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ABSTRACT:

The unsteady, two-dimensional Navier-Stokes equations and the exact free surface
boundary conditions have been solved to simulate the flow separation and the
vortex generation in water waves propagating over a submerged rectangular dike.
The computed water surface elevations at different locations have been compared
with experimental ones to verify the accuracy of the numerical method.

The vorticity of the flow near the dike are calculated from the numerical velocity
fields.

Effects of the Keulegan-Carpenter number on the vortices is investigated. The wave
forces on the dike are also determined. It was found that the wave force nearly
reaches its highest value when the wave crest is above the dike.
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Submerged dike, higher harmonics, vortex generation, Keulegan-Carpenter number.
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24
25 ABSTRACT of the sea bed at the toe of the dike.  Furthermore, the great rate of
26 shear strain associaicd with the vorlices can seriously damage the
37 The unsteady, two-dimensional Navier-Stokes equations and the fabric of the submerged structure.  Hence it is important for oceun
Zg exact [ree surface boundary conditions have been solved to simulate engineers 1o understand the dynamics of vortex shedding lrom the
30 the tlow separation and the vorlex gencration in water waves submerged dike.
3 propagating over u submnerged rectangular dike.  The computed Previous studies on water waves over a submerged obstacle have
2 water surface elevations at diflerent locations have been compared been mainly concerned with  determining  the  reflection and
33 with experimental ones to venty the accuracy ol the numerical method. iransmission characteristics of water waves. To date, most of the
3 The vorticity of the flow nemr the dike are calculated from the studies on this subject concentrated on the nonlinear cffects of the
35 numerical velocity fields.  Efects ol the Keulegan-Carpenter waves.  The problems mentioned above were typically treated using
35 numnber on the vortices is investigated.  The wave Torces on the dike potential theory, which assumes that the flow is irrotational.  Within
37 are also determined. It was found that the wave force nearly reaches the frammework of linear theory, the transmission and reflection
38 its highest valuc when the wave crest is above the dike, coetlicicnts have been studied by Takano (1960) and Mei and Black
39 (1969).  They found that the reflection coefficient decreases
40 KEY WORDS: Submerged dike, higher harmonics, vortex monotonically as the height of the dike decreases.  The nonlinear
41 generation, Keulegan-Carpenter number. interaction of water waves with a submerged rectangular dike has
42 been studied recently by Massel (1983), Rey et al. (1992), Grue
43 {1992), Driscoll et al. (1993), and Ohyama and Nadaoka (1993).
INTRODUCTION : d )
44 Massel (1983) employed the potential theory combining nonlinear
45 free surface boundary conditions to study the generation ol free wave
Cvi 3 aches. i » 3 seawnalls & S e M K . - &
FT) In previous approaches, impermeable scawalls of revetments .vu:n. and 1 d wave. The variations in the wave energy flux between
a7 very often used to prevent beach erosion.  However. the incident - ; . ) .
’ . N . the leading and the trailing sections of the dike has been studied by
48 waves are reflected from the seaward ftaces of these structures and . . ) . .
A . ) Grue (1992) using the Boussinesq equation.  The boundary element
49 ultimately cause structural subsidence. In new techniques, the method has also been applied to solve the Laplace ualio.n and the
50 seaward surfaces of the seawall are covered with riprap or made of nonlinear Tree surface PP darv ;yxn ditions lopimuI:? the nonlin
. - boundary ¢ 510 ¥ e the car
51 step-faces to reduce the reflection.  The offshore breakwater has also - - i C .
. . . i detonmation ol water waves (e. g Driscoll et al,, 1993: Ohyama and
52 received great atention in the past few decades.  Otlshore . . . ’ .
. Nadaoka, 1993). A comparison of these computational results with
53 brecakwaters are used along shorelines to reduce the wave energy . .. . .
L . - experimental data indicates that the potential theory fails to accurately
54 impinging opon beaches. A submerged dike has been used as one of . . . . -
55 the gencral types of offshore breakwater. reproduce the experimental results on the lee side of the dike  The
& ) o ' . . reason 15 due to the presence of vortices in the real flow ficld, which
56 When a wave propagates over a submerged dike, it breaks cannol be predicied using potential theor
) . N ! N] (4 .
