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ABSTRACT

This paper presents a numerical study on how the signifi-
cance of wind action differs when varying the wave parame-
ters. The quas arbitrary Lagrangian-Eulerian finite element
method (QALE-FEM) is used for this purpose. An improved
model for wind-excited pressure and wind-driven current,
which is recently developed by the authors of this paper [27],
is coupled with the QALE-FEM. Many casesinvolving freak
waves with different focusing time/point and frequency ranges
under the action of winds are investigated. The results show
that the significance of wind actions on freak waves strongly
depends on the focusing time, the focusing point and the fre-
guency range. The knowledge does not only help the proper
set up of experiments studying wind effects on freak waves but
also contributes to the development of amethod for predicting
freak waves.

. INTRODUCTION

Freak waves are extreme wave events occurring in a small
region during a short time. Such events have been observed
not only in deep water, but also in shallow water. For example,
the famous New Year wave recorded at the Draupner platform
inthe North Seaon 1st, January, 1995 [ 3] showed afreak wave
with characteristic wavelength of 220 m occurs in an area of
70 m water depth. Freak waves may pose a real threat to
human activitiesinthe oceans[8]. To prevent damages caused
by a freak wave from happening, it is essential to accurately
predict the position (focusing point) and the time (focusing
time) it happens, as well as the maximum wave height it may
cause. Many efforts have been devoted for this purpose. The
corresponding reviews can be found in [7, 9, 25]. Neverthe-
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less, in most of the studies, the wind effects are ignored,
though freak waves are often observed being accompanied
with strong winds in reality (e.g. [17]). The presence of the
winds may dramatically influence the property of freak waves
generated by other mechanisms. Thishas been experimentally
confirmed by Giovanangeli et al. [2], Touboul et al. [20] and
Kharif et al. [6], who concluded that the winds shift the fo-
cusing point and increase the wave amplitude for specific
two-dimensiona (2-D) freak waves. Therefore, ignoring wind
effects may underestimate the maximum wave height and/or
lead to incorrect prediction of the focusing point/time.

So far, studies relating to wind effects on freak waves
mainly focus on three aspects. The first one is the feature of
air flow structure above the free surface [6, 12, 20, 25]. The
second one is the mechanism of energy/momentum exchang-
ing between the wind and the freak waves [6] or the feature of
the temporal-spatial distribution of the free surface pressure
duetowind [25, 27]. Thethird aspect isabout how the feature
of the freak wave changes under the action of wind. The out-
come of studies addressing the last aspect benefits the accurate
prediction of the focusing time/point and maximum wave
height of a freak wave under winds. In this aspect, Touboul
et al. [20, 21] and Kharif et al. [6] studied the elevation am-
plification of 2-D freak waves, which are generated by spatio-
temporal focusing or modulation instability, under different
windsin deep water; Maet al. [12] and Yan et al. [25] carried
out a similar study but focused on 2-D shallow-water freak
waves. The studies published related to this aspect pay more
attention to the significance of the wind action on a specific
freak wave in terms of wind speeds. Our previous investiga-
tion has shown that for a specific wind speed, a freak wave
[25] seems to be much easier to be deformed than a solitary
wave [24]. This implies that the significance of the wind
action may also strongly depend on the freak wave itself,
specifically on the parameters which govern the freak waves
(e.g. focusing time/point and frequency range). However, a
systematic investigation addressing this has not been found in
the public domain.

In this paper, such investigationswill be carried out only on
2-D freak waves. Although 2D cases are very rare in redlity,
investigations on 2D cases can shed some light on main issues
and the corresponding results may be used for useful reference
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for 3D studies. Different freak waves generated using dif-
ferent focusing point/time and frequency ranges will be con-
sidered in the paper. The significance of the wind action on
different freak waves will be examined and discussed.

