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Abstract Based on the Navier-Stokes Equations (NSE)}, numerical simulation with fine grids is conducted to simulate the
coastal surface wave changes, including wave generation, propagation, transformation and interactions between waves and
structures. This numerical model has been tested for the generation of the desired incident waves, including both regular and
random waves. Some numerical results of this model are compared with available experimental data. In order to apply this
model to actual cases, boundary conditions are considered in detail for different shoreline types (beach or breakwater, slope
or vertical wall, efc.). Finally, the utility of the model to a real coastal area is shown by applying it to a fishing port located

in Shidao, Rongcheng, Shandong Province, P.R. China.
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1 Introduction

Wave climate plays a very important role in all
coastal projects. But, in most cases, little wave data
are available for engineering construction and plan-
ning. On the other hand, field observations and phys-
ical modeling of waves are difficult, costly, and time-
consuming. However, the desired sea-state informa-
tion may be obtained and evaluated with reliable math-
ematical modeling techniques.

There are indeed several wave theories available that
could adequately describe the combined refraction and
diffraction of waves from deep to shallow waters
{Demirbilek and Webster, 1998). One of these is the
mild-slope equation (MSE), which is a depth-aver-
aged, elliptic type partial differential equation which
ignores evanescent modes (locally emanated waves)
and assumes that the rate of change of depth and cur-
rent within a wavelength is small; hence the °‘mild-
slope’ assumption is adopted ( Demirbilek and Pan-
chang, 1998). The classical Boussinesq Equations are
known to incorporate only weak dispersion and weak
nonlinearity. In recent years, many new forms of
Boussinesq-type equations have been developed in or-
der to extend the range of applicability of the equa-
tions ( Madsen et al., 1991; Schaffer and Madsen,
1995; Zou, 1999; Zou, 2000; Feng, 2003). However,
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high order Boussinesq-type Equations become more
and more complex. It is very difficult to solve the e-
quations in an actual, large calculation domain with
complex seabed and boundary conditions. The use of
the well-known Navier-Stokes Equations would pro-
vide a good model for not only wave propagation but
also wave overtopping events ( Shiach et al, 2003).
However, numerical solvers for the fully three dimen-
sional Navier-Stokes Equations require extensive com-
putational resources, and it was not until computers
were sufficiently developed that a model based on the
Navier-Stokes Equations had become practical. In ad-
dition, all the existing wave models have great diffi-
culty in taking coastal structures and the shoreline
type into appropriate consideration (Demirbilek and
Panchang, 1998; Ge et al.,, 1999; Balas and Inan,
2002). And they are incapable of dealing with the di-
versity of coastal structures in form and height, which
significantly affect the transform of waves.

In this study, a numerical model based on the modi-
fied Navier-Stokes Equations, which considers in de-
tail the diversity of coastal structures, the existence of
beach and different boundary conditions, is developed
to simulate the process of wave propagation and run-
up onto coastal regions. The applicability of the model
is validated by comparisons between the numerical re-
sults and available experimental data (Berkhoff et al,
1982). Furthermore, the utility of the model in real
coastal areas is shown by its application to a fishing
port located in Shidao, Rongcheng, Shandong Pro-
vince, P.R. China.
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2 Basic Theory

The continuity and momentum equations are as fol-
lows:
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where u, v, w, are velocities in the z, y, = direc-
tions; F,, F,, F, are force components; p is the water
density; ¥ the coefficient of viscosity; p the dynami-
cal pressure; ¢ the time. Assume that the horizontal
acceleration is significant and the vertical acceleration
can be neglected; accordingly, the terms on the left-
hand side of Eq. (4) are set to be zero. The velocity
will be eliminated, and the number of unknown vari-
ables is reduced to three. When integrating the equa-
tions with respect to z, we have:
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where 7 is the water elevation; D the total water
depth (D =h + 3), h still-water level; M, N are
the flow fluxes in the x and y directions respectively;
n is Manning’ s roughness coefficient and g is the
gravitational acceleration.
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3 Numerical Approximations and the Sta-
bility Criterion

A finite difference method is applied to solving the
equations. In the computations, Egs.{(5) to (7) are
formulated with a staggered difference scheme for
space and a leap-frog difference scheme for time. Fur-
ther, the calculations related to the nonlinear terms
are performed with an up-wind difference scheme.
Fig.1 shows the difference schemes used. Because of
similarity, only several difference terms in these three
equations are given as follows.
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Stability criterion must be satisfied to make the
scheme stable. Based on the stability analysis of the
scheme, the following condition should be satisfied,

UA?t<a,

c=

where U is the larger value of the maximum particle
velocity and wave celerity; Al is max (Ax,Ay). The
value of « is 1.0 on principle, but it is often taken to
be below 0.5 to ensure the accuracy and stability ev-
erywhere in the computational domain.
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Fig.1 Difference schemes.

