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WAVE DRIVEN COASTAL CURRENTS; CURRENTS IN A CLOSED BASIN

T Introduction

In the period 1978 - 1980 a numerical model, named RIPCEL, has been devel-
oped for the computation of unsteady wave-driven coastal currents. RIPCEL
is based on the depth-averaged Navier-Stokes equations. The coefficient of
viscosity depends on the local conditions of waterdepth and wave height.
As far as the grid generation system is concerned, one set of gridlines
should remain straight, while the other set may be curved. For details of

the method the reader is referred to [10].

In 1981 RIPCEL has been tested for conditions where analytical solutions
are known such as wave set-up, longshore currents and nearshore circulation
cells. Furthermore preliminary calculations were made of currents around
breakwaters and in a closed basin.

The research described in the present reportis directed towards a comparison
between RIPCEL and data obtained from laboratory experiments and to deter-
mine which of the processes in the equations of motion could be regarded

as leading terms in certain parts of the wave basin. One of the topics,
which could relatively easily be handled by means of RIPCEL and contains
aspects similar to currents around breakwaters is that of wave driven
currents in a closed basin. On this topic two more or less complete data
sets were available. The first data set has resulted from a few pilot in-
vestigations on longshore currents carried out in 1978 at the Delft Hydrau-
lics Laboratory. These tests are reported in [12]. The objectives of these

experiments are:

a evaluation of measurement systems;
b differences between current patterns in open and closed basins;

c the outbreaking rip current.

The second data set has been obtained by Mr. P. Visser from the Delft
University of Technology during his research programme on wave driven
coastal currents. These tests are presented in [9]. Mr. Visser has also

contributed to the present study on the topics of bottom friction and

lateral mixing.
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2, Description of the laboratory data

2.1 Experimental data from the wave basin at the Delft Hydraulics

Laboratory (D.H.L.)

The experiments on wave driven coastal currents at the Delft Hydraulics
Laboratory have been carried out in the basin shown in Figure 1. The
outside dimensions of the basin are 30m by 30 m. The slope of the con-
crete beach is 1:50. The horizontal area between the wave generators and
the slope is also cast of concrete. The side walls of the basin are

plastered.

The still waterdepth d in the basin is 0.264 m. The wave height of the
regular waves with a period of 1 s is 0.043 m. The angle between the wave
generators and the slope is 20°. From the experiments it followed that the
width of the breaker zone was 3.30 m or measured along the y-axis in

Figure 1 the width was 3.50 m. The breaker index defined as H/(d) was

equal to 0.7. In Figure 2 reference is made to two experiments. In ex-
periment A the longshore current could leave the basin and re—entered the
basin at the upstream end. The volume of water which was pumped around

in this experiment was chosen such that the circulation in the basin was
minimal. In experiment B the current recirculated through the basin and no
water was pumped around. Wave height and set-up of both experiments are

shown in Figure 2. The data of experiment B will be used to compare with
results obtained with RIPCEL. The wave height data for RIPCEL and the result-
ing set-up are shown in Figure 2 by drawn lines. Details about the experiments
A and B can be found in [12]. The wave height, set—up and velocity field
relevant for the present study are summarized in Table 2 and Table 3.

The Sections I through III are located at 9.37 m, 13.37 m and 17.37 m from
the still water line measured parallel to the side wall. The Sections IV and
V are located at x = 15.60 , and x = 21.60 m (see Figure 1). The remaining
information can be found in the Tables 2 and 3. The test conditions are sum-

marized in Table 1.



2.2 Experimental data from the wave basin at the Delft University of

Technology (D.U.T.)

The dimensions of the wave basin at the Delft University of Technology are
15 m by 20 m. The lay-out of the basin is shown in Figure 3. The basin is
plastered with concrete. The slope of the beach is 1:10. The oblique incident

regular waves are generated with a lamellae type wave generator.

The waterdepth in the horizontal portion of the wave basin is 0.399 m and

the waveheight is 0.072 m. The regular waves with a period of 2.01 s approach
the plane beach at an angle of 31.1°. The distance between the still-water
line and the breakerline measured normal to the shore is 1.06 m. The breaker

index Yy = H/h equals 0.95, where h is the mean water depth.(Figure 4).

