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Synopsis

A two—dimensional numerical model has been formulated to study nonlinear wave—cur-
rent coexistence field. The governing equations of the model are obtained through the ver-
tical integration of the continuity equation and the equations of motions. A semi—implicit fi-
nite difference scheme is proposed for the numerical solution of the resulted equations. As
an application, the model is employed to a vertically two—dimensional wave—current field
with a bottom obstacle of parabolic cross section. Flow separation phenomenon is treated
geometrically in the frame of non—breaking wave motion. The comparisons of the numeri-
cal results show great agreement with the experimental data.
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Nonlinear Model for Wave Field with Current

- 1. Introduction

A great amount of open land all over the world is the nearshore zone including the beach. The increasing
population of the world has already started to capture the nearshore area for accommodation, business and other
recreational purposes. Thus, researches for reliable prediction of nearshore dynamic process and their resulting
beach topographic change have been boosted both numerically and experimentally during the last decades. The land-
use practice around the coastal territory is still under of low priority in terms of caution as it involves considerable
risk to the lives, properties and marine environment. A better understanding of the localized flow conditions and their
resulting impact over the nearshore zone is obviously necessary in order to achieve sufficient knowledge to protect
the territory, local inhabitants and environment. In reality water motion can exist only in the form of wave and current
and most of the nearshore dynamic processes such as sediment transport and the resulting beach topographic change,
etc. are directly influenced by the wave, current and their combined effects. Thus wave-current coexistence field has
grown as one of the most important topic in the Coastal Engineering subject during the last decades and, therefore, of
great interest for the coastal engineers to design coastal structures and to predict their functional performance.
Engineers and researchers have been advancing their researches to understand the exact phenomenon as close as
possible. During the last decades, a lot of outstanding contributions, both theoretically and experimentally were made
to this field by different investigators. Many of these theories have received substantial acceptance for the evaluatlon
of the wave-current field under particular waves, currents and bathymetry conditions. S -

As mentioned by Hedges (1987) that traditionally, it is the practice of the engmeeis to neglect the presence of
current in the wave field and as an assumption, the interaction between the wave and current is almost always
avoided. This type of assumption may be authentic where the velocity of the current is minimal but might be
dangerous when the current is stronger than to be neglected. This is because, the pneéenée of current alters the wave
characteristics significantly upon the bottom contour, leads to noticeable errors in the computation of the integrated
flow pattern. Hedges also stressed that the interaction among waves and currents must be carefully considered when
it comes to calculate wave height from the subsurface pressure tecordmgs, refraction and defraction calculatlon,
forces on the ocean structure and energy spectra. Horikawa (1988) acknowledged that the existing mathematical
models are hardly being assessed due to insufficient experimental or prototype data. After long time of Horikawa,
Ribberink et al. (1994) lamented reporting that adequate knowledge on the interaction between waves, currents,
sediments and the seabed in the combined wave-current field does not exist yet. Longuet-Higgins and Stewart (1961,
1962, 1963 and 1964) derived theoretical expressions for the changes in sea level and other linear and nonlinear
characteristics of the wave trains considering the radiation stress mechanism. The radiation stress concept proposed
by Longuet-Higgins and Stewart needs successive iteration for the computation of the wave-induced current that
demands high computational efforts along with high possibility of numerical errors.

Brevik and Aas (1980) termed the 'Radiation stress' concept as a confusing one and developed'their wave-current
model following the energy conservation law. In the same paper they experimentally showed the reduction of the
mean horizontal velocity profile in the wave-current system as compared to the case of undisturbed current. Ismail
(1983) stressed that for the case of a following current, the use of depth average current for an irrotational wave-
current model is reasonable, as the waves tend to decrease the vertical velocity gradient of the shear flow. On the
other hand, for the reverse current, he adds, as the waves tend to increase the vertical shear of current velocity
profile, so a linear shear current model should be used for the sufficiently accurate solution. Hedges and Lee (1991)
showed that a depth varying current can be replaced by an 'equivalent uniform current' under the conditions of
approximate constant current vorticity and the 'equivalence constant (€)' must be smaller than the relative water
depth. The use of Boussinesq equation has received considerable attention for the computation of wave [McCowan
(1987), Madsen et al. (1992), and, Schiffer and Madsen (1995)] and wave-current éystem [Yoon and Liu (1989), Sato
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and Kabiling (1994), S¢rensen et al. (1994) and Watanabe et al. (1994)], but still these types of models are not yet
widely applicable for the considerably deep water. Boussinesq equation based model also needs dense grid points for
better prediction that affects the computational time. Thus a more generally applicable numerical method is necessary
to directly discern the combined effects of waves, currents and their resultant effects.