57 ocassionally as the wave crest meels the top of the dike.  In addition, P 8 po L
58 ) ) . Recently, flow visualization techniques have heen emploved to
B the Now separates from the structure and vortices are gencrated near . -
59 . N L . ) observe the vortex movement in the wave field.  Rey et al. (1992)
the dike. A major cffect of the vortices is aggravation of the erosion . Lo
80 observed the phenomenon of vortex gencration in waler waves over a
61
A
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1
2
3
4
5 submerged dike using dye.  Ting and Kim (1994) conducied n . ad -0 W
6 laboratory experiments to investigate the flow separation and vortex o By
7 genezation induced by waves propagaling over a submerged and the Navier-Stokes equations are given by
8 rectangular dike. Velocily measurements were oblained using a & o s 1 .5% oM
9 two-component laser-Doppler ancmometer (LDA).  The formation TR TR E—(-a? + a—;) )
10 and growth of the vortices shedding from a submerged rectangular ’ N
11 dike in waves was studied by Petii et al. (1994) using the PIV method. and ]
12 The phenomenon of vortex peneration can be observed by the dye 3v+u6\ +‘i:_§£+_l__(§'_v_+ﬂ) )
13 method, but the quantitative properties of the vortices cannot be a & ¥ & R, P
14 determined.  Although the LDA can measure the velocities where u and v are the horizontal and vertical velocity components,
15 securately, it is very time consuming to construct the overall velocity t is the time, p is the hydrodynamic pressure, and R, is the
16 field as it measures only the instantaneous velocity at one lecation. Reynolds number, defined as R,=u.h_rv Where v is the
17 In order to simulate the real flow fields around submerged dikes, ] S e ] _
18 the Navier-Stokes cquations and the exact frec surface boundary kinematic viscosity of the fluid, and u,, is the velocity-amplitude of
;g conditions have to be solved. A few numerical models have been the wavemaker, which moves back and forth with a velocity of
51 proposed for the problem of waler waves interacting with a u=u,sinwt. In this case, u, and h, were used to non-
25 submerged dike. Huang and Sue (1998) simulated the flow field dimensionalize the velocity and length, while 1, =h,/u, was
23 induced by waves propagating over a submerged rectangular dike chosen to non-dimensionalize the time.
24 using the VOF (ynlume of fluid) nun?encal wethod. ~ Huang a..nd The kinematic free surface boundary condition states that fluid
Dong (1999) studied the wave deformation and the vortex gencration . .
25 . . o . particles at a free surface remain on the free surface, and can be
% n water waves propagating over a submerged dike. in which the
57 effects of ditferent parameters on the wave transformation and vortex expressed as
128 generation were studied systematically. However, in the above Eﬂ.+uﬂ= v
29 mentioned papers the behaviors of vortices were not discussed in & & - (4)
30 detail. In this paper, we will extend our previous study on the where 1 = (%, t) is the location of the free surface.
31 interaction of water waves and a submerged dike and concentrate on The dynamic free surface boundary condition requires that, along
32 the behavior of the vortices. The effects of K-C number on the the free surface boundary, the normal stress is equal to the
3 vortices were studied. atmospheric pressure and the tangential stress is zero. These
34 conditions were expressed by Huang et al (1998) as the following
35 GOVERNING EQUATIONS AND BOUNDARY CONDITIONS B
36 n 2U+(5;)'] ov
Po=zt % -l (%)
gg y 4 F Rell—(‘&)‘l o
39 and
v
5 = L. T.. ©
4 : - d X (g Ay
42 : h, (=qhy) ax
43 i h
: 0
Z’g where p,, = p(x.n) 1S the hydrodynamic pressure at the free surface
46 e - and F, is the Froude number, defined as F, = u, / Jghy .
%{73 8 b x In the numericu] computations, Eq. (S) was used to delermine the
49 pressure at the free surface and Eq. (6) was uscd to extrapolate the
. L . horizontal velocity at the free surface from the flow domain. The
50 Fig. 1 Schematic disgram of 2 submerged rectangular dike. !
3| 8 : 8 vertical velocity component v was then calculated from the
gg The vortex generation in water waves passing over a submerged ‘;"“““E‘:“;;*“"’“O" usmg the known velocity component u , obtained
dike was investigated in this study. A schematic diagram of a fom £g. (6) N ,
gg reciangular dike is shown in Fig. 1. A piston-type wavemaker with ‘The domlrmm boundary md;lx@ requires Q:at, al a lg:ge
= stroke S, is located at x=0 and generates the incident waves. The dlStBllOf: from the wavcmakcf, the wave s olftgomg vmhoul reflection
57 till water depthis h,. The width of the dikeis b. The shallow According to the Wave cquation and contimity cquation, e can set
8 o- K .