[.MATHEMATICAL MODEL AND
NUMERICAL APPROACH

In this paper, the computational domain is chosen as a rec-
tangular tank. The Freak wave is generated in the tank by a
piston-like wavemaker. The wavemaker is mounted at the left
end and a damping zone with a Sommerfeld condition (see
[10] for details) may be applied at the right end in order to
suppress the reflection. A Cartesian coordinate system is used
with the oxy plane on the mean free surface and with the z-axis
being positive upwards. The origin of the coordinate systemis
located at the left end of the tank. Winds with speed of U,,
may be introduced along x-direction. A constant x-direction
current may be added to model the effect of the wind-driven
current. A fully nonlinear potentia theory is used to describe
the problem, in which the total velocity potential (®) is ex-
pressed by

D=¢p+xU, @
where U, is the current speed and ¢ is the rest of the velocity
potential apart from xU.. In the fluid domain, the velocity
potential satisfiesthe Laplace's equation,

Vip=0 @)
On the wavemaker, the boundary condition reads

?ﬂﬂa), 3
n

where U (t) and fi are the oscillating velocity and the out-
ward unit normal vector of the rigid boundaries, respectively.
On the free surface z= {(x, y, t), ¢ satisfies the kinematic and
dynamic conditions in the following Lagrangian form,

Dx_29 ., Dy_2 Dz_d¢ @
Dt ox ° Dt oy Dt oz

D¢ 1o .2 u?

=L = _gz+=|V —=c 5
20 g+ |V +py ®

in which D/Dt is the substantial (or total time) derivative fol-
lowing fluid particles and g is the gravitational acceleration.
ps is the wind-excited free-surface pressure, which may be
estimated by using the Jeffreys sheltering mechanism [4, 5],
Miles shearing mechanism [15, 16], Philips model [18],
Benjamin’s model [1] for norma waves. However these

models without modification may not be suitable for freak
waves due to the strong nonlinearity involved in freak waves.
Alternatively, one has employed the modified Jeffreys’ theory
proposed by Touboul et al. [20, 21] and Kharif et al. [6] and
an improved model recently suggested by the authors of this
paper [27]. According to our previous investigations [27], the
improved model is chosen here. In this model, py is calcu-
lated by using,

Pa = Pu(U,—G, U C L +C, 2 (®)

where p, istheair density; Cg isthe group velocity of the freak
wave. C, and C, are coefficients. Based on numerical tests

[27], they aregivenintermsof U'= (U, -C,-U,)/\/gd by,
C, =0.1344U ®-0.9394U “+1.9654U '-1.3881  (7)

C, =-0.0170U ®*+0.1369U “-0.3786U '+ 0.5204  (8)

Apart from the wind-excited pressure, another effect con-
sidered isthe wind-driven current, i.e. U.in Eq. (1). Similarto
[6], [21] and [27], a constant current is introduced and the
magnitude of the current is specified as 0.5% wind speed.
More extensive studies on the effects of current with different
values will be published elsewherein future.

The problem formed by Egs. (1)-(5) issolved by the arbitrary
Lagrangian-Eulerian finite element (QALE-FEM) method,
which is developed by the authors of this paper and been
proven to be the fastest method at the same accuracy level for
fully nonlinear waves [11, 13, 23, 26], using a time-marching
procedure. At each time step, the boundary value problem for
the velocity potentia ¢ is solved by the FEM. The details
about the FEM formulation have been described in our pre-
vious publications [10] and will not be repeated here. The
main difference between the QALE-FEM method and the
conventional FEM method [10] mainly includes two aspects
when they are applied to modeling wave problems without
structures. One is that the computational mesh is moving
in the QALE-FEM method, instead of being regenerated, at
every time step during the calculation. To do so, anovel meth-
odology has been suggested to control the motion of the nodes,
in which interior nodes and nodes on the free surface (free-
surface nodes) are separately considered. Different methods
are employed to move different groups of nodes. The other
aspect of the difference between the QALE-FEM and con-
ventional FEM methods is the calculation of the fluid velocity
on the free surface. The technique developed in the former is
suitable for computing the velocity when waves become very
steep or even overturning. More details of these techniques
can befound in[11, 13, 23, 26]. It is noted that the formula-
tion here does not take into account the viscosity. It is ac-
ceptable for cases without post-breaking considered in this
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paper. |If the cases with post-breaking are of main concern,
other formulations based on the Navier—Stokes equations
should be employed, such asin [14, 19, 28, 29].

1. NUMERICAL RESULTSAND DISCUSSIONS

As indicated above, the significance of the wind action not
only depends on the wind speeds, but aso depends on the
wave parameters. These issues have not been systematically
investigated so far to the best of our knowledge. In thissection,
three wave-related parameters, i.e. focusing position, focusing
time and initial frequency range, are considered. For con-
venience, the parameters with a length scale are nondimen-
sionalised by the water depth d; the time and frequency (), by

t—r7yd/g, w— w/g/d whereristhe dimensionlesstime

and g is the gravitational acceleration. Because the model
formed by Egs. (1)-(5) is three-dimensional (3-D). To use it
for modeling 2-D cases, the width of the tank istaken the same
as the water depth and all parameters are not allowed to vary
along y-direction, making it a y-independent 3-D problem.
The convergence property of the method has been demon-
strated in our previous publications[9, 11, 23, 25-27]. In order
to focus on the discussions and analysis of the results con-
cerned here, the investigations on the convergence will not be
shown, though these have been carried out for al cases pre-
sented in the paper.