In this study, a horizontally two-dimensional semi-implicit mathematical model is developed and presented.
Later the model is transformed to a one-dimensional form and applied to a vertically two-dimensional wave-current
coexistence field. The comparisons of the model results with experimental data are presented and discussed

2. Governing Equations

During formulation of the governing equations inviscid and incompressible fluid motion has been assumed.
Consequently, the following continuity equation and the equations of motions can describe the wave motion:

o L, o)

—+u—+v—+w~+L%+€(x)u=0 , @)

—+u—+v—-—+w—+i———+a(y)v=0 3
p Oy

where u, v and w are the velocity componénts in the x, y and z directions, respectively; p is the water density, £ the

time and p, is the dynamic pressure.

The terms &) and &) in the equations of motions are the boundary damping function which is uniform along the
y direction and linearly varies along the x direction. This damping function can be formulated as follows:

Re,

= 3R R [cosh(Rx/G)-1] @)

e(x)

where damping coefficient, ¢, = ,/ gh, R=3 is a coefficient, G is usually taken 2—3 wavelengths and g is the

- gravitational acceleration. Apart from the boundary the damping coefficient is null elsewhere.

The velocity potential (see also Dean and Dalrymple 1992) for the case when a time periodic wave motion is
superimposed over a two dimensional wave-current field can be expressed as follows:

¢ =U,x, + Acoshk(h +z)cos(k,x, — ot) + C(t) (5)

where U; (j = x,y) are the current velocity in the x and y direction, k the still water depth; & is the resultant wave
number-resemble parameter in which k; j = x,y) are its components in the x and y directions, o the angular frequency,
t the time, g the acceleration due to gravity. x; (j = x,) are the horizontal and z is the vertical coordinate and, A is a
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constant related to the wave height. The modification to the wave number is necessary to include the instantaneous
water depth instead of mean water depth in order to consider moderately large wave amplitudes.

Now the surface elevation 7 can be formulated from the dynamic free surface boundary condition in the following

way:
n=_1[@+1(@)’ =EY +1(%)’] | ®
gla 2\a) 2\y) 2\a&) |

When Eq.5 is invoked and all the terms associated with A°k} and A%k} are neglected due to smaller values of

wave induced horizontal velocity components, the final form of 7 is evaluated as:

k
7,:—ﬂ[l——ljz_—’:lcoshk(h+n)sin(ijj -ot) Q

g

‘In the similar fashion the dispersion relation for a combined wave-current coexistence field can be explored from
the kinematic boundary condition:

a T axox oy oy o

After using Eqs.5 and 6 in Eq.8, the dispersion relation evolves into the following form:

2( kU, Y
Z—k(l—#) =tanhk(h+1) ‘ ®

When the expressions for ¢ and 77 are known, the .equatiqn for dynamic pressure can be obtained from the

Bernoulli equation:

2 2 2
_p_4= %+l(a_¢) +_l. % +l(.a_¢.) (10)
p a 2\ ox 2\ oy 2\ &z
Invoking Eqs.5 and 7, the expression for dynamic pressure takes the following shape:

coshk(h+2) an

Pa = BT cnk(h +7)
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The kinematic free surface and bottom boundary conditions are expressed by the .following equations where
superscript s or b, respectively, stands for the quantity at the free surface or at the bottom:

92”;@_#:0 12)
a o,

» Oh

—+w =0 : 13
uy = tw | a3

J

Now the vertical integration of the continuity equation (Eq.1) and the equation of motions (Egs.2 and 3) are
carried out along with invoking Eqs.12 and 13 to give the following governing equations.