58 water depth above the dike is h)(=qh,, 0<q<i). For an Poelog Roelan, 2o )
£9 B 1(=ah,. q - M A A x x Ay
60 } incompressible, viscous fluid, the dimensionless continuity equation where C is the phase speed of the wave and is detenmined from the
61 in the Cartesian coordinate sysiem 1s dispersion relation.  The no-slip boundary condition is imposed on
62| &
63| @
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1
:Zi the channel bottom and the obstacle surface.  The initial conditions
) of the velocities, hydrodynumic pressure, and surizce displacements NUMERICAL RESULTS AND DISCUSSION
5 are sel at vero at time L=0.
6 (1) Venfications
7 NUMERICAL METHOD The numerical results were compared with the experimental data
8 oblaich by Driscoll et al. (1993) to venfy the accuracy. The
9 In this study the fimitc-analytic (FA) method was applied to expenments were conducted in a wave tank of 30-m lang, 0.6-m wide,
1(1) discretize (he unsteady two-dimensional Navier-Siokes cquations. and J-m deep. A submerged rectangular dike was placed 7-m away
7 In this method, local analyticat solutions obtained from the linearized from the wavemaker.  The still water depth was ho =05m.  The
13 Navier-Stokes equations for the discretized computational elements rectangular dike was 0.79-m width and 0 38-m high (i.e. 9=024).
14 were i.ncorporated into the numerical method.  The FA equations of The incident wave height H, und period T were 2.5 cm and 1.7 sex,
}g Fquation (2) or (3) are respectively. The wave gages were placed at locations 0.72 m and
[, = (Cf, +Cf, +Cy fy +ColL +C 0 1Y+ C 8, 8 1.92 m away from the trailing edge of the dike. Fig. 3 shows a
17 r n'n wow cle tp ) pt ( ) . . . &
18 where the coefficient C with ditlerent subscripts are the FA comparison of the numerical and expevimental results of the wave
19 coeflicients, which relate to the time step and the gnd size.  The prqﬁles al several slaliqns and limes. The results oblal by
20 finite-analytic symbols for nonuniform grids are shown in Fig. 2. Dnsw]{ ot al (19.93) using BEM model ate also | ted in the
21 S; is the finite difference formulation of (R &p : &x Yor (R Gp/ dy ). figure for u'ompanbon. We mmfj from Fig. 3 that our numerical
25 4 discussi i ' °~ v results arc in good agrecment with the experimental data and are
23 A dfm-ln | discussion o} ‘thls numerical method can be found in better than those obtained by BEM model. The accuracy of the
54 the found in the paper of Chen and Patel (1987). spatial evolution of the (irst thrce harmonic wave amplitudes are also
25 verified before we can proceed with a study of the behavior of the
26 vortices. To make this comparison, nuwnerical computations were
27 carried out with the same experimental conditions as that of Ting and
28 f, i i o
59 n Kim (1994). In their expenments the still water depth was 60.96 cm,
% ha the incident wave height and period were 5.85 cm and 4.0 sec.  Fig.
1 £ £ p 4 shows the comparison of the numerical and experimental rcsults of
o L2 = the spatial evolution of the first three hannonic amplitudes. The
33 h, wave amplitudes were normalized by the amplitude of the incident
wave, and the coordinate X was normalized with r t to the width
4 £ § espec
35 of the submerged dike which was located from x/b=0 1o x/b=1. We
35 can see trom Fig. 4 that the computed amplitudes of each harmonic
37 h. h agreed favorably with the measured amplitudes.
38
39
40 Fig. 2 Symbols used in the present numerical method. 20
41 i3
42 The SIMPLER algonithm developed by Patankar (1980) was used ﬁ“' %o ]
43 to calculate the coupled velocity and pressure fields. A staggered et
—— . N -1.3 T r v
4 numerical grid was used.  The Marker and Cell imethod (MAC) and 123 128 133 11X 143
22 its modified version SUMMAC were uscd in combination to calculate VT - 3 (a)
47 the free surface boundary. For a detailed description of the
8 numerical procedure one is referred to Huang et al. (1998). i$4 19
29 In the numerical model, the Eulerian grid system was used, which n us s :
50 means that the form and size of the computational grids were fixed. H; 55 ]
51 However, the computational domain near the wavemaker changed as 15 ] v T T
52 the wavemaker moved back and forth. In the computation, the grids 123 12% 133 13% 143
53 in the neighborhood of the wavemaker were so arranged that the T 3 (b)
54 boundary of the computational domain matched the location of the
gg wavemaker. The numerical results shown in the following were :3 J t=7in
7 calculated with dimensionless Ax and Ay equal to 0.1, except for -;{l o ] M
58 " the region near the submerged obstacle where the finest gnd size Ax e ] o
59 and Ay was 0.)5. The increment of dimensionless time was chosen 13 M T Y v
&0 } 10 be 0,001 e on 1o 2u a0 a0 - 5D
61 i 3(c)
62| %