1. Freak Wave Generation

The 2-D freak waves are generated by the spatio-temporal
focusing mechanism, i.e. a sum of a number of sin (cosine)
wave components, using a piston-type wavemaker. The dis-
placement of the wavemaker is given by

S(r) = ZN:%cos(a)nz' +e) 9)

n=l"n
where N isthe total number of components and

_ 2.[cosh(2kn)—1] (10)
sinh(2k,) + 2k,
is the transfer function of the wavemaker [9]. k, and w, are
the wave number and frequency of the n-th component, re-
spectively. They are related to each other by w,” = k, tanh(k,).
The frequency of the wave components are equally spaced
over the range [wmin, @max]- &n 1S the phase of the n-th com-
ponent and is chosen to be kX - w, ¢ With X and ¢ being the
linear focusing point and the focusing time. a, is the indi-
vidua amplitude of n-th component, which is taken as the
same for all components in this paper to simplify the rela-
tionship between the target amplitude (A;) of the freak wave
and the amplitudes of the components, leading to a, = A/N.
It should be noted that x; and =, which is required to gen-
erate the freak waves, represents where and when the wave

100

g5 —o—T=31.32 ]
- 7,= 46.97
2 200 = 62,63 e .
154 P J
o . R —
10 11 12 13 14 15

Fig. 1. (a) Focusing paint x;” and (b) focusing timez;” in the cases with dif-
ferent x; and 7 (@min = 0.5, @max = 1.4, N = 32, &, = 0.008, U,, = 0).

components become phase coherent in the linear theory [9];
i.e., according to the linear theory, the wave elevation or wave
height reaches its maximum value at the location x = X and
the time ¢ = . However, due to the nonlinearity and wind
effects, the phase coherent may never happen [7] or the
maximum wave elevation occurs at a position and time dif-
ferent from x and = [9, 23]. Therefore, it would be more
sensible to use the location (x) and time (¢ ) corresponding
to the highest crest to indicate the occurrence of freak waves
[23]. % and 7 are generaly different from the linear values
of x; and ;. For clarity, X, and z; are referred to as the focus-
ing point and time, % and ;, are referred to as the coherent
point and time, respectively. Preliminary studiesonx; and z;’
in the cases with different X and «; without winds are carried
out in order to generate suitable freak waves for further in-
vestigations with winds. Fig. 1 shows an example of the fo-
cusing point/timein the cases with different x; and z;, in which,
®min = 0.5, wmx = 1.4, N= 32, a,=0.008, U,, = 0. Thisfigure
clearly confirms that x and 7 are different from x and =
for all cases. It is also observed that ¢ increases as  in-
creases in the cases with different x; (Fig. 1 (a)). Neverthe-
less, X, may increase (e.g. 7y = 46.97 and 7; = 62.63) or de-
crease (e.g. it = 31.32) with theincrease of x;. For convenience,
the focusing point and focusing time in the cases without wind
are denoted by X ;o and 7 o, respectively, hereafter.

It should aso be noted that due to the occurrence of the
wave overturning, the simulation stops before the post-
breaking occurs, for which the potential theory may not be
applicable as indicated above. Nevertheless, the breaking
event causes the wave elevation downstream to become
smaller due to the energy dissipation, as demonstrated in [25].
Therefore, the highest elevation before the overturning occurs
could be considered as the highest elevation appears in the
whole domain, i.e. the focusing point (%), and the corre-
sponding time is the focusing time z; .
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Fig. 2. Comparison of maximum wave height recorded at different positions

(@min = 0.5, ®max = 1.4, N = 32, @, = 0.008, x; = 12.5, 71 = 46.97; the

superscript in thelegend representstheresultsfrom QALE-FEM/
SarCD approach in reference [27]).

