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Abstract (] With the assumption of the diffusion dominated flow, a numerical model has been develo-
ped for undertow and turbulence structure under the breaking wave by using the k-¢ turbulence
model. Undertow is a strong mean current which moves seqwards below the level of wave trough
in the surf zone. The turbulence, generated by wave breaking in the roller, spreads and dissipates
downwards. The governing equations are composed of the equation of motion with the period-avera-
ged shear stress due to waves; k- and e-equations with the turbulence energy production due to
wave breaking. They are discretised by the three-level fully implicit scheme, which can be solved
by using Thomas algorithm. The model gives good agreements with measurements except for the

station that is closest to the breaking point.

sE0
IE=

E F: #4te] AuHal

a2 7S

ARated, Aslel AFAFS dRTFE HI FALYo| ke
GHEHE ol falo] AUHU, HFAFE Aol whhEo R s2e Fo)9EH Y =
W], F2 52 olefel Uele) BelelA Aol s AR dFE
QAR A FRAAE o) 7 FARF-ULTYe) DA SF P A3fel A%

2.0
=

ohEog A bEA

G5 ol x) A4l X k-9 Ao FATC o] AZe Al 4 Lol o2 A5, Tho-

mas YTEELE F 5 Uk ARG Hr

o &t

1. INTRODUCTION

The formation of longshore bars has been an
interest to coastal engineers but no coherent expla-
nation has been given for this phenomenon. Unde-
rtow. seawards botiom current in the surf zome, is
one of the most plausible explanations for the for-
mation of longshore bars. Qutside the surf zone,
the bottom current is reversed. The first qualitative
consideration of the phenomenon was given by
Dyhr-Nielsen and S¢rensen (1970). They described
the mechanism for the phenomenon as an on/off-
shore variation in the mean bottom shear stress
from the equilibrium considerations in the mome-
nts. The experiments of Longuet-Higgins (1983) also
showed that the consequent convergence of two bo-
ttom currents could contribute to building up the
longshore bar. Fig. 1 shows this explanation for the
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formation of longshore bars. Other experiments re-
lated to undertow have been carried out by Stive
(1980); Stive and Wind (1982); Wang et al. (1982);
Nadaoka and Kondoh (1982); Hansen and Svend-
sen (1984); Hattori and Aono (1985); Okayasu e
al. (1988); and Lee and Park (1992).

Dally (1980) first proposed a mathematical model
for the description of undertow and quantified the
on/offshore gradient of radiation stress and the set-
up.

Svendsen (1984b) estimated the vertical distribu-
tion of undertow based on the assumptions for wa-
ves and their particle velocities as had been used
in his previous work (Svendsen, 1984a). He derived
formulae for undertow by assuming constant and
exponential eddy viscosity distributions in time-ave-
raged momentum equation and compared the cal-
culated undertow profiles with the measurements
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Fig. 1. Formation of long-shore bars.

by Stive and Wind (1982). He concluded that the
best agreement occurred for the exponentially deca-
ying eddy viscosity.

Svendsen (1987a) analyzed the structure of surf
zone turbulence using some experimental data. For
turbulence energy dissipation, he concluded that
only a very small portion of the total turbulence
energy produced was dissipated below the wave
trough level.

Deigaard et al. (1986) described the vertical distri-
bution of suspended sediment by a one-equation
turbulence model under the broken waves. They
suggested the energy production due to wave brea-
king based on the experiments of other researchers.
They assumed the distribution of turbulence length
scale as a linear variation with the distance from
the bed. Svendsen (1987b) raised a question in the
discrepancy between time-averaged turbulence kine-
tic energy measured by Stive and Wind (1982) and
the one calculated by Deigaard e al. (1986). He
pointed out that this discrepancy originated from
a too small estimate of length scale (Svendsen, 1987
a).

Deigaard et al. (1991) applied their previous mo-
del (Deigaard er al., 1986) to undertow and discussed
the modeling of turbulence in spilling breakers.
They used the coefficient of turbulence length scale
(maximum length scale) as a parameter, but the
variation of length scale was still linear.