From the continuity equation:
m+P +Q,=0 : (14)

From the x and y direction momentum equation:

22 P e , ]
})r +[h+77:|x +[h+7,]y +[’7ga1 +C]ﬂx +[77ga2]hx +£(x)P 0 (15)
0, +[%], + [%%l +fngay +Ch, +lazlp, +e0i0 =0 “

where the subscripts x, y and £ stand for partial differentiation operator. P= |udz and Q = |v dz are the flux per unit
—h h

width in the x and y direction, respectively; y is the momentum correction factor and C is the wave celerity; a;,

aj and @], @ are the relative water depth dependent parameter in the x and y direction, respectively and can be

expressed as:

_1|_k(i+m 14 2k(h+m) | an
2| tanhk(h +17) sinh 2k (k4 + 1)
af =X -1 (18)
N 1

a; = (19)

) R —
coshk(h+n)

_10_.



Nonlinear Model for Wave Field with Current
al =¥-1 P L 20

1

Y oY 4
cosh k(h+7) R : T

21

and,

kU,
2tanh k(h+7) + 29Uy cos 0‘,[1-#)
g Lo

X = 57 (22)
k(h+r])+%sinh 2k(h+n)+ 20Us cos a,,[l —1—") cosh? k(h +7)
g o ).
20U kU,
2tanh k(h+7) + ysinBW(l— 1 ’]
Y= g i 23)

20U kU.
k(h+r])+%sinh 2kh+n)+ Y sin Q{l——g)cosh2 k(h+n)
g o

In the above equations 6, is the wave inclination.

Finally, we obtained Egs.14, 15 and 16 as our governing equations for the wave-current field.

2.1 Numerical scheme

" The governing equations just obtained have been discretized following a semi-implicit technique (Zaman and
Togashi, 1997). The discretization of the gdvgfning ‘equations is carried out folldwiﬂg the mesh shown in Figure 1.
The nonlinear convective terms in the momentum equations are properly lin;,arized and expressed by the defined
values of the unknowns. The present scheme is very direct and efficient as Eq.24 dqes the computatibn of the surface
elevation, which is explicit in nature. The momentum equation for each direcﬁc;n colnstitlit.es a vtridi:'irgonal coefficient
matrix in every time step, which can be solved by the double sweep algorithm. .

After the discretization, Eq.14, 15 and 16, respectively, takes the foHo;iving forms:

G+Ddy "QL‘ "é_'
G+day [P P P}
jby 9 g
G- [P P P]—.
(-bay 0] 0]

(i-DAx (i-DAx idx (i+D)Ax ((+DAx

Figure 1 Definition sketch of the two-dimensional computational mesh

_11_
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At] ml  md Af[ mdi  al
a+l - = _ _ _
Ty =y P oo

3
aml bnﬂ z +cm—l P'"’; - d,,,l
«d.J)-5 l -] 11 l "‘J—L —% 2,417t y-L -1
2 2 2
"‘;’ ml "*: a1
ﬂ—lJQ: ;/-1 Q -1 ,g_l JQ,_% i -l

where the constants are defined as:

EoA
el
At V4 ml nel [
+4M[(h+ﬂ]i_l14(e-l—;+}31;;)(Q iy Q‘.ljl)}
3773

[&nga +C’)’"£ 1 +(ma; +C’)," J_J

loacfl . -
[{ m Ll ~ ] ‘ ‘}_ —m[k'g% x:;-f‘lz +(nga, )~_1:,j-‘,ﬂ

-12 -

(24)

(25)

(26)

@27

(28)

(29)

(30

€2Y)

32
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a+l - a+l a+l N 1 ) . : '
bﬁ 1, -1+a,,_.J +ely  HoE . 33)

n+l : ..
ot |( x e oM o
=0 s (m) (e (e +0h.)

a+l
all x Y el Nl
s [ IR Crttrl

22 )

A g+ + ey XL )
2A8 ' 12943 ot L

-Ml At ' 4
[{"'—‘» ”~-} ]‘m e A +lnga ),4,.1}]

a+l B+l 1
. .[{hi_;"’*% —h'_%'j_é }] 2 ‘_-JQ l . : o M B . ° N (34)
AS and At is the spatial and temporal-increment, respectively and, # is the time step.
2.2 Initial and boundary conditions 4
As the initial conditions, the surface elevation 7 is given at f=nAt time step where the discharges at

t =(n+4)At time level to initiate the computation.

Both incident and tmnsmltted boundary conditions are introduced in terms of discharge per unit width. As the
mcndent boundary condition of the x-direction we apply:

P, =P _+(C,+C,)n, -C,n 35

where P, is the current discharge, 7, = q, cos(k jjc ,—ot), a,and C, is the incident wave profile, its amplitude and

celerity, respectively and C, is the celerity of the reflected wave.