. U,=0.0002"
12} o Uy = 0.000 S, 1
o U,=09582" NS
Llr__ U,=0958 T i
N R e R,
A L U,=1916 A &
5000 o U,=2874EH 8 1 N
U, = 28745 . AN ,;
S0, tHo *, +, 0L AT i
0.8 o *, +§ ?E/&.* o
0.7 ' T
0.6 y
5 10 15 20 25

Fig. 3. Comparison of maximum elevation recorded at different positions
(®min = 0.8, wmax = 1.6, N = 32, &, = 0.00575, x; = 15, 71 = 46.97; the
superscript in thelegend representstheresultsfrom QALE-FEM/
StarCD approach in reference [27]).

2. Numerical Validation and Typical Feature of Freak
Waves under Winds

As indicated in Section I, a wind-excited pressure py is
introduced in the dynamic free surface condition to model the
wind effect. Though the shear stress is not considered, the
justification of the numerical strategy, i.e. employing a wind-
driven pressure on the free surface condition of the FNPT
model, has been numerically confirmed by Touboul et al. [20,
21] and Kharif et al. [6] for simulating wind effects on 2D
freak waves. Apart fromthis, comparisons between the QALE-
FEM adopting the improved pressure model, i.e. Egs. (6)-(8)
and a numerical approach namely QALE-FEM/StarCD [25],
which fully couples the air flow and wave motions and there-
fore considers the sheer stress on the free surface, have also
suggested that ignoring the sheer stress may be acceptable for
simulating wind effects on 2D freak waveswhosetime scaleis
normally much shorter than the wind-wave generation pro-
cedure [27]. More comparisons are given here to demonstrate
the validity of the present model.

Fig. 2 illustrates a typical spatial variation of maximum
wave height (H) estimated by using two consecutive crests

1.5
— - x =2 (Present)
- o x=2 (QALE-FEM/StarCD)
3 1 T x=x;(P |
= a 7 (Present)
3 x = x; (QALE-FEM/StarCD)
& 05}
0 i
0 1 2 3 4 5
)
(a)
1.5 : :
— - x =2 (Present)
o x=2(QALE-FEM/StarCD)
< | o PR, r .
3 5 x = xr(Present)
g © \ 0 x=x;(QALE-FEM/StarCD)
& 0.5
Og
0 084 05 O ral
0 1 2 3 4 5
®
(b)
1.5 : :
— - x =2 (Present)
| 5o o x=2(QALE-FEM/StarCD)
% ; x = x; (Present) ]
5 0 x=x/(QALE-FEM/StarCD)
2
@ 0.5 .
O
al S &
o2 og®
0 1 2 3 5
®
(©)

Fig. 4. Spatial variation of spectra for (a) U, =0, (b) U, = 1.915 and (c)
Uy = 3.832 (Wmin = 0.5, Omax = 1.4, N = 32, &, = 0.008, x; = 12.5, 71 =
46.97).

and troughes in wave histories in the cases with different
wind speeds. Inthe cases, wmin = 0.5, 0max = 1.4, N=32, @, =
0.008, x; = 12.5, 7y = 46.97. Winds with speed ranging from
0 to 3.832 are posed in the direction of the wave propagation.
This figure identifies the amplification of wave height and
the shift of the focusing point due to the winds, consistent with
the experimental results [6]. For the purpose of comparison,
the corresponding results from the QALE-FEM/StarCD [27]
are also plotted together. As shown, the results from two
different numerical methods are close. Comparisons are also
made for other waves with different wave heights and spectra.
A similar agreement has been achieved. Only one more ex-
ampleisgivenin Fig. 3 for demonstration.

Apart from the spatial variation of the wave elevation/wave
height, the spatial variation of spectrais also analyzed, which
is obtained by performing Fourier analysis on time histories at
given points. Some results for the cases shown in Fig. 2 are
plottedin Fig. 4. For convenience, the spectraisdivided by A..
From this figure, it is found that the spectrum of the freak
wave changes during the propagation and the energy seemsto
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Fig. 5. Maximum wave height recorded at different positions subject to
different wind speeds with (a) x; = 10 (Xro = 14.4); (b) x; = 12,5
(X'10=16.8) and (c) X = 15 (X"10 = 28.0) (@min = 0.5, Wmax = 1.4, N =
32, a, = 0.008, 7; = 46.97).

be transferred from the fundamental harmonics, i.e. frequency
ranging between 0.5 and 1.4, to both lower harmonics and
higher harmonics. Again, the agreements between the present
results and those from the QALE-FEM/StarCD approach are
satisfactory, for all wind speeds considered.