Lee and Park (1993) developed a mathematical
model for undertow in which the wave profile in
the surf zone was approximated by using the Cheb-
yshev polynomials of the first kind. They compared
their results with measurements for constant, linear,
and exponential distributions of eddy viscosity; and
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Fig. 2. Definition sketch.

concluded that the best agreement was obtained for
the linear distribution of eddy viscosity.

The goal of the present work is to develop a nu-
merical model for undertow by using x-¢ tarbulence
model under the turbulence generated due to oscil-
latory wave boundary layer and wave-breaking pro-
cess. Two-equation models account for the transport
not only of kinetic energy but also of length scale;
eg., turbulence energy dissipation rate for x-£ model.
The k-¢ model is one of the simplest models that
promise success for flows for which the length scale
cannot be prescribed empirically in an easy way
(Rodi, 1980). Therefore, it is expected that the pre-
sent model can eliminate the length scale problem.

2. MATHEMATICAL MODEL

2.1 Governing Equations

The governing equations consist of the equation
of motion with the distribution of period-averaged
shear stress, continuity equation that balances the
shoreward discharge with offshore current, and «x-
€ equations that describe the turbulence driven by
the wave breaking and boundary layer. The defini-
tion sketch of coordinates and variables is shown
in Fig. 2.

2.1.1 Equation of motion

If the convective terms are neglected (from the
assumption of diffusion dominated flow) and the
horizontal diffusion term is also discarded (from
the shallow water wave theory that the wave length
L, as a horizontal length scale, is much larger than
the mean water depth D, as a vertical length scale),
the horizontal time-averaged (or by the Reynolds
averaging) flow equation can be written as
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in which ¢ is the time coordinate, x is the horizontal
coordinate, y is the vertical coordinate directed up-
ward from the bed, U is the mean horizontal flow
velocity, p is the hydrodynamic pressure, p is the
density of fluid, v, is the eddy (turbulent) viscosity,
and T is the period-averaged shear stress (see next
section. for details). The periodic pressure gradient
in the flow equation is connected to the horizontal
wave orbital velocity u,:
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By substituting the above relation, the equation
of motion can be modified as follows:

oU _L< U ) QHo
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o '\ ot
2.1.2 Period-averaged shear stress
From equilibrium considerations in the moments,
Dyhr-Nielsen and S¢rensen (1970) found an incon-

sistency between the gradients of radiation stresses
and wave set-up and proposed an on/oftshore va-
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riation in the mean shear stress in surf zone. Dally
(1980) quantified the difference through a mathe-
matical derivation. Deigaard and Fredsoe (1989)
proposed the modified shear stress distribution for
dissipative water waves described using the linear
shallow water theory.

A period-averaged shear stress is introduced to
obtain an equilibrium in the moments. It consists
of the contributions of wave motion, surface roller,
and set-up for a steady circulation current (see Dei-
gaard and Fredsoe (1989) for its derivation):
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in which E; is the mean energy flux of wave motion,
S is the gradient of setup, T is the wave period,
C is the wave celerity, and 4 is the cross sectional

area of each surface roller. Svendsen (1984a) sugges-
ted approximate formulac for 4 and E; as follows:

A= 09H" )

and
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T

E; = B,pgCH*+045p (6)
in which g is the gravitational acceleration, H is
the wave height, and B, is defined by

B, E% :”(%)zdz %

in which n is the water surface elevation measured
above the mean water level. For a saw-tooth wave
profile, in which a length of the wave front is one
quarter of the entire wave length, the value of By
is equal to 1/12, which is employed in the present
work.

A triangular distribution of the period-averaged
shear stress is employed in the present work, accor-
ding to Deigaard et al. (1991). It is adjusted from
the wave trough level so that it decreases linearly
to be zero at the mean water level. Under the wave
trough level, the distribution of period-averaged
shear stress is calculated by Eq. (4).