63je
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1
2
3 of dimensionless groups as
4 i3 r . HL* HL h b Hel ¢
10 X =10.08 = (e e L LA ) 10)
g l_‘ll %4 1 . H;c hd b3 “hg hg ohy T
7 vl ’ in which T/H;c is the normalized circulation, H;L?/h} is the
% o a s an e so Ursell number which represents the nonlinearity of the incoming
10 { x/b 3(d) waves, H;L/h3 is the Keulegan-Carpenter number in shallow water,
11 h, / by is the water depth ratio, b/ h is the aspect ratio of the dike,
[
},‘2,’ n c'": ] HjcL/(hov) is the Reynolds number for viscous wave fields
14 H bl according to Huang and Dong (1999), and T is the incident wave
15 0 . - ) period. The Keulegan-Carpenter number (abbreviated as K-C No.)
16 “10 uo 10 20 30 10 50 is interpreted as the ratio of maximum displacement of a fluid particle
17 x/b 3(e from its neutral position to the body length, and is an important
(e)
18 parameter in determining the formation and development of vortices
19 15 in the flow. When the still water depth remains constant, the Ursell
g? n .L? ] number and the Reynolds number increase with the Keulegan-
55 i o5 Carpenter number. Hence, we only have chosen the independent
23 0 . . . . . paramecters, namely the K-C No., to study their effects on the behavior
24 1.0 0 Lo 20 30 40 50 of vortices. The conditions for the numencal simulation are
25 x/b 3(f) swnmarized in Table 1. In cases 1 10 4 the K-C numbers increase
26 from (.48 to 2.13, while the corresponding Ursell numbers increase
27 Fig. 3 Wave profiles at several stations and times for monochromatic from 3.33 to 32.52. Also to note that in all of the numerical
gg incident waves with Hy, =25 em, T=17 s, q=024 passing simulations, we have confined oursetves to nonbreaking waves.
30 over a rectangular dike. (®) Experimental data ( Driscoll et al.,
31 1993), (—) Results of present numerical model : (—)BEM Table |. Numerical conditions
32 ( Driscoll et al , 1993).
33
34 Varigble | Casel Case2  Case3  Cased
35 20 _ <
% n B, Eap. Comn. ho(m) | 0325 025 025 025
37 H, or Hiem) | 17 32 3.35 35
38 L0 -M\ LT
39 ] L{m) 175 217 3.00 3.8
j? oy T(s) 125 1.5 20 25
42 HiL'7hg | 333 964 1930 3252
ﬁ y g T HL/bhy | 048 111 1.61 213
- - - s 3 s s
45 60 40 20 40 60 Hiel/hoo 19x10 43xI0 6.3x10 84xl0
46
a7 ¥m) 025 0.25 0.25 025
Fig. 4 Spatial evolution of the first, second and third harmonic wave
48 6% >pa 0.5 0.5 0.5 0.5
49 amplitudes, h,=60896cm ,T=40s, H; =585cm . 4 = = = =
50
52 () Nmmwl .condltlonls ] (iii) Vortices generated by wave propagation
53 The circulation, [, induced by waves passing over a submerged Fig. 5 shows the variation in the flow ficlds with respect to
54 dike can be related to the following variables: different wave phases for Case 4. We noted from Fig. 5 that as the
55 [=f{(H;.L.ho, hy.b.p. 8. 1) ) wave trough propagates over the left edge of the dike (VT=0), a flow
56 where H; is the wave height, L is the wavelength of the incident separation occurs at the lefl comer of the dike.  As the wave trough
gg waves, h, is the still water depth, h, is the water depth above the approaches the right cdge of the dike (/T=3/24), due to the large
B o . . - . . . horizontal vclocity in the negative x-direction, a flow separation with
59 aie, b |.s lhe. width of the dike, vp is the (?enflly and p is .thc reattachment is formed at the right comer of the dike and it develops
2(1) dynamic viscosity of the water, g is the gravitational acceleration, into a separation bubble (V1=6/24). Al the same time, a counter-
o 3 | and t isthetlime. Physical reasoning leads to one particular choice clockwise vortex is gencrated on the weather side of the dike, As
S
63{e
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the wave trough propagates downwerds, both the scparation bubble
and the counter<lockwise voriex diminish gradually ( /T=9/24)
Similarly, as the wave crest propagates over the left edge of the dike
(UT=12/24), due 1o the large horizontal velocity near the crest, flow
separation with reattachment is formed at the left corner of the dike
and 1t develops to a separation bubble (UT=15/24). As the wave
vrest propagates downstream (V/1=18/24), the horizontal velocities of
the Nlow particles on the lee side of the dike are accelerated.  Due to
the strong velocity gradient, a clockwise vortex is generated at this
region. This vortex scems 1o be stronger than the vortex on the
weather side.  Meanwhile the separalion bubble diminishes in the
decelerated flow and it eventvally disappears at V1=21/24. From
UT=18/24 to ¥T=21/24 the clockwise vortex continues 1o grow until
the horizental velocity changes direction.
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Fig. 5 Surface elevations and velocity fields at different times for
Casc4, H =35uan, T=23s.