3. Effectsof X*fyo

In this sub-section, the effect of x*m on the significance of
thewind action on freak wavesisinvestigated, followed by the
effect of 7’1 in the next sub-section.

To obtain freak waves with different x*f,o, we assign dif-
ferent x; for specifying the wavemaker motion. In the inves-
tigation, wmin = 0.5, wmax = 1.4, N = 32, a, = 0.008, 7; = 46.97,
N = 32. Thelinear group velocity (Ug) and the wave number
(k.) corresponding to the wave component with the central
frequency are 0.5972 and 1.12. Different values of x;, ranging
from 10 to 15 are used. The corresponding X ¢ ranges from
14.4to 28 asshown in Fig. 1(a). Different wind speeds varying
from 0t0 3.832 areused. The maximum wave height (Hwy) is
examined. Theresultsfor the caseswith different wind speeds
areplotted in Fig. 5.

From Fig. 5, it is observed that the location where the
maximum wave height appears, i.e. the focusing point, is
shifted significantly further downstream by thewind in all the
cases. Itisalsofound that the highest wave height seemsto be

— - x,= 10.0 (x}o = 14.4)
L1F ——x=125(x=1658)
i x= 15.0 (x)p = 28.0)

1.05¢ -7
1,
0 0.5 1 1.5 2 2.5 3 3.5 4
U,
(@
15 . . . . . . —
—o-x,=10.0 (x7, = 14.4) /
ot ——%= 12.5 (x50 = 16.8) /
“ ——x,= 15.0 (x}o = 28.0) /
4
5 L
0
0 4

(b)

Fig. 6. (@) Amplification factor and (b) shift distance as a function of
wind speedsin the cases with different X' (@min = 0.5, @max = 1.4,
N =32, a, = 0.008, 7; = 46.97)

not affected by the wind with small speeds, i.e. U,, = 0.958,
whilst, for stronger winds, the highest wave height are in-
creased dramatically. These observations are largely consis-
tent with the experiments by Kharif et al. [6], which also con-
cluded that the wind may pose effects on the formation of freak
waves in two ways, i.e. the shift of the focusing point and the
amplification of the wave height. In order to quantitatively
examine the significance of wind action, two parameters, i.e.
the shift distance of the focusing point (Ax;) and amplification
factor (A), are defined. The former reflects how the wind
shifts the focusing point and its value is given by

AXg =X =X (11)
The latter is calculated using

where Hyax and H %, are the maximum wave height observed
in the case with wind and that without wind, respectively. The
corresponding shift distance of the focusing point (Ax;) and
amplification factor (A in the cases shown in Fig. 5 are
plotted in Fig. 6.

From Fig. 6(a), it is observed that the amplification factor
A , and so the nonlinearity, increases, i.e. the significance of
the wind action becomes stronger, for all wind speeds con-
sidered as x*f,o increases. In addition, a stronger wind causes
a larger wind-driven current. According to previous studies,
both the wind-driven current (Kharif et al. [6]; Yan et al. [27])
and the nonlinearity [9] shift the focusing point further
downstream in cases without involving wave breaking. This
is confirmed by the results shown in Fig. 6(b), which clearly
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Fig. 8. Maximum wave elevation recorded at different positionswith dif-
ferent wind speeds (@min = 0.5, @max = 1.4, N = 32, a, = 0.008, 7; =
46.97, x; = 12.5).

shows that the shift distance (Ax) increases with the increase
of the wind speed for al X;o. From Fig. 6(b), it is also
observed that for a specific wind speed less than 3, the shift
distance (AX;) increases as the x*m increases. However, one
may find that when U,, = 3.832, the shift distance does not
follow the trend, i.e., Ax; in the case with x*f,o = 15.4 is much
larger than those with other X';o. A similar phenomenon is
also found in other cases, e.g. the one shown in Fig. 7, in
which the shift distance for x*f,o = 15.4 significantly increases
from about 0.8 to 14.6 when the wind speed increases from
1.916 to 2.874. To explore the reason, the maximum eleva
tions, which are used to identify the location where the freak
wave occurs and to determine x; , recorded at different posi-
tions under different winds in the case with X'to = 15.4 (% =
12.5) shownin Fig. 6 areillustrated in Fig. 8. As can be seen
from the figure, all curves have two crests, one near x = 17.5
and the other one located further downstream. For the cases
with the wind speed less than 3.832, the focusing points are
located around x = 17.5, i.e. the first crest of each curves;
whereas, for the case with U,, = 3.832, the second crest is
higher than the first crest. This explains why Ax; becomes
very largein Fig. 6 and Fig. 7.