In the present application shown from section 3.2, an open boundary is assumed at the transmission region
instead of an absorpﬁon boundary. An open boundary condition works well for the present case. For any different type
of boundary condition, all the terms associated with the gx) and e(y) in-the momentum equations shall be eliminated.
As the transmitted boundary condition we use: :

P,=P.+Cn, - (36)

where the subscript ¢ stands for the component of the respective quantity at the transmitted boundary.

..13_
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3. Application of the One Dimensional Wave-current Model

When we consider a one-dimensional phenomenon then the above mentioned equations turn into a new set of
differential equations [Zaman et al. (1994) and Togashi et al. (1995)] where all terms related to y-direction including
the y-direction momentum equation become obsolete. Subsequently, the continuity equauon (Eq.14) and momentum
equation (Eq.15) takes the following form:

n,+P,=0 o ‘ @7

P +|::T)';’:‘ +[nga, +Chy, +[mga,h, +eP =0 (38)

where the subscripts x and ¢ stand for partial differentiation operator. y is the momentum correction factor. «, and

a, are the relative water depth dependent parameters and can be expressed as: v ‘
2| tanhk(h +n) sinh2k(h + 1) ‘
a=X-1 ' o : (40)
@ =X-—0>L o | (‘41)
z coshk(h+n) :
and,
2tanh k(h +77) + zw(l-ﬂ) .
x= 20U k; “2
kth+m)+ —smh 2kth+m) + ——(1 - —)cosh k(h+m)
g [ed

3.1 Numerical scheme

Discretization of Eqs.37 and 38 are performed following a semi-implicit finite difference technique. The
computational mesh in the x-¢ plane is shown in Figure 2. The discharges P are defined at the integer grid points
and fractional time steps (shown by @ in the mesh) and those of 7 are defined at the fractional grid points and
integer time steps (shown by M in the mesh). After discretization Eqs.37 and 38 take the following forms:

n+ n n+ At n+
njﬂl/z 77]+l/2 Ax 1)j+ll/2 Xx-})j " . (43)
Aml});::!/z B;an;lﬂlz Cn+lpj:-:3/2 D;Nl . (44)

_14_
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o

(n+ t + — # — T

(n+1)At » — —

t‘ GQ—)A: » r - L # ' _ >—

nAt - L— ..'- 4

G-DAx (G-Pax jax (J+PAx G+DAx (+Hdx (J+2)bx

> X

‘Figure 2 Definition sketch of the one-dimensional computau'onallmesvﬁ
where,

. n+l

At X Sl

Aml - . Pmllz +Pmllz
h 4Ax(h+n),-m( )

n+l

C;»l= At ( Z ) I)JxlIz+}}jM‘lz)
4Ax\h+n) ,,

n+l n+l n+l 1

By =1+ 47" +C] +3%

At
D_;M = ijuz _’ZE[(C2 + 2,871 #:/z + (C2 + Z.gﬂ)::/zkfl}':fu - 7’;:/2)

At ) TH+ l ’Hl
Y™ [(Zzg'/ J.:/z + (Zzg”)::n Khl*}’l - hf—l/z_)_isfpj ’

(45)

- -(46)

47

(48)

The computational tactics of this model is, 7, at time level (n+1)At will be evaluated by the Eq.43 with the

knownAvalue of nat nAt time level and, P at (n+1)At time level and then, Eq.44 is employed to estimate P for

(n+HAt timé‘level, using the calculated nat (n+1)At time level. The coupling of the above equations will continue

until a steady state is reached.

3.2 Application of the model

As an application of the model established in the previous section we choose a case where waves ride over a

steady current and subsequently they interact with each other in the presence of a submerged bottom seated obstacle.
The computational domain is described in Figure 3, where [ is the obstacle length, h the still water depth over the flat
bottom, 7k the obstacle height, 7 is the ratio of the obstacle height to the water depth and U is the uniform current.

_15_
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Z
—> Incident wave I
N : T z >X
»U '
x b

Figure 3 Schematic view of the computational domain

3.3 Experimental setup '

We use 15 capacitance type wave gauges to measure the surface elevations at fifteen different positions in the
wave channel over and, both upstream and downstream sides of the obstacle. Setup of the wave gauges is shown in
Figure 4 where it could be seen that five wave gauges are set in the upstream side of the obstacle, 5 over the .
obstacle and the rest 5 are put in the downstream part. The spacing between the successive wave gauges is 30cm.