Since a staggered difference scheme is used for
space, the line source method can work effectively and
simply. The wave source in this model can be generat-
ed by a given time series of surface elevation along a
line.
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4 Boundary Conditions and Calculational
Domain

As input data to the calculational program, the
boundary conditions and calculational domain are ex-
pressed with a so-called digitized map, which consists
of a series of rectangular meshes. Each mesh contains
the essential calculation information such as the dis-
crimination of a mesh (a shoreline mesh or an open sea
mesh), water depth, structure shape and height, ezc.
Fig.2 shows a simple example. The first integer of the
mesh code indicates the mesh type: ‘1’ stands for
structure, ‘8’ for water and ‘9" for beach, ezc. The
last integer indicates the relationship between water
and structure meshes. Such a digitized map can accu-
rately express the configuration, coastal structures and
the boundary of the calculational domain. And such
representation can be easily recognized by the calcula-
tional program. Thus, roughness, structure shape, slope
scale etc. can be considered respectively.
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Fig2 An example of water-structure interface.

Using an eigenvector method, open sea boundary
conditions are presented for cases where outgoing
waves leave the numerical domain of calculation
through the open boundary. Waves are reflected in
front of a structure, the reflection rate being related to
its slope. In the computations, run-up and overtop-
ping are taken into account in the boundary area.
When D =h + >0, waves run up. When the water
level of the wave rises above the height of a breakwa-
ter or a seawall, the flow flux of wave overtopping is
calculated from the following Honma’s equation:

when hz/h1<2/3, Q:#hl v 2gh1,
When h2/h1>2/3, Q:,u/hl \/2g(h1—h2),

where hy and h, are the water depths (based on the
top of a structure) before and behind a structure, re-
spectively. The coefficients g =0.35 and g’ =0.26 .

5 Model Test

In this section, the line source method is used to
study several cases of wave generation and propagation
for both monochromatic and random waves. In all the
examples, the wave source is given in terms of surface
elevation 5(xg, 2).

5.1 2D Monochromatic Waves

The computational domain shown in Fig.3 is consid-
ered. The horizontal length of the domain is L, =
50m, its width w,=1m and the water depth A =1m
is constant. The wave source is located at =25 m.
To let outgoing waves leave, the right-hand end of the
domain is set to be an open boundary. The left-hand
end is set to be a vertical wall. A monochromatic wave
with period T =1s and amplitude a4 =0.025m is gen-
erated at the center of the computational domain. The
mesh size is Az = Ay =0.02m, and the time step size
is At =0.005s. Fig.4 shows the snapshots of the rela-
tive surface elevation expressed as 7p/aq at various
times (¢/T=5,7.5, 10), 7 being the surface eleva-
tion at sites other than the source.

It can be seen that waves are generated first along
the line source at the center of the domain and then
propagate towards the two ends. The open boundary
at the right-hand end of domain works so as to let out-
going waves leave the numerical domain of calculation.
Notice that the vertical wall at the left-hand end re-
flects the incident wave, and the reflected wave is in
phase with the incident wave, leading to a wave with
double amplitude. This is due to the fact that the dis-
tance from the wave source to the wall is 25m, which
is equivalent to 16 wave lengths. The wave crests and
troughs are very close to the horizontal dashed grid
lines, and the vertical distance between the crest and
trough gives the relative height of the target wave.
Further analysis shows that the relative error between

X,=25m
/] /
.7
__________________________ ; d - x
4
Vertical wall Wave source Open boundary
i

Fig.3 The computational domain layout.
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Fig.4 Snapshots of surface elevation at different times.

the target and generated wave heights is less than
0.15% .