Other than those shown in Fig. 6 and Fig. 7, the cases with
different X ;o are also tested, in which wmin = 0.5, wma = 1.4,
N = 32, a, = 0.008, 7 = 31.32 and X varies from 10 to 15.
Using this configuration, X ;o decreases from 14.2 to 11.1 as
X increases as can be seen in Fig. 9. Fig. 9 also shows that,
for a large wind speed, e.g. U,, = 3.832, the amplification
factor increases as X increases while it change little for a
small wind speed. Thisisconsistent with the results shownin

1.08 L o= 5=10.0 (= 14.2)

1.06F ~*—%~ 12.5 (x4 = 13.6) ’////;»2 |
‘t\ 1.04 + ——x=15.0 (x*m: 11.1) =
1.02 |
|
0.98 - . . , . . |
0 05 1 15 2 25 3 35 4

U

Fig. 9. Amplification factor asa function of wind speedsin the caseswith
different X't (@min = 0.5, @max = 1.4, N = 32, &, = 0.008, ; = 31.32).

o= 7,= 31.32 (¢} = 30.42)
L1F —+-1=46.97 (tj,= 73.23)
——1,= 62.63 (¢ = 89.86)

U,
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5 , . . .
4| o T332 =304
— 1= 46.97 () = 73.23)
o3[ ——1=62.63 (zj = 89.86)
3 ot .
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[ e | |

Fig. 10. (a) Amplification factor A and (b) shift distance Ax;, as a func-
tion of wind speeds in the cases with different z'c (wmin = 0.5,
Omax = 1.4, N = 32, a, = 0.008, x; = 15).

Fig. 7. Nevertheless, if the focusing point is denoted by X
(the linear coherent point), Fig. 9 would lead to an opposite
conclusion, i.e. the amplification factor decreases as X de-
creases. Thisindicates that the trend of significance of winds
on the wave height depends on the definition of the location
where the freak wave occurs. The focusing point defined and
used here lead to consistent trend in all the cases.

4, Effects of T*f'()

The effect of 7' isinvestigated here. A typical variation of
the amplification factor and shift distance against wind speeds
in the cases with different r*f,o is shown in Fig. 10, in which
Omin = 0.5, Wmax = 1.4, N =32, 8, = 0.008. % =15and 7 o
ranges from 30.42 to 89.86 (the corresponding t is chosen
between 31.32 and 61.63). This figure shows that both the
amplification factor and the shift distance increases as r*f,o
increases when wind speeds are sufficiently large.

Fig. 11 displays another example, in which wn, = 0.5,
Omax = 1.4, N =32, a, = 0.008, x; = 10.0 and 7 ¢, varies from
40.29 to 72.57 (the corresponding z; ranges from 10 to 20). In
this example, the amplification factor in the case with the
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Fig. 11. Amplification factor As as a function of wind speedsin the cases
with different 7'y (@min = 0.5, @max = 1.4, N = 32, &, = 0.008, x; =

10.0).
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Fig. 12. (a) Maximum wave height recorded at different positions and
(b) free surface slope recorded at the focusing time in the cases
with different 7o (@min = 0.5, @max = 1.4, N = 32, &, = 0.008, x; =
10.0, U, =0).

smallest 71 (40.29) is larger than others. This may be ex-
plained through analyzing the feature of the freak wave
without wind. For this purpose, the maximum wave height
recorded at different positions and free surface profile re-
corded at the focusing time in the cases with different 7' is
plotted in Fig. 12 in which the wind is not considered. It is
observed from Fig. 12(a) that the spatial distribution of
maximum wave height in the case with smallest 7¢, is sig-
nificantly different from others. The maximum wave height
in this case is larger than others, though wmin, ®max, N, @, and
X in these cases are the same. In addition, the wave with the
smallest 7 1o has higher wave slope and, therefore, is steeper
than those with larger ;o (Fig. 12(b)). According to our
previous studies [27], larger wave height or wave slope cause
more significant asymmetry of pressure about the crest and,
therefore, lead to more energy transfer from the wind to the
freak wave. This may be one reason causing the amplifica-
tion factor in the case with smallest r*f,o to be larger than
others.