< 14@30cm : >
P-1 P-2 P-3 P4 P-5 P-6 P-7 P-3 P-9 P-10 P-ll‘ P-12 P-13 P-lft P-15 o

Figure 4 Setup of the wave gauges

3.4 Computational conditions . ) : :

In terms of non-dimensional parameters, U/C; alters to 0.14, 0.18 and 0.22 while the relative water depth h/L, is
0.3, the wave steepness H/L, is 0.03, the relative obstacle height 7 is 0.5 and the relative obstacle length rA/! is 0.2.
Here L; and H; are the length and height of the incident waves in the absence of current. In order to verify the
applicability of the above described numerical model, relevant experiments [Zaman and Togashi (1996)] are
performed in a large scale computer controlled wave channel.

3.5 Treatment to flow separation

Due to the flow separation, it is observed by means of the injected dye that the reverse flow close to the bottom is
quite significant over the lee side and close vicinity of the obstacle. It decreases slowly and diminishes at some
distance from the obstacle over the flat bottom. The intensity and the extent of this reverse flow are found to be well
related with the magnitude of the current. Due to the reverse flow the main forward flow feels the bottom not at the
physical bottom but a little above and along the layer between the forward and reverse flow. This situation virtually
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reduces the water depth from the bottom in these region results to an increase of the mean velocity of the main
forward flow to maintain the continuity. The physical problem is shown in Figure 5. We have tried to find a solution
of this problem geometricalh} through locating the two ends of the reverse flow zone starts from the obstacle body to
the flat bottom. We have started with our experimental data and establish two equations (Eqs.49 and 50) which will
account the effect of flow separation on the current velocity and consequently on the wave height and mean water
level.

Wave direction

4 A

> U /”ﬁ rh
y

o 12 X, X,

Ko

Figure 5 Flow separation. . - ‘
@ |
X, =18 h[l—%] . U>24.15cm/s : T - 49
! rh '
X, =—-X — : 50
2 (50)

where X, is the distance from the top of the obstacle where separation starts and X, is its length. We use three
different types of current velocity: (U=24.15cm/s, 31.05cm/s and 37.79cmy/s) in the .experiment to perceive the
phenomenon. We could not go béyond this current limit. This is because the wave channel where the experiments
are performed, the vertical dlstnbutlon of the current velocity loses its uniformity when thé current velocity
exceeds 40cmy/s. Again when the current velocity is about 24.15cm/s (Reynold number is 0.7245x10°%), reverse
“flow is found to take place insignificantly. So we use the current velocxty 24.15cm/s as the base line of our new
equations. Eqgs. 49 and 50 are obtained from the expenmental data those we curnently have. Use of extensive data
both for varying currents and bottom topographles may reproduce genemhzed version of the above two equations.
- In this research Eqs.49 and 50 are found very useful to minimize the discrepancies in the wave heights and mean
. water levels due to flow separation in the downstream side of the obstacle.

3.6 Results and analyses -
3.6.1 Linearized model )

Initially we linearize our momentum equation (Eq.38) and compute the wave components for U/C; = 0.14 and 0.22
while h/L; = 0.3, H/L, = 0.03,7 = 0.5 and 74/l = 0.2 as the test cases to perceive the appﬁcability of linearized model.
Figures 6 compare the nonlinear model, linearized model and experimental results. Figures 6a and 6b compare the
normalized surface elevations at the top of the obstacle, respectively. Figures 6c and 6d respectively describes the
discrepancies of the wave heights of the above cases. Figures 6e and 6f respectively show the comparisons of the
mean water levels.
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Figure 6: (a) Comparison of surface elevations at top of the obstacle (U/C; = 0.14); (b) Comparison of surface .
. elevations at top of the obstacle (U/C; = 0.22); (c) Comparison of wave heights (U/C; = 0.14); (d) Comparison of wave
heights (U/C, = 0.22); (e) Comparison of mean-water levels (U/C; = 0.14), and (f) Comparison of mean water levels
' U/C; =0.22)

It may be noted from the figures that linearized model can fairly predict the wave evolution during passage over a
submerged parabolic obstacle when the current velocity is not strong enough. But it is not effective in the presence of
large current velocity resulting to a mismatch of the surface elevations and other wave characteristics. In the case of
linearized model, the drop of the mean water levels doesn’t also appear in spite of the magnitude of the current
velocity due to the absence of higher order terms.