2.1.3. Equation of continuity

From the conservation of mass, the total mass
flow, which is taken as a mean over a wave period,
must be zero in the two-dimensional steady surf
zone. Thus, the mass drift shoreward compensates
the depth-integrated offshore period-averaged flow:

[ tty=—Gus ®

in which U is the period-averaged mean horizontal
flow velocity (or undertow) and y, is the bed level
where the velocity is zero from the log law (see
Eq. 18). The mass drift, Oy consists of two parts:
the mass drift due to the wave orbital motion and
the contribution of surface rollers (see Svendsen
(1984b) for details):

O :30%2‘4'% &)

In the formula for period-averaged shear stress,
the contribution of set-up is dominant below the
wave trough level (see Deigaard and Fredspe (1989)
for the graphical comparison of each term). In the
present simulation, the gradient of set-up is deter-
mined when the mass balance is satisfied.
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Table 1. Empirical constants of the k- model

Constant O« Ce Co C G

Value 1.00 1.30 0.09 144 192

2.1.4 k- and e-equations

Standard k-¢ model has two transport equations:
turbulence kinetic energy & and its dissipation rate
¢. Like the equation of motion, those equations are
also linearized by neglecting convection and hori-
zontal diffusion terms. The k-equation is of the
form:

ok d [ W ok
E = L ip 1p— 10
P o0 ) P, p— € (10)

and e-equation is of the form:

Je d/( V. ¢¢ € g
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in which P, is the turbulence energy production
due to wave breaking (see the next section for de-
tails) and turbulence energy production from the
mean flow, P, is of the form in this case

P,,,=v<%yq )2 (12)

From Kolmogorov-Prandtl relationship. the eddy
viscosity is estimated by

2
v,=coi8 (13)

The empirical constants, ie., 6, 0, Cp Ci. and G
are summarized in Table 1 in accordance with
Launder and Spalding (1972).

2.1.5 Energy production due to wave breaking

The generation of turbulence is initiated at the
toe of the breaking wave front; the main part of
the production of turbulence energy is considered
to take place inside or in the nearest proximity of
the recirculating water volume, termed the roller,
which is carried with the front of the wave (Svend-
sen, 1987a). The turbulence generated by wave brea-
king spreads downward from the vicinity of the sur-
face roller so that a substantial amount of turbule-
nce kinetic energy is present over all levels between
bottom and surface. Deigaard er al. (1986) suggested

the following energy production as an analytical
approximation based on experiments:

T dE, 36 z t )
- —— .
p dx (HOTY Z( H)'< 8T
if 0L¢<8T and 0Lz<H

0, otherwise

Py=, ap
(14)

in which z is the vertical coordinate directed down-
wards from the mean water level, o, is the turbule-
nce production coefficient (see section 4.1, for its
definition), and § is the part of the total time during
which production of turbulence energy takes place:

D+(H/2) }

s—of 210

(15)

2.2 Boundary Conditions

For convenience, ¢ is introduced as a certain de-
pendent variable in the governing equations.

At the water surface, no-flux condition is applied:

00 _
o =0 (16)

in which ¢=1{U & e}
From the periodicity in solutions,

o, =0, 1+1) )

At the bed, no-slip condition for the flow velocity
is applied:

Ue,1)=0 (18)

in which y, is defined by using the Nikuradse sand
roughness ky:

L8

- 30 1)
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The bottom boundary conditions for turbulence ki-
netic energy and its dissipation rate are assumed

as follows:
ul
k(o D=—F 20
0o 1) N (20)
and
3
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in which x is the von Karman constant and u.
is the shear velocity.

3. NUMERICAL MODEL

3.1 Method of Solution

For turbulent flow, the fully implicit scheme has
been gaining in popularity since the Crank-Nicol-
son scheme has occasionally been found to become
unstable (Anderson et al., 1984). In the present mo-
del, three partial differential equations (Eq. 3, 10,
and 11) are discretised by the three-level fully impli-
cit scheme in the finite difference method. This
scheme has a truncation error of O(A7%, Ay?), which
is unconditionally stable. The use of the three-level
fully implicit scheme leads to a tridiagonal matrix,
which can be solved by using the Thomas algori-
thm. At and Ay are grid sizes in time and space
coordinates in the computational domain. Three-le-
vel fully implicit scheme damps out the spurious
oscillations that often appear in the Crank-Nicolson
scheme (Richtmyer and Morton, 1967; Fletcher,
1988).