(iv) Circulation

Since the wave motion is periodic, the pattern and strengths of the
vortices induced by the waves are also periodic.  The variations in
vortex strength on the lee and weather sides of the dike were studied
in tetms of circulation, which by definition is the surface inlcgral of
the vorticity. The vorticity, defined as (dufdy ~8v[ox ), was
calculated trom the velocity field using the finite-differcnce scheme.
The clockwise and counter-clockwise circulation’s were then
determined separately by integrating the negative and the positive
vortices over the region of vortex motion, which ranged from very
near the bottom to the free surface.  The circulation is said to be
vounterclockwise if the integral is positive, and to be clockwise if the
iitegral is negative. In the determmation of the circulation, the
vortices within the boundary layer werc not taken imnto account,
because in this study we were mainly interested in the circulation in
the main flow region.

The normalized circulation for Cases 2 to 3 arc shown in Figs. 6 to
7. In these figures, parl (a) shows the vaniation in circulation on the
weather side of the dike within one wave cycle, whilc part (b) shows
the variation on the lee side of the dike. The symbols t, 81, ¢, and sc
in part (a) denote the phase situation of the wave above the left edge
of'the dike. Here t indicates the wave trough, st the still water level
afier the trough, ¢ the wave crest, and sc the still water level after the
crest. The symbols on part (b) denote the phase situation of the
wave above the right edge of the dike.  From part (b) of Fig. 6 to Fig,
7 we noted that the clockwise circulation on the lee side becomes
maximum when the still water level (sc) is above the right edge of the
dike. This can be explained as follows: when the still water level (st)
is above the night edge of the dike, the clockwise vortex obtains a
continuous supply of energy until the next still water level (s¢) amves.
In a similar manner, we can explam why the counterclockwise
circulation in part (a) of Fig. 6 to Fig. 7 becomes maximum when the
wave phase above the left edge of the dike lies between the trough (t)
and the still water level after trough (st). The clockwise circulation,
shown in part (a) of Fig. 6 to Fig. 7, indicates that in addition 10 the
main counterclockwise circulation, there is also positive vorticity
existing on the weather side of the dike.
part (b).

Ths 1dea applies also to

0.60 -
@ Counterclockwive
st & Clockuise
0.30 4 ....../..... sc
- *\t /"Co-/..o"
c
Hic 0.00 AAAAsAANAAALALLALRLAARAAL,
-0.30 4
5
-0.60 = R
0.00 0.50 1.00
vT 6 (a)
0.60
® Counerciscwia
A Clockwis
0.30 -
N [ LTS 00000y
[ 4 ...........C.
H.c 0.00 ‘/;.t
i e YV
i““‘\ i VOV /AN
030 )
0.60 Y
0.00 0.50 1.00
vT 6(b)

Fig. 6 Variation in circulation within one wave cycle for Case 2:
i, =32cm, T=15s. (a) weather side. (b) lce side.

