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ABSTRACT

In the present study, a numerical wave tank is developed to simulate the nonlinear wave-current interactions based
on High Order Spectral (HOS) method. The influences of current on wave focusing are investigated by use of numerical
model. The current is assumed to be constant in space. Focused waves with different amplitudes and frequency spectra
are simulated with and without current. The focused wave characteristics, such as surface elevation, the maximum crest
and frequency spectrum, with different current are compared. The results show that the opposing current increases the

maximum crest and the energy transform during wave focusing process, and vice versa for the following current.
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1. Introduction

Freak waves, also called rouge waves, impose large or extreme forces on ship and offshore
structures. It can cause severe damage to offshore structures and endanger human lives. As a result of
climate change, the risk of having more severe events is likely to increase. In the last 20 years, many
researchers have paid attention to the mechanisms of freak wave generation. Several mechanisms were
used to explain freak wave generation, such as wave focusing, wave-current interaction and
modulation instability (Kharif and Pelinovsky, 2003). Among these mechanisms, wave focusing is the
most important mechanism and was studied by many researchers, such as Rapp and Melville (1990),
Baldock and Swan (1996), Johannessen and Swan (2003), Gibson and Swan (2007), and Fochesato et
al. (2007). Most of these studies were conducted on quiescent water. However, there are current existences
in the real ocean. The freak waves are observed frequently in the region of the world ocean with strong
currents. The influences of current on wave focusing can not be neglected. Unfortunately, wave-current
interaction received less attention for the generation of focused waves. Only recently, freak wave
generation on current was investigated by Wu and Yao (2004), Touboul et al. (2007), and Lavrenov
and Porubov (2006). Wu and Yao (2004) experimentally studied the limiting freak wave in currents.
Touboul et al. (2007) numerically studied the nonlinear focused wave group on current. Lavrenov and
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Porubov (2006) investigated three reasons for freak wave generation due to wave interaction with non-
uniform current.

In order to better understand the freak wave properties, the influence of current on wave focusing
is numerically investigated based on High Order Spectral method in the present study. The model and
its verification will be introduced in Section 2. Then the surface elevation, the maximum crest and the
frequency spectrum of focused wave with and without current are given in Section 3. Lastly, the
conclusions are summarized in Section 4.

2. Numerical Model

2.1 Governing Equations

It is assumed that the fluid is irrotational and inviscid. A Cartesian coordinate system is employed
such that the z = 0 corresponds to the still water level and z is positive upwards. For 2D surface wave
propagation problem with a steady uniform current parallel to x-direction, the total velocity potential @
in the fluid domain can be expressed as @ = Uyx+¢, where U, denotes the uniform current and ¢ is
the wave velocity potential. The potential satisfies the Laplace equation:

VD(x,z,t) =V’¢(x,2z,) =0. 1)
The fully nonlinear free surface boundary conditions expressed by the velocity potential on the
water surface can be written as:
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where P, is the atmospheric pressure, and V,=0/0x. Substituting @=Uyx+¢ into Egs. (2) and (3) yields
the free surface boundary conditions as follows:
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Generally, lateral boundaries of the computation domain are either fixed or moving boundaries.

For the wave tank, the incident wave is generated by a wave maker with motion X(¢) at the left
boundary. So the linear boundary condition can be written as:
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For the wave velocity potential ¢, the boundary condition on the right side of the computation

on x=0. (6)

domain is no-flux condition. It can be written as:
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The condition on bottom can be written as:

0w _op

=0 =—h. 8
62 Oz on 2 ®

2.2 Numerical Procedure

In the present study, the governing equations are solved by High Order Spectral (HOS) method
proposed by Dommermuth and Yue (1987). As in Zakharov (1968), the free surface boundary
conditions (4) and (5) can be rewritten as:
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where ¢°(x,1) = ¢(x,77,¢) is the velocity potential on the water surface.
In order to solve this non-homogeneous boundary condition, following Bonnefoy et al. (2004),

the velocity potential ¢°can be split into the sum of a prescribed non-periodic components and an
unknown period component, i.e., ¢' =4, +¢, . Substituting this equation into Egs. (9) and (10), and

setting P, to be zero, the free surface boundary conditions can be written as:

