <z < 2.5 m. The water depth
is #=1.0 m. A circular cylinder is fixed in the centerline of the wave tank with the distance of 10 m to the
inlet boundary, whose radius is ¢ =1.5875 m, as same as the one used in the experiment of Yates and
Wang (1994).

Fig. 5. Sketch of a solitary wave interaction with a
vertical circular cylinder.

The computational mesh is shown in Fig. 6. In order to capture the free surface accurately, the finest
mesh is used near the free surface along z-direction. The minimum size of the grid along z-direction is
0.01 m. The total cell number is about 0.24 million. During the simulation, the time step is adjusted with
the limitation that the maximum Courant number is smaller than 0.3, and the maximum time step is
smaller than 0.02 s. The initial time step is Az =0.001 s.

et
FR

Fig. 6. Mesh of the computational domain.

The maximum forces on the cylinder are calculated during the simulations. The horizontal wave
force are compared with the corresponding data from the work of Yates and Wang (1994) and Zhao ef al.
(2007), as shown in Fig. 7. The red dot represents the experimental data, the dash line represents the
numerical results of Zhao et al. (2007) with FEM, and the solid line represents the present results with
RANS solver. Good agreements are obtained in comparison with the experimental data, except that the
present negative force is a bit larger. It is also seen that the present results are a bit better than those with
FEM from Zhao et al. (2007), especially for the case of H/A=0.40.

In order to obtain the wave elevation and run-up height on the cylinder, several wave probes are
arranged close to the cylinder surface. As shown in Fig. 8, € denotes the radiation angle, which is in the
range (0°, 360°) in the counter-clockwise direction. The interval angle between two neighboring probes
close to the cylinder surface is 22.5°. There are other four probes (p1, p2, p3, p4) located in front of the
cylinder with 6=180°, and the distance between each probe and the cylinder center are described as
r/a=1.03, 1.66, 2.61, 4.50.
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Fig. 9 shows the time histories of wave elevation at the probes (pl, p2, p3, p4) for H/h=0.4. The
comparisons between the present results and experimental measurement show satisfactory agreement
despite some differences exist, especially for the wave elevation at the probe p1. The difference may be
due to the viscous boundary layer adhered to the cylinder surface, which makes the calculated run-up
value a bit larger. The comparisons indicate that the present numerical method has satisfactory

efficiency and accuracy for simulating the solitary wave—cylinder interaction problem.
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Fig. 9. Time histories of wave elevation at the probes (H/4=0.40).
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Fig. 10 shows the wave elevation at the probes close to the cylinder circle with 8 varying from 0° to
180°. Obviously, the maximum wave run-up occurs in front of the cylinder (§=180°). The minimum
wave run-up occurs near the position with §=45°. In addition, there is an obvious secondary peak on
each curve of time history of wave elevation probed at the rare side of the cylinder such as §=22.5°, 45°,
and 67.5°. As the probe moves to the lee point with §=0°, the wave elevation becomes nearly the same as

the incident wave height.

0.8
0°  —22.5°--45°
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Fig. 10. Time histories of wave elevation at the probes along = 0.2 -
the cylinder surface (H/h=0.40). pon
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To visualize the scattering process, the free surface evolution in three-dimensional domain is

shown in Fig. 11 from t/ /g =5to t/ \Jh/g =17. Tt is obviously seen that the wave run-up occurs at

about t/ Jh/g =8. After the solitary wave crest passing the cylinder, the free surface around the cylinder

vibrates for a long time, and the wave reflected from the cylinder spreads outwards. Therefore, a wave
scattering field forms around the cylinder.
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Fig. 11. Free surface evolution of solitary wave scattering by the cylinder (H/h=0.4).
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Fig. 12 shows the scattering free surface elevation contour from t/ JH/g =6.5 to t/ h/g =14. The

scattering free surface elevation is symmetric to the center plane of the wave tank. As the wave crest has
passed the cylinder, there is a low part formed on the free surface in front of the cylinder, which moves to
the opposite direction of the solitary wave propagati

on.

T
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Fig. 12. Contour of free surface elevation (H/h=0.4).
The vortex field is presented in Fig.13 with the iso-surface 0=0.5 according to Q-criterion (Hunt et
al., 1988). The color represents the x-component of the vorticity o, that varies in the range of
-1.0<®, <1.0. As the solitary wave crest passes the cylinder, the vortex field forms due to the violent

flow of free surface. The vortex is generated around the cylinder and close to the free surface, and then
moves outward off the cylinder and decreases gradually.
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Fig. 13. Evolution of the vortex shedding (H/h=0.4).
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Fig. 14 shows the dynamic pressure contours on the cylinder surface at the instantaneous moment
that the maximum wave run-up height occurs with different wave heights H/4=0.20, 0.40, and 0.60. It
can be seen that the maximum dynamic pressure is measured in front of the cylinder and close to the free
surface. In addition, the dynamic pressure increases with the increasing wave height.