0.60
st @ Coumerclockwise
..ooo./.. A Clockwire
R .;’o e
t ¢ .'/o seo?®
r
- 0.00
H;ec brasasaasdadasasasadaag,
0.30 4
-0.60 -
0.00 0.50 L.00
vt 7
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® @ Connterclockwise
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0.30 4 .
LTS
L) LI T
I ) Rl LT TOT
= 0.00
11 i (v 1 st
“‘AA‘ AA‘
o0 1, u‘\( A
c A“/‘A‘
-0.60 - — -
0.0 0.50 1.00
uT 7(0)

Fig. 7 Variation in circulstion within one wave cycle for Case 3;
1, =335¢cm, T =20s (a)weather side. (b) Iee side.
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(v) The effects of K-C number on the circulation

The effect of the K-C number on the maximum value of the
circulation is shown 1n Figs. 8 (a)and (b). We can see from Fig. 8 (a)
and (b) that the circulation increases with the K-C number.  This is
because the maximum displacement of a fluid particle becomes
greater, if the K-C number increases.  This greater particle velocity
can extend the region and stremgth of the vortex.

1.0
weather side (counterclock wise)

/

0.0 1.0 20 LX)
K-C 8 (a)

r
( ﬁ"—é Jimx 05

0.0
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—)
(H‘c max 0.5

0.0 r v
0.0 1.0 20 30
K-C g (b)

Fig. 8 Vanation in the maximum value of circulation with K-C
number.

(vi) Wave forces on the submerged dike

Determination of the wave force on the ocean structure is very
important for the design of the structures. In this section the wave
forces acting on the left and the right walls of the dike are discussed.
The results for Case 2 to Case 3 are shown in Fig. 9 to Fig. 10,
respectively. The wave forces are normalized with the hydrostatic

force ‘Ey(l—qz)h% on the lateral wall of the dike. In comparison

Fig. 6 to Fig. 7 with Fig. 9 to Fig. 10 we can see that the maximum
wave force on the left wall of the dike occurs when the wave crest is
nearly above the lefi edge of the dike. This indicates that the
influence of vortex shedding on the wave force is not noticeable as
water waves passing over the dikes. Similar conclusion has also
been reported by Mogridge and Jamieson (1976) and Isaacson (1979).
We note also that wave force on the left wall becomes larger as the
Ursell pumber increases. The wave force on the right wall is weaker
than that on the left wall (Fig. 9a to 10a), because a part of incident
wave is reflected from the submerged structure. The relative width
of the submerged structure (b/L) becomes smaller as the Ursell

number increases, this makes the phase lag between the right-side

forve and the left-side force in Case 3 shorter than the Case 2. This
phenomenon can also be found from the phase diagrams of the two
forces (see Fig. 10 (b)). If the phase diagram is flat, the phase shift
between two forces is small, and the phase lag becomes larger, if the
diagram is rounder.
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- o '\ f,{.-....."
09 r e sergwa ] CLE R
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Fig. 9 Wave forces for Case 2, H, =32cm, T=15s5. {a)ime series
diagram. (b) phase diagram of two forces,

) 11
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Fig. 10 Wave forces for Case 3; H, =333cm, T=20s. (a) time
series diagram. (b) phase diagram of two forces.

CONCLUSIONS

A numerical scheme has been developed to solve the Navier-Stokes
equations and the exact free surface boundary conditions. The
vortex generation as water waves passing over a submerged
rectangular dike has been investigated by the numerical model. The
following major conclusions can be drawn from this investigation:

1. The compuled wave profiles agree favorably with the experimental
observations, indicating that the present numerical model is
accurate.

2. The clockwise circulation on the lee side of the dike is maximum,
when the still water level after crest (sc) is above the right edge of
the dike. The counterclockwise circulation on the weather side
of dike becomes maximum when the wave phase above the left
edge of the dike lies between the trough (t) and the still water
level after trough (st).

3. The circulation and the separation zone increase with the
Keulegan-Carpenter number. The clockwise circulation on the
lez side is larger than the counter-clockwise circulation on the
westher side as the K-C number increases.
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4. The wave force on the left wall of the dike is almost maximum
when the wave crest is above the left edge of the dike. The
influence of vortex generation on the wave farces is not noticeable.

The total force acting on the dike may also be required in the real
engineering applications. To determine this force, the shear siresses
on the dike wall must also be calculated. If the velocity profiles in
the boundary laver are known, the distribution of shear stresses on the
wall can be calculated. To achieve this, refined grids near the dike
are necessary,  As we know from the present study and from Huang
and Dong’s paper (1999) that, the flow separations ocours at the

leading and trailing edges of the dike when waves passing overit. A

detailed study of the viscous flow near the dike will include the

interaction of flow separation and the wave-induced boundary layer.

However, this is beyond the scope of the present study and will be left

as our future research topic.
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