Three-level schemes require two levels to known
data; therefore, they must be supplemented at the
start of the integration. This should be done with
a two-level scheme that achieves the same or better
accuracy. Thus, a second-order two-level scheme
like the Crank-Nicolson scheme is appropriate.

3.2 Difference Equations
The one-dimensional diffusion equation with a
source term can be written for ¢:

o0 (v 90y,

- Gy oY

) @

in whic o, is Prandtl number for ¢. In the case
of o=U, oy is equal to unity and

ous 1 ot
== - 23
o p o @

For convenience, ¢ is used again as a grid func-
tion in the computational domain. Using the gene-
ralized three-level scheme, the difference equation
for Eq. (22) can be written as follows:

an+l n n n—1
(1_|_a)i)l__.__L__a_¢L~¢ﬁ__:

At At

24

in which n and j are time and space coordinates
in computational domain; o and B are parameters
controlling the level and the degree of implicitness,
respectively. If a=0 and B=10, the fully implicit
scheme can be obtained; if a=0 and B=05, the
Crank-Nicolson scheme can be obtained. A particu-
larly effective three-level scheme is given by the
choice: @=0.5, B=10. This scheme is referred as
the three-level fully implicit scheme (Fletcher, 1988).
The diffusion term is approximated by the following
finite difference formula:

(25)
in which v,* and v, are given by
+— 1 )
Vi —?(Vlj+l+v/j) (26)
1
Vi =5 Vv @n

3.3 Treatment of Nonlinear Terms

The k- and e-equations have nonlinear terms.
These nonlinear terms must be linearized to get
the proper solutions (eg., k and ¢ have always posi-
tive values) because finite difference equations are
solved by the techniques for linear algebraic equa-
tions. In the present work, the strategy, lagging the
coefficients, is applied to the eddy viscosity in the
diffusion term and source terms in the k- and e-
equations. This strategy allows to solve the gover-
ning equations in an uncoupled manner.

The source terms may be assumed as follows:

Se=S.+ S0 (28)

in which S, is the source term in a ¢-equation.
It is noted that the quantity S. must not be negative,
while S, must not be positive. It is vital to keep
S, negative so that instabilities and physically un-
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Turbulence transport | —»= &, € : needs U
Eddy viscosity —>»V; needs k€
Checking the periodicity
OK.
Checking the continuity
K.
Printing the results

Fig. 3. Solution procedure of the numerical model.

0.

realistic solutions do not arise (Patankar, 1980). In
the present work, source terms in k- and g-equations
are employed as follows:

Si=S.+S,k"*!, with S,.=(P,+P,) and
g

S,=— 29
7 29)
and
— + 1 M p— g’l
Se=S.+S.&"", with S('—C,(P,,,+Pb}’—‘('
’
g
d S,=—C—2%
an e (30)

3.4 Solution Procedure

As mentioned in the previous section, governing
equations are solved in an uncoupled manner. Fig.
3 schematizes the solution procedure used in pre-
sent work. That solution procedure can be summa-
rized as follows: "

0. Preliminary calculations: wave and period-ave-
raged shear stress profiles are calculated from the
input wave data.

1. Solving equations: tri-diagonal matrix is made
for each equation in each time step and solved by
the Thomas algorithm. Upon computing for two
wave periods, maximum relative errors of U, k. and

¢ are obtained, respectively at each time step. The "

final maximum error to be used in the test of pe-

riodicity is the largest one of the maximum relative
errors of U, k. and ¢ calculated at each time step.

2. Test of periodicity: If the final maximum error
is not tolerable, the previous step (1) will be repea-
ted until periodic solutions are retained.

3. Test of continuity: The golden section method
searches for the optimal gradient of set-up which
gives the best satisfaction for the mass balance (Eq.
8). If a tolerable relative error for the mass balance
is obtained, the results will be printed; if not, the
above steps (0, 1, and 2) will be repeated with a
newly suggested gradient of set-up.