- —[1+(v )]ﬁ_v AS 77+6¢ -V 4V n-UV.n z=n, (11)
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where the prescribed non-periodic component ¢, satisfies the wave maker boundary condition (6) and
other lateral boundary conditions (7). It can be chosen as different expansions, and a spectral
expansion is employed in this paper referred to Bonnefoy et al. (2004) and Li et al. (2008). The
unknown period component ¢ satisfies the free surface Eqgs. (11) and (12) and the lateral boundary
condition Eq. (7). It can be solved by HOS method proposed by Dommermuth and Yue (1987).
Besides, the initial condition for this problem is
{ n(x,t=0)=0

D(x,t=0)=U,x (13)

For a wave maker boundary, the velocity potential ¢, should be pre-solved by Eq. (6) before the time
integration is conducted. According to linear wave maker theory, the incident velocity can be
calculated by the following equation for a specified wave, i.e.

oX 0]

E_T(l(:o)n, (14)

where 77 is the expected water waves. w, is the circular wave frequency satisfying the following
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equation:
@’ =(w-kU,)’ = kg tanh(kh) , (15)
T(ky) is the transfer function for piston type wave maker and can be calculated by the following
equation for two-dimensional waves.
T(k,) = 2[cosh('2k0h)—l] ’ (16)
2k, h +sinh(2k,h)

where k is the wave number on still water.

2.3 Verification of the Numerical Model

For the investigation of the accuracy of this model, regular wave-current interactions in the deep
water and intermediate water are calculated. The used parameters are shown in Table 1. The deep water
cases (A1l to A3) are used to examine the accuracy of the present numerical model and the intermediate
water cases (B1 to B3) are used to investigate the effect of nonlinear interaction between wave and
current. Fig. 1 gives the comparison between the calculated water surface elevations by the present
numerical method (solid line) and analytical solution (dot) for cases A1l to A3 at location x = 15.0 m. It
shows that the calculated results agree well with the analytic results. It also can be seen that the wave
amplitude with following current is smaller than the input wave amplitude, and the wave amplitude
with opposing current is bigger than the input amplitude. Fig. 2 shows the calculated results for cases
B1 to B3 at location x = 15.0 m. These results are compared with that of multi-layer Boussinesq-type
model (Lynett, 2002). The comparison is excellent and confirms that the accuracy of the present
numerical model is satisfactory. The results show that the wave amplitude of following current case is
bigger than the input wave amplitude, though following current reduces wave amplitude. This
contributes to the effect of nonlinear interaction of wave-wave and wave-current and the nonlinear
wave transformation because of shallow water. In addition, it is shown that the wave crests become
higher and sharper, wave troughs become shallower and flatter during wave propagation because of
nonlinear interaction, especially for the case of wave with opposing current.

Table 1 Input parameter of cases

Case A (m) T(s) L (m) H (m) Uy (m/s) h/L
Al 0.025 1.0 1.56 1.0 0.1 1/1.56
A2 0.025 1.0 1.56 1.0 0 1/1.56
A3 0.025 1.0 1.56 1.0 0.1 1/1.56
B1 0.1 4.17 12.55 1.0 0.313 1/12.55
B2 0.1 4.17 12.55 1.0 0 1/12.55
B3 0.1 4.17 12.55 1.0 -0.313 1/12.55

A: wave amplitude; T: wave period; L: wave length; 4: water depth.
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Fig. 1. Comparison of the wave elevation calculated by the present numerical model (solid lines) with
linear analytic (dots) theory at location x = 15.0 m for deep water cases A1~A3.
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Fig. 2. Comparison of the calculated wave elevation by the present numerical model (solid lines) with
multi-layer Boussinesq model (dots) at location x=15.0 m for shallow water cases B1~B3.
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3. Numerical Study on Wave Focusing with Current

3.1 Focused Wave Generation with Current

The wave focusing method is usually used to generate extreme or breaking waves (Rapp and
Melville, 1990; Nepf et al., 1998; Liu and Hong, 2005). In this study, the interaction between wave and
current is considered. The focused wave generation on current can be described as follows.