(b)

Fig. 13. (a) Amplification factor As and (b) shift distance Ax;, as a func-
tion of wind speedsin case with different frequency ranges (N =
32, x¢ = 15, 7t = 46.97, K. A = 0.289).

5. Effects of Frequency Range

Another factor which may affect the significance of wind
actions on freak waves is the frequency range set when gen-
erating the freak wave. To shed some light on this, the cases
with different frequency ranges are carried out. For all these
cases, KA, are assigned to be a constant value, i.e. 0.289. N =
32, 7 = 46.97 and X = 15 are used in thisinvestigations.

In the first cases considered here, the central frequency is
fixed to be 1.2. Different range of frequency is chosen, i.e.
[0.6, 1.8], [0.8, 1.6] and [1, 1.4]. The group velocities are
0.4595, 0.4725 and 0.4824, respectively. Fig. 13 shows the
shift distance and amplification factor as a function of wind
speeds in the cases with different frequency ranges. For con-
venience, the horizontal axisusesU' = U, — Cy — U, because
the group velocities are different for different cases.

From Fig. 13(a), it isfound that the frequency range slightly
influences the amplification factor when the wind speed is
relatively smaller. However, when the wind speed is larger,
the amplification factor increases as the width of the fre-
guency range decreases. It is also observed from Fig. 13(b)
that the change in the frequency range does not lead to a sig-
nificant focusing point shift, except for the case with fre-
guency range of [1.0, 1.4]. In this case, the shift distance
reaches a maximum at U,, = 2.874 (U' = 2.4) but fall back at
U, =3.832 (U'= 3.4). The mainreason may be similar to that
shown in Fig. 6(b) and Fig. 7. To confirm this, the maximum
wave elevation recorded at different positionsin the case with
the frequency range of [1.0, 1.4] is plotted in Fig. 14. This
figure shows that when U,, = 2.874, the highest elevation
occurs at the last crest (x = 35), whereas for U, < 1.5, the
highest elevation occurs at the third crest around x = 25. One
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Fig. 14. Maximum elevation recorded at different positions in the cases
with different wind speeds (wmin = 1.0, ®max = 1.4, N = 32, KA =
0.289, 71 = 46.97, x; = 15).
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Fig. 15. Freesurface profile at = 67.75 in the cases with different wind
speeds (@min = 1.0, @max = 1.4, N = 32, KA = 0.289, 77 = 46.97, X =
15).
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Fig. 16. Amplification factor A asa function of wind speedsin the cases
with different maximum frequencies (N = 32, x; = 15, 7; = 46.97,
KA = 0.289, wmin = 1.0).

may also observe from Fig. 13(b) that the shift distance for the
case with U, = 3.832 is smdler than that with U,, = 2.874.
Thisis due to the occurrence of awave breaking in the former
case as shown in Fig. 15, which illustrates the free surface
profiles at atime step when an overturning jet appearsnear X =
29.5 in the case with U,, = 3.832. Such breaking event shifts
the focusing points upstream as discussed in [23, 25].

In the second case considered here, the minimum frequency
is fixed at wmin = 1.0, while different maximum frequencies,
ranging from 1.4 to 3.0, are employed to generate the freak
wave. Similar to those shown in Fig. 14, KA, = 0.289 isused
to give the wave amplitude. The amplification factors as a
function of wind speeds in the cases with different maximum
frequencies are shownin Fig. 16. From thisfigure, it isfound
that the amplification factor increases with the decrease of
maximum frequency. Thisimpliesthat for a given steepness,

the wind causes a more significant effect on amplifying the
wave height of a2D freak wave with smaller frequency range,
in line with what has been seenin Fig. 13.

IV.CONCLUSION

This paper presents numerical investigations on how the
significance of wind actions differs when varying the wave
parameters. Our attention mainly focuses on the variation of
the focusing point (X o) , focusing time (1) and frequency
range. The results indicate that the significance of the wind
actions on freak waves not only relies on the wind speed but
also strongly depends on the parameters of the freak waves. For
the same freak wave, stronger winds normally lead to larger
wave eevations and shift the focusing point further down-
stream except the cases involved wave breaking, in which they
shift the focusing point further upstream. For specific wind
speed and wave steegpness, the wind effects on amplifying the
wave height is more significant for the case with larger focusing
time/point, but narrower frequency range. The results obtained
here may contribute to development of methods for predicting
freak waves and for analyzing the local properties of the waves
in winds. The knowledge also benefits the proper set up of
experiments studying wind effects on freak waves.
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