4. MODEL RESULTS

The computational domain is assumed rectangu-
lar and divided into fifty grid points from y, to
D by one hundred grid points in a wave period.
The initial values of mean velocity are assumed to
be zero; those of k and & are set to be slightly
larger than zero.

The results of the model are compared with some
experiments from the literature: the test of Stive
(1980), Hansen and Svendsen (1984), and Okayasu
er al. (1988); in their figures, denoted by ST, HS,
and OK. respectively.

4.1 Model Inputs

The present model needs six prescribed input va-
lues: mean water depth D, bed roughness kv, period
T. wave height H, and bed slope are given from
the geometric properties and wave characteristics for
each case; the turbulence production coefficient a,,
is estimated as a model calibration parameter. The
roughness of bed is assumed to be ky=1 mm for
all cases because of the absence of their informa-
tion.

The turbulence production coefficient, which is
expected to be in the range of 0.1~0.5 based on
experiments, is defined by the ratio between the
production of turbulence and the rate of wave ene-
rgy loss (Deigaard et al, 1991). They assumed that
the surface roller could be considered as a shear
layer where a large part of the wave energy loss
is converted into turbulence, which is dissipated im-
mediately, and only a minor part is transported
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Breaking point Data acquisition points
Test 1 BP.1 P1 P2
Test 2 BP.2 P3 P4

Still water level

30 32 34 36 38 4
Distance from the wave generator (m)

Fig. 4. Experiments of Stive (1980).

away by convection and diffusion.

The gradient of set-up S is dominant contribution
in the period-averaged shear stresses. It is chosen
to be slightly larger value than necessary to balance
the radiation stress gradient, giving a negative mean
bed shear stress and an offshore directed flow near
the bed (Deigaard er al., 1991).

In the present simulation, the golden section sea-
rch method is used to obtain the optimal gradient
of set-up satisfying the mass balance automatically.
The golden section search method is one of the
simplest techniques to minimize a function of one
variable, or the relative error for mass balance
which is a function of the gradient of set-up. The
method is not an essential part of the present work,
but gives an easier and more precise estimation
than a trial and error method does; in the present
simulation. the values of relative errors were in the
range of 0.0055~0.0897% for all cases.

4.2 Model Calibration

The measurements of Stive (1980) were selected
as model calibration data. In the test, the wave
broke on a plane and concrete beach of a 1:40
slope and two series of tests have been made: in
test 1, the wave period, 7=1.79 sec and the deep
water wave height, Fo=0.159 m; in test 2, 7=3.00
sec and H,=0.142 m. They measured the velocity
components by using an LDA (Laser Doppler Ane-
mometer). Data acquisition points and input values
are summarized in Fig. 4 and Table 2, respectively.

4.2.1 Estimation of the model parameter o,

The model has been run for various turbulence

Table 2. Measurements at data acquisition points (Stive,

1980)

Points D H Remark
Pi 0.162m 0.081 Test 1
P2 0.122m 0.055m Test 1
P3 0.186m 0.10Im Test 2
P4 0.143m 0.080m Test 2

production coefficients a,. Comparisons with the
measurements of turbulence kinetic energy of Stive
(1980) are shown in Fig. 5. In the figure, circles
and curves represent measured and calculated va-
lues, respectively.

The results of Deigaard er al. (1991) had the best
agreements with the measurements of Stive (1980)
when a,=03. However, Svendsen (1987a; 1987b)
argued against their estimation through the analysis
of measurements in the surf zone turbulence and
concluded that only 2~6% of the total turbulence
energy production would be dissipated below trough
level. This amount is much smaller than the value
estimated by them. In the present simulation, the
best agreement with measurements was found when
a,=0.1 which is a lower limit of it. Fig. 5 shows
turbulence kinetic energy profiles at P2 when a;=0.
1, 02, and 0.3. The calculated profile is shifted to
the right as a,, increases. For other cases, the profi-
les also showed the same trends.