According to linear theory, the free water surface 7(x, ) can be calculated by
N,
0= a costkx-w,-p), (17)
i=1

where N;is the number of frequency; a; is the component wave amplitude with the i-th frequency w,;,
k; is the wave number and ¢, the phase of wave component. Frequency w,; and the wave number £; are
related to each other by the linear dispersion equation (15). If the waves are assumed to be focused at
the specified position x, and time #,, then ¢; can be calculated by

o =kx-wt+2mn m=0, *1, +2..- (18)
By substituting Eq. (18) into Eq. (17), the wave surface that is focused at position x, and time #, can be
written as:

N6, = Xa,coslk (x=x,) =@, (t—1,)] . (19)

The wave amplitude of each wave component can be determined according to the assumed wave
spectrum. In the present study, two different wave spectra are used to examine the effect of wave
spectrum on focused wave characteristics. The first is called the constant-wave-amplitude (CWA)
distribution, i.e. a spectrum with a “top hat” shape. This means that the amplitude of each component
wave q; is constant. So a; can be derived as:

a =—, (20)

where 4 is the assumed focused wave amplitude. The second kind of frequency spectrum is called the
constant-wave-steepness (CWS) distribution and is a spectrum with a sharp peak. In this case, the

N,
component wave steepness is assumed to be constant, i.e., ka;= const. Also, we assume A=) a. .
i=1

Then g; can be determined according to the given focused wave amplitude 4 by the following equation:

e2y)

In addition, the discrete frequency f; is uniformly spaced over the frequency band [fi, f,]. The
frequency width Af'and the central frequency f. are defined as:

Af=f—f and f =(f+f)/2. (22)

3.2 Numerical Results
In this section, the characteristics of the focused wave with and without current are investigated
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by the developed HOS model. Table 2 lists the parameters used in the study. Varied focusing
amplitudes are used and current is varying from —0.3 m/s to 0.3 m/s. In addition, two different wave
spectra are used, and the central frequency and frequency band is chosen as 0.83 Hz and 0.56 Hz,

respectively.
Table 2 Input parameter of focused wave cases
Case f.(Hz) f(Hz) U, (m/s) A (m) Spectrum h (m)
1 0.83 0.55~1.11 -0.3~0.3 0.01~0.06 CWA 3.0
2 0.83 0.55~1.11 -0.3~0.3 0.01~0.06 CWS 3.0

3.2.1 Surface Elevations

Fig. 3 compares the surface displacement elevation of the focused wave at different locations on
different currents: Uy= —0.1 m/s, 0.0 m/s and 0.1 m/s. In this plot, x" is the distance relative to the
theoretical focusing point, x = x-x;. As expected, it can be seen that the short waves are ahead of the
long waves and the surface elevation becomes steeper and steeper when the wave packets are
approaching the assumed focusing point. After passing the focusing location, they disperse gradually
and so the longer waves go ahead of the shorter waves. By comparing the surface elevations with
different currents, it is shown that the surface elevation with opposing current leads ahead of the waves
with zero and following current at upstream locations, and this phenomenon is reversed at downstream

locations.

3.2.2 Surface Elevations at Focusing Point

Fig. 4 shows the surface elevation of the focused wave on U, = 0.1 m/s, 0.0 m/s, and —0.1 m/s at
the focusing point. Here, the focusing point is defined as the location where the maximum crest of the
focused wave group occurred. Owing to the nonlinear interaction, the actual focusing point is usually
shifted downstream. For these cases, the focusing point located between x' = 0.0 m and x = 1 m. The
figure shows that the focused surface profile for the opposing current becomes steeper, and vice versa
for following current. It means that there are stronger nonlinear interactions during the wave focusing

process with opposing current. There are the same results for CWA and CWS spectrum.

3.2.3 Maximum Crests

Fig. 5 gives the numerically calculated maximum crests for different currents. The maximum crest
is normalized by the input amplitude in the figure. This figure shows that as expected, owing to the
nonlinear interaction of wave-wave and wave-current, the maximum crest for opposing currents cases
increases with the increasing current velocity and that for following current cases decreases with the
increasing current velocity. There are similar phenomena for focused waves with CWA and CWS
spectrum, but the maximum crests for CWA cases are bigger than that for CWS cases.