During the course of the investigation of wave driven longshore currents a
large number of experiments have been carried out. The results can be found
in [9]. In the present study the data of the experiment in a closed basin
will be used. The position of the sections 1 through 5 at the still water
line are located at x = 2.55m, 6.15m, 9.74 m, 13.34 m and 16.94 m respec-
tively. The position of the sections 6 and 7 along the side walls is at

y = 16.68 m and y = 8.38 m respectively. The remaining information is pre-

sented in the Tables &4 through 6. Test conditions are summarized in Table 1.

2.3 Evaluation of the laboratory data

The breakertype in the D.U.T. basin was plunging while spilling breaking
took place in the D.H.L. basin. This observation correlates with the surf-

similarity parameter £ defined by Battjes (1974) as

£ = tan o/ VH?LO (2.3.1)

where:

tan o = beach slope

H = waveheight (m)
LO = deep water wavelength (m)
In case of D.U.T. experiment this parameter is 0.94 which is in the plunging

breaker range, while in the D.H.L. experiments the surf similarity parameter



equals 0.12 which is in the range of spilling breakers.

In their study on bottom frictional stresses and longshore currents due

to waves with large angles of incidence, Liu and Dalrymple (1978) show

that in order to determine whether a non-linear interaction between waves
and currents is relevant two parameters are important: the angle of wave
incidence at the breakerline and the ratio of slope steepness m and a fric-
tional parameter f.

The angle of wave incidence at the breakerline in case of the D.H.L.

tests is 11°, while in case of the D.U.T. tests this angle is 20.9°. The
friction factor f is by definition equal to 8 times the friction factor C
mentioned by Longuet Higgins. In the 1970 paper of Longuet Higgins the
factor C is estimated to be in the order of 0.01, while James (1972)

suggests C = 0,003. This results in the following values of m/f.

m/f for a slope 1:10 | m/f for a slope 1:50

0.01 1.25 0%25
C = 0.003 4.17 0.83

()]
I

Taking into account the angle of wave incidence, then it follows from the
theory of Liu and Dalrymple (1978) that the conditions in case of the D.U.T.
tests are that of strong currents requiring a non-linear interaction between
waves and currents as far as bottom friction is concerned. The value of

0.25 m in case of the D.H.L. tests is in the weak current range, while the
value of 0.83 is in the intermediate range.

This evaluation suggests that from the point of view of bottom friction

the D.H.L. experiment will be easier to model than the D.U.T. experiment.



3. Choice of numerical parameters

3.1 Introduction

For the calculations a choice has to be made for the following parameters:

a gridsize Ox
b timestep At
¢ weighing coefficient © in the difference scheme,

In [10] the conditions for these parameters are formulated. These will
briefly be repeated here. The grid size determines the resolution of flow
details. Reduction of the grid size will reveal more detail of the flow,
but the number of grid points and hence computation time will increase.
However, if in an area of large velocity gradients the gridsize is too
large, then the flow may seriously be distorted. An important parameter

for this aspect is the cell Reynolds number RAx

U Ax

RAX = (3ol i)
where:

U = velocity scale

£ = wviscosity

Ax = characteristic length

In the region of large velocity gradients the cell Reynolds number should

be smaller than 2.

The stability condition for the numerical scheme is:

03 | (31 :2)

A condition for the Courant number

' At

T Ax (3.1:3)

where ¢ is the velocity of wave propagation, does not exist for the implicit

scheme.

Due to truncation errors in the numerical representation of the differential

equation an additional effect is generated named numerical viscosity. In



[10] the order of magnitude of the numerical viscosity is estimated to be:

£ = (B=4) 4t gh (3. 1.4)

num

3.2 The gridsize

For the condition (3.1.1) on the gridsize Ax an estimate of the viscosity
is required. In his 1970 paper Longuet-Higgins presents the following

estimate of &
L
e =N |y| (gh)? (3.2.1)

Although in recent literature also other relations for € are suggested, it
is expected that (3.2.1) will be sufficiently accurate for the order of mag-—

nitude estimate of Ax. From (3.2.1) and (3.1.1) follows that
¥/
Ax £ 2N gh 2/ (Um) (3+:2.2)

where use has been made of the relation h = ym where m is the beach slope.

An area of large velocity gradients is located in the outbreaking rip
current. In that area the velocity U is less than 0.2 m/s and the waterdepth
is at least 0.1 m. For a value of N = 0.016 [6] and a beach slope m = 0.02
Ax should according to (3.2.2) be smaller than 2.50 m. For similar conditions
on a slopem = 0.1 this dimension is 0.50 m. In the area of the outbreaking
rip current the gridsize will be smaller than follows from {(3.2.2). It dis
therefore not to be expected that the cell Reynolds condition will cause

important inaccuracies.