Dynamic pressure Dynamic iprcs.«.urc Dynamic ;‘nru.\:surc

5500 i 00 5500
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[ 3000 £ 3000 13000
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z l 1000 z I 1000 z IIDOO

Y X v, 2 x
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(a) H'h=0.20 (b) H/h=0.40 (c) H/h = 0.60

Fig. 14. Dynamic pressure contour on the cylinder surface.

Fig. 15 shows the ratio of the maximum wave run-up height to the incident wave height at the probe
closest to the cylinder surface (7a=1.03). It is seen that the maximum run-up ratio increases with H/h
almost linearly for small incident wave height (H/4<0.4), but increases faster for larger wave height
(H/h>0.40). When H/h>0.6, the nonlinear increase of the wave run-up ratio becomes more obviously,
which indicates the strongly nonlinearity existing in the wave run-up phenomenon.

Fig. 16 shows the variation of the maximum wave run-up ratio R,,,/H along the cylinder surface for
different incident wave heights. It is seen that the maximum value occurs at probes closest to the cylinder
surface at the up-wave side with §=180°, while two minimum values occur near the position with §=45°
and 6=315°, respectively. However, the positions are moving towards the lee point of the cylinder with
the increasing incident wave height. The run-up ratio is about R,,,/H =1.0 at the probe close to the lee
point with §=0°.
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Fig. 15. Maximum wave run-up ratio for different H/h. Fig. 16. Maximum wave run-up height along the cylinder.

The further studies of the solitary wave run-up and wave force on the cylinder with different radii
are performed. The cylinder radius is selected as follows: a=0.25, 0.5, 1.0, 1.5875, and 2.0 m. The
maximum horizontal wave force and wave run-up height are calculated under the same incident wave
with wave height H=0.40 m. Fig. 17 shows that both the horizontal force and wave run-up height
increase with the increasing cylinder radius. If assuming that the cylinder radius is infinitely large, this
problem can be considered as a solitary wave run-up on a vertical wall. Therefore, the upper limit of the
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dimensionless wave run-up value can be obtained with Eq. (15).

Fig. 18 shows the side view of the free surface at the instantaneous moment when the maximum
wave run-up occurs for different cylinder radii. It is seen that the maximum wave run-up always occurs
at the upwave side of cylinder. There is a trough occurred at the rear of the cylinder for a =0.5 m.
However, the trough moves to the lee point with the increasing radius. For @ > 1.0 m, there is no trough
around the cylinder, and the free surface elevation around the cylinder is higher than the initial water

level.
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Fig. 17. Maximum horizontal wave force and wave run-up value for different cylinder radii (H/4=0.4).
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Fig. 18. Side-view of the free surface at the time when the maximum wave run-up occurs.

Fig. 19 shows the dynamic pressure contour on cylinder, which indicates that the solitary wave
impact loading increases with increasing cylinder radii. The maximum pressure occurs at the upwave
side of the cylinder and close to the free surface at the time when the maximum wave run-up appears.
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Fig. 19. Dynamic pressure contour on the cylinder surface (H/h=0.4).

Fig. 20 shows the vortex field forms when the solitary wave crest is passing the cylinder. The
vortex field is described with the iso-surface QO = 0.5. The color represents the x-component of the

vorticity @, that varies in the range of —1.0 < @_ <1.0. With the comparison of the vortex field formed

behind the cylinder with different radii a, we can see that the vortex shedding from the cylinder is
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complicated in the region near the cylinder surface when the cylinder radius is small. With the increase
of cylinder radius, the range of the vortex is enlarged, and the whole vortex field seems more regular and
symmetric to the centerline of the wave tank. Meanwhile, the values of vorticity in the field also become

larger with the increasing radius, which reflects the increasing strength of vortex shedding from the

cylinder.
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Fig. 20. Iso-surfaces of 0=0.5 with different radii of cylinder (H/h=0.4).

4. Conclusions

The numerical study of solitary wave interaction with a surface-piercing vertical cylinder is
performed with a new solver naoe-FOAM-SJTU. The free surface is accurately captured with the VOF
method. The wave force and wave run-up on a single cylinder are calculated and compared with
experimental data. Satisfactory agreement indicates the efficiency and accuracy of the present numerical
methods. Furthermore, the wave run-up and wave force on the cylinder with different wave height A and
different cylinder radius « are analyzed separately. It is obviously shown that both the maximum wave
force and the wave run-up height increase with the increasing incident wave height and the cylinder
radius a. In addition, the free surface evolution, the pressure contour on the cylinder, and the vortex
shedding from the cylinder are presented to give a better understanding of the solitary wave interaction
with the cylinder.

The presented numerical results indicate that the solver naoe-FOAM-SJTU is capable of solving
the problem of strongly nonlinear wave-structure interaction. The predicted wave force and run-up value
is reasonable and shows satisfactory agreement with corresponding data. Much more details of the flow
field including pressure and vortex field can be provided for better understanding of the wave-structure
problem. In the future work, the present solver will be applied to predicting the motion response of
floating body in waves with its 6DOF body motion module, which will be a great help for studying the
hydrodynamic performance of offshore structures.
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