4.2.2 Comparison of length scales

The model of Deigaard et al. (1991) has another
parameter, which is the maximum length scale, [y
They used a formula for the length scale as follows:

lma.x
#/Cpky for y<4 Coe

I (30)

Inax for y>

in which Cp is an empirical constant for turbulence.
They used a value of Cp=0.08.

They chose /. of 0.07D through the comparison
with experiments of Stive (1980). This value is much
smaller than that estimated by Svendsen (Svendsen,
1987a), and about 0.2D~0.3D from the test of Stive.
Furthermore, they considered the length scale as
a calibration parameter, though it must be determi-
ned through the experiments. The application of
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Fig. 5. Calculated and measured period-averaged turbulence kinetic energy profiles in the test of Stive (1980).

one-equation models was restricted mainly to shear
layer since it is difficult to specify empirically the
length scale distribution in more complex flows;
therefore, the trend has been to move on to two-
equation models that determine the length scale
from a transport equation (Rodi, 1980).

In the present model, no parameter is needed
for the length scale as mentioned in the introduc-
tion. Fig. 6 shows the comparison between their
length scale profile and the calculated one in the
present model. The present model gives more natu-
ral distribution of the length scale, which is about
two times larger than that used by them except for

the results near the bed.

4.3 Model Verification

Model verification studies were made by using
the measurements of Hansen and Svendsen (1984)
and Okayasu et al. (1988). In both cases, the model
parameter o, —=0.1 was used.

4.3.1 Comparison with the test of Hansen and Sve-
ndsen (1984)

Hansen and Svendsen (1984) carried out experi-
ments in a flume with a plane beach sloping
1:34.25. They measured the particle velocities using
a bidirectional micro-propeller current meter. The
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Length scale comparison (at P3, ST)

Present model
—~ — — — Deigaard etal. (1991)

0.0 0.1 0.2

aD

Fig. 6. Comparison of length scale profiles at P3 in the
test of Stive (1980).

wave conditions were the wave period, 7=2.00 sec
and the deep water wave height, H,=0.12 m. Data
acquisition points and input values are summarized
in Fig. 7 and Table 3, respectively.

Fig. 8 shows comparisons of calculated and mea-
sured undertow profiles at four data acquisition
points after breaking. It is seen that there is a good
agreement between measured and’ calculated under-
tow profiles.

At Pl which is closest to the breaking point, ho-
wever, the agreement is less good. This result may
be explained as an inaccurate estimation of onshore
mass drift near the breaking point. Svendsen made
a crude simplification (see Svendsen (1984a) for its
derivation) in the derivation of mass drift (Eq. 9).
This simplification may give a worse result near
the breaking point. As mentioned in section 4.1,
the present model finds the value of the gradient
of set-up that gives the best satisfaction for the mass
balance. If the estimation of mass drift, which com-
pensates the discharge of the offshore current, is
poor, the calculated undertow profile will not be
guaranteed for its accuracy. The mass balance was
not always satisfied in the case of the best agreeme-
nts with experiments; but there is not yet another
alternative. All the results shown in the figure are

Data acquisition points

Breaking point P1 P2 P3 P4

Still water tevel

Slope 1:34.25

Il I 1 1 1 ; X

20 21 22 23 24 25
Distance from the wave generator (m)

Fig. 7. Experiments of Hansen and Svendsen (1984).

Table 3. Measurements at data acquisition points (Han-
sen and Svendsen, 1984)

Points D H
pl 0.148m 0.111m
P2 0.123m 0.081m
P3 0.102m 0.067m
P4 0.087m 0.052m

the profiles that give the best satisfactions for the
mass balance.

4.3.2 Comparison with the test of Okayasu et al.
(1988)

The model results were also compared with the
measurements of Okayasu er al. (1988). They mea-
sured the velocity fields by using a two-component
LDA for 10 different cases. Case 2 was selected
for comparison with calculated values. The breaking
point in Case 2 is 2 m from the shoreline: the wave
period, 7=2.00 sec and the deep water wave height,
Hy=0.056 m. Data acquisition points and input va-
lues are summarized in Fig. 9 and Table 4, respecti-
vely.