5.2 Waves with Different Periods and Amplitudes

Next the model is utilized to generate monochro-
matic waves with three different periods T =0.5, 1,
2s, and three different amplitudes a(,=0.0125, 0.025,
0.05m. All the parameters (e.g. water depth, domain
length, grid size, time step size, wave source loca-
tion) are kept the same as those in the previous exam-
ple. The source line is, however, situated at the left
end. The generated waves shown in Figs.5 and 6 are

quite satisfactory and the corresponding wave heights
are very close to their target values. These results in-
dicate that the model can be utilized to simulate ran-
dom waves which consist of superposed monochromat-
ic wave components with different frequencies and am-
plitudes. Next this model is used to simulate a set of
random waves. The wave source line is also set at the
left-hand end, and the target time series of surface el-
evation is shown in Fig.7. The simulation results are
shown in Figs.8 and 9. The relative error between the
target and generated wave height is less than 0.3%, so
the model can accurately generate and propagate ran-
dom waves too.

L/m

Fig.5 Waves with different periods.
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Fig.6 Waves with different amplitudes.
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Fig.9 Surface elevation at point z =25m.

5.3 Comparison with Experiment

To illustrate the importance of wave refraction and
diffraction effect over complex bathymetry, Berkhoff
et al. (1982) conducted a laboratory study of 2D
monochromatic wave propagation over a plane beach
with an elliptic shoal. The experiment layout and tran-
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sects for collecting wave data are shown schematically

in Fig.10. Monochromatic wave with period T =15

et al., 1982).
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Fig.10 Layout of the experiment by Berkhoff.

TT=15,70=2.32cm

10m

and amplitude 7o = 2.32 cm is generated by a wave-
maker at y = — 10 m. The bottom contours on the
slope are oriented at an angle of 20°. Detailed formula
for the bottom bathymetry can be found in (Berk
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To demonstrate the capability of this model to simu-
late the effects of complex coastal bathymetric fea-
tures, the model was run up to ¢t = 50s without any
stability problems on a Pentium PC with 256 MB
memory and 1.8 GCPU. The mesh size used in this
example was Az = Ay =0.02m and the time step size
was At =0.005s. The CPU time for solving all equa-
tions at each time step was about 1.2s; however, it
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was more than 100s when the fully three-dimensional
model of Navier-Stokes Equations was used (Li and
Fleming, 2001). Fig.11 shows a comparison of wave
amplitudes along all the eight transects between the
experimental and the model results. The wave ampli-
tudes for the model were obtained by averaging those
of four consecutive waves. The agreement is shown to
be excellent.
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Fig.11 Comparisons of experimental and model results.

6 A Case Study

To optimize the planning design of a fishing port lo-

cated in Shidao, Rongcheng, Shandong Province, P.
R. China, this model is employed to simulate the wa-
ter surface agitation induced by waves in this fishing
port, which is part of the project of rebuilding the
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Shidao Fishing Port. According to the Plane Figure of
Shidao Fishing Port at 1: 15000 and the observations
of water depth in this region, a digitized map is drawn.

On this map, three sets of input data, including
water depth, shoreline type and the location and
height of coastal structures, are prepared for mesh size
10 m by 10m for the reason that it can accurately rep-
resent the geomorphic configuration and the coastal
structures in this region. The simulation region is
5.41 km by 3.97 km, thus there are 541 by 397 meshes
in the calculational domain. The time step size is At =
0.1s. From observations, the primary wave direction
in this area is east. The designed wave height is Hyy,
=6.4m, and wave period T =13.3s. This model was
run up to ¢ =1200s without any stability problems by
giving a monochromatic wave line source with Hy =
6.4m and T =13.3s at the right-hand boundary of the
domain. An analysis of the calculation results is con-
centrated on the Fishing Port indicated by the rectan-
gle in Fig.12.

From Fig.13 we can clearly see wave reflection,
diffraction, refraction and the interactions between re-
flected waves and incident waves. The H,,, at different
transects and the water elevation history at different
points (see Fig.12 for their locations) indicate that the
water surface agitation inside the fishing port are
smaller than those outside it due to the existence of
the breakwater.

(a) t=250s

(c) t=350s
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Fig.12 Layout of Shidao fishing port.

(d) r=400s

1 1 I
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Fig.13 Top views of wave surfaces at different times.
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7 Conclusions

Numerical experiments, including the case for an
elliptic shoal, show that wave generation, propaga-
tion, reflection and interaction between waves and
coastal structures can be successfully simulated by us-
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ing the theoretical model developed in this study. The
success in applying the model to a real coastal fishing
port indicates its potential applicability to various
coastal areas with different forms of structures. In ad-
dition, the lower CPU time consumption and memory
requirement make the model can be efficiently imple-
mented on a PC to simulate the wave propagation at
larger coastal areas.
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Fig.14 Distribution at different transects.
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Fig.15 Surface elevation at points A, B, C, D.
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