The wave amplitude of focused waves can also affect the maximum crest. This is clearly shown in
Fig. 6. For opposing current cases and zero current cases, the maximum crest of focused wave groups
is bigger than the input assumed focused amplitude and the rate of the maximum crest and the input
amplitude increases with the increasing amplitude. For opposing current, when the amplitude is small
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(weak nonlinear cases), the maximum crest of following current cases is smaller than the input
assumed focused amplitude. But when the amplitude is large (strong nonlinear cases), the maximum

crest with following current can be bigger than the input assumed focused wave amplitude, even
though the following current decreases wave amplitude.
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Fig. 3. Surface elevation of focused waves on current: Uy = 0.1 m/s (solid lines), 0.0 m/s (solid line with circles),
and —0.1 m/s (dashed lines) at different locations (4 = 0.06 m, CWA, &= 3.0 m).
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Fig. 4. Surface elevation of focused waves on current: Uy = 0.1 m/s (solid lines), 0.0 m/s (solid line with circles)
and —0.1 m/s (dashed lines) at focusing point (4 = 0.06 m, 2 =3.0 m).

3.2.4 Frequency Spectra of the Focusing Waves

Figs. 7~9 show the variation of the amplitude spectra of the surface elevation during the focusing
process of the focused wave with and without current. In the figures, the amplitude spectrum is
normalized by the central frequency f; and central wave number k.. The wave spectra at five



LI Jin-xuan et al. | China Ocean Eng., 26(1), 2012, 37 —48 45

representative positions (including four fixed positions and the accurate focusing point for each case)
are given to show the variation of the amplitude wave spectra during the wave transformation and the
dashed lines and solid lines represent the amplitude spectrum at the upstream reference position
(x'=—6.0 m) and at the marked positions, respectively. Fig. 7 shows the amplitude spectra of surface
elevations of the focused wave without current. As many earlier studies (Rapp and Melville, 1900; Liu
et al., 2008), there are no significant changes within input frequency band (0.55~1.15 Hz), but there
are a few differences within higher frequency. These differences become most obvious at focusing
point (x*=0.55 m for CWA and x*=0.35 m for CWS). It means that there is energy transfer between the
wave components due to the wave-wave interactions during the wave transformation. This energy
transfer to higher frequency for CWA spectra cases is bigger than that for CWS spectra cases. It means
that energy distributions can influence the energy transfer during the wave focusing process.
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Fig. 5. Variation of the maximum focused wave crest with current velocity.
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Fig. 6. The variation of the maximum focused wave crest with the input focusing amplitude.

Fig. 8 and Fig. 9 give the variation of the amplitude spectra of the surface elevations of the
focused wave with following and opposing current, respectively. Though similar phenomena of energy
transfer to higher frequency can be observed, there is a difference between following and opposing
current cases. The energy transfer of the focused wave with opposing current is more significant than
that with following current. It means that the focused wave with opposing current has stronger
nonlinearity. This is identical to the phenomena shown by the focusing wave surface as previously
discussed.
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Fig. 7. Variation of the amplitude spectra of focused waves at different locations with current U, = 0.0 m/s.
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Fig. 8. Variation of amplitude spectra of focused waves at different locations with current Uy = 0.1 m/s.
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Fig. 9. Variation of amplitude spectra of focused waves at different locations with current Uy =—0.1 mys.

4. Conclusions

In the present study, a numerical model based on the HOS method is successfully developed to
simulate the wave focusing on current. The influence of current on wave focusing is numerically
investigated. The calculated results show that the current has significant influence on wave focusing.
The wave crest becomes steeper and the energy transform becomes bigger for waves with opposing
current. It reveals that there is strong nonlinear interaction for the wave transformation on opposing
current. It means that the freak wave occurs more likely when wave propagates with opposing current.
In addition, the frequency spectrum which represents the wave component distribution can also affect
the interaction between the focused wave and current. The focused wave with CWA spectrum can
obtain bigger maximum crest and more significant energy transfer than that with CWS spectrum.
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