3.6.2 Comparisons of surface elevations using nonlinear model
The numerical and experimental results for varying forced currents (U/C,) are compared at seven different points

in the wave channel. These positions are defined as, at the entrance of the domain (P-1) and over all points of the
obstacle (P-6, P-7, P-8, P-9 and P-10).
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Figure 7 Comparison of surface elevation at point P-1:
(a) U/C; = 0.14, (b) U/C; = 0.18 and (c) U/C; = 0.22;
(WL, =03,H/L,=0.03,r = 0.5 and ri/l = 0.2)
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In the comparisons of the surface elevations, it is observed that on the flat bottom and up to the top of the
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obstacle the prescribed nonlinear model is enough to predict the wave evolution but fails when the flow separation is
stronger in the down downstream side. The discrepancies-in the results can be almost overcome when Egs. 49 and 50
are invoked in the on'gi:ihl model (see Figures 12b and 12c). :
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Figure 8 Comparison of surface elevation at point P-6:
(a) U/C; =-0.14, (b) U/C; = 0.18 and (c) U/C; = 0.22;
" (h/L;=03,H/L; = 0.03,r = 0.5 and h/l = 0.2)
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Figure 9 Comparison of surface elevation at point P-7:
(a) U/C; = 0.14, (b) U/C; = 0.18 and (c) U/C; = 0.22;
(h/L; = 03,H/L; = 0.03, = 0.5.and 7h/l = 0.2)
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Figure 10 Comparison of surface elevation at point P-8:
(a) U/C; = 0.14, (b) U/C; = 0.18 and (c) U/C; = 0.22;
(WL; =03,H/L, = 0.03,7 = 0.5 and 7/l = 0.2)
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Figure 11 Comparison of surface elevation at point P-9:
((@) U/C; = 0.14, (b) U/C; = 0.18 and (c) U/C; = 0.22;
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Figure 12 Comparison of surface elevation at point P-10:
(a) U/C; = 0.14, (b) U/C; = 0.18 and (c) U/C; = 0.22;
(h/L; = 03,H/L; = 0.03,r = 0.5 and rh/l = 0.2)

4. Conclusion

The governing equations of this mathematical model are obtained through the vertical integration of the
continuity equation and the equation of motion. A semi-implicit finite difference method has been proposed for the
numerical solution of the resulted equations. As an application, the established model is utilized to study the strongly
interacted waves and currents over a submerged obstacle of parabolic cross section. Relevant experiments are also
performed to account the applicability of the proposed model. Flow separation phenomenon is considered
geometrically with two equations obtain from the experimental data. The numerical results are shown to be in great
agreement with the experiments. Linearized form of the model is found to be ineffective in reproducing the wave
evolution during passage over the obstacle in the presence of stronger current.

" (Recetved on June 30, 1999)
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List of symbols
The following symbols are used in the present paper:

arbitrary constant related to wave height
constant

amplitude of the incident wave
constant

wave celerity

celerity of the incident wave
constant

celerity of the reflected wave
celerity of the transmitted wave
constant

acceleration due to gravity
incident wave height

still water depth
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horizontal x-grid point

wave number

incident wavelength
momentum correction factor
computational time step
dynamic pressure

flux in the x-direction

fluxes at the x-incident and x-transmitted boundary

current discharge
flux in the y-direction
ratio of obstacle height to still water depth
a coefficient .
maximum height of the obstacle

space increment

time

wave period

time increment

velocity component in the x direction
magnitude of % at bottom

magnitude of u at surface

magnitude of v at bottom

magnitude of v at surface

velocity of the current in the x-direction
velocity of the current in the y-direction
velocity component in the z direction

‘magnitude of w at bottom

magnitude of w at surface

horizontal axis

constant )

horizontal space increment

constant

vertical axis

velocity potential for wave-current field
surface fluctuation

surface fluctuation due to incident wave

surface fluctuation due to transmitted wave

relative water depth dependent parameter for x-direction
relative water depth dependent parameter for x-direction
relative water depth dependent parameter for y-direction
relative water depth dependent parameter for y-direction

water density

angular frequency
boundary-damping function
boundary-damping function
damping coefficient
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