The comparisons with measurements for under-
tow are depicted in Fig. 10. At point P1, the calcu-
lated profile is rather underestimated; at P2, the ag-
reement with measurements is satisfactory.

Okayasu ez al. (1988) calculated the mean Reyno-
1ds stresses and the eddy viscosity distributions from
the measured turbulent velocity components and
the eddy viscosity model in Case 2 and estimated
the distributions of Reynolds stresses and eddy vis-
cosity by using the linear regression analysis.

Fig. 11 shows the comparisons between calculated
(by the present model), measured (or calculated by
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Fig. 8. Calculated and measured undertow profiles in the test of Hansen and Svendsen (1984).
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Fig. 9. Experiments of Okayasu er al. (1988).

Okayasu er al) and estimated (by Okayasu et al.;
see Okayasu er al. (1988) for their derivations) eddy
viscosity and shear stress distributions at point P2.
In the figures, broken lines represent the values esti-
mated by regression analysis.

As shown in Fig. 11, the eddy viscosity profile

Table 4. Measurements at data acquisition points (Okay-
asu et al., 1988)

Points D H
Pl 0071m 0.050m
P2 0.040m 0.028m

is over-predicted by the model. The distribution of
measured one is very irregular. In the present mo-
del, the eddy viscosity is calculated by using the
Kolmogorov-Plandtl relation (Eq. 13) between the
turbulent kinetic energy and its dissipation rate
which are solutions of their parabolic partial diffe-
rential equations in one-dimension. It is very diffi-
cult to predict well such irregular behaviors in one-
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Fig. 10. Calculated and measured undertow profiles in the test of Okayasu er al (1988).
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Fig. 11. Calculated and measured eddy viscosity and shear stress profiles at P2 in the test of Okayasu er al. (1988).

dimensional computation domain. Thus, it is nee-
ded to extend to the complete two- or three-dimen-
sional models.

The present model calculates the shear stress
from the relation between' eddy viscosity and mean
velocity gradient. In the figure, the unrealistic distri-
bution of shear stress near the wave trough level
originates in the triangular distribution of period-
averaged shear stress (as mentioned in section 2.1.2)
which influences flow field, or mean velocity gra-
dient as a strong driving force.' The assumption,
made by Deigaard er al., has questionable applica-
bility to the region above the trough level; however,

the distribution is acceptable in the region where
undertow is found actually, below the trough level.

5. CONCLUSIONS

The conclusions can be summarized as follows:

1. With the assumption of the diffusion domina-
ted flow, a numerical model has been developed
for undertow and turbulence structure under the
breaking wave by using a k-¢ turbulence model.
The governing equations were discretised by the th-
ree-level fully implicit scheme, one of finite differe-
nce methods.
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2. In the model calibration study, the model cali-
bration parameter a,=0.1 was obtained. This
means that only 10% of turbulence produced at the
surface is transported away by convection and dif-
fusion. This estimate is similar to the analysis of
turbulence measurements in the surf zone (see Sve-
ndsen (1987a)).

3. The determination of the gradient of set-up
was obtained by the golden section search method.
This strategy gives a more accurate and easier esti-
mation than the trial and error method does.

4. The present model gives good agreements with
measurements except for the stations near the brea-
king point. The model explains well the existence
of a strong mean current, undertow.

The following suggestions for future studies can
be offered:

1. The errors associated with linearization of coe-
fficients are related to the marching step size. To
reduce the truncation errors or marching step size,
another linearization strategy may be required.

2. A more accurate estimation of onshore mass
drift is needed. This will improve the accuracy of
prediction of undertow profile near the breaking
point.

3. The variation of wave energy along x-axis is
important in evaluating period-averaged shear stress
distribution and the energy production due to wave
breaking. Turbulence is rotational and three-dimen-
sional. For these reasons, extensions to the complete
two- or three-dimensional models are needed. Ho-
wever, computational costs will be increased extre-
mely high.
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