3.3 The time step At and O

The time step At and O determine the magnitude of the numerical viscosity

(3.1.4). A requirement could be that throughout the solution area

£
il a (3.3.1)
Ephys

”

where a is a constant, e.g. 0.1. Combining (3.2.1) and (3.1.4) yields



N h?

bt € @ ol
(-1 m g*

(3:3:2)
In the area near the shoreline the time step At should go to zero according
to (3.3.2). In the middle of the breakerzone at a depth of 0.05 m and O =
0.53 the time step is At € 0.12 s for a slope of 1:50 and At € 0.023 s for
a slope of 1:10. Outside the breakerzone at a depth of 0.30 m these values
are 0.29 s and 0.058 s respectively. The value of a in (3.3.1) has been
assumed to be 0.1

The value of 6 has not been chosen smaller than 0.53 because stability
problems were feared from (3.1.2). For a final choice of At and O an expe-

rimental verification has been carried out.

3.4 Experimental verification

In order to verify the estimates made in paragraph 3.1 through 3.3 a pre-

liminary set of calculations have been carried out using the conditions in

the D.U.T. basin because these conditions are more severe than the conditions

for the D.H.L. basin. In these calculations expressions for bottom friction

and lateral mixing as suggested by Longuet Higgins (1970) have been used.

In order to determine the time required to reach an equilibrium condition

the time function of the velocity of a point inside the breakerzone in sec—
tion III and in section VII have been plotted in Figure 5. From this figure
follows that an equilibrium state is attained after 30 s. Next the following

set of calculations have been carried out.

test number G] At
A 0.55 0.5
B . 53 0.5
C 0.53 1.0
D 0.53 0.1

In addition to the points mentioned above the time function of a point in
section VI has been plotted in Figure 6 for the conditions A through D

summarized in the table.



The conclusions from Figure 6 are:

2 the reduction of © from 0.55 to 0.53 has a marginal effect
b the increase in time step from 0.5 s to 1.0 s yields an unstable condition
¢ the reduction in time step from 0.5 s to 0.1 s yields a change in velocity

in the low velocity area.

It appears that the effect of numerical viscosity in condition B is small
relative to the physical viscosity. Furthermore does the condition B lead
to a stable solution. For the remaining calculations the combination of 0O

and At mentioned for condition B will be applied.
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4. Numerical modeling of the D.H.L. basin

4.1 Introduction

For the numerical modeling of the D.H.L. basin a choice has to be made for

the description to be used for the following processes.

a wave refraction and shoaling

b position of the breakerline

¢ energy dissipation inside the breakerzone
d wave current interaction

e Dbottom friction

h

lateral mixing

In the literature various descriptions can be found for most of the processes
mentioned above. In case of energy dissipation inside the breakerzone this
concerns mainly empirical data, while for instance in case of bottom friction
in relation to the present wave and current field theoretical models have
been developed [5]. It is clearly out of the scope of the present study Lo
compare all possible interesting combinations of a) through £) with the
available data. In the present study the following approach has been chosen.
For each of the processes a) through f) an approximation will be used similar
to that applied by Longuet Higgins in case of longshore currents on an
infinitely long straight beach. On basis of the resulting current pattern

further improvements can be made.

4.2 The wavefield

In his paper of 1972 Longuet Higgins shows that the waves outside the breaker-
zone exert a lateral thrust on the water and sediment inside the surf zone.

A prerequisite for a numerical modelling of the wave driven longshore current
is that the longshore thrust is properly represented. Longuet Higgins presents
the following relation between longshore thrust Sxy and energy flux towards

the shore F
%

o S0 B (4.2.1)
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The energy flux towards the shore is defined as

FX = E ¢ cos 0] (4.2.2)
E = local energy density

cg = group velocity

¢ = angle between wave crest and depth contour

The resulting average width of the breakerzone has also been applied in the

numerical model. The breaker index vy defined as

Tp = Hnum(b)/hb (4.2.3)

H = calculated wave height at the breakerline
num(b)

b,

still water depth at the breakerline

has been used to calculate the waveheight distribution inside the breakerzone.

A comparison between the calculated- and observed waveheight distribution is
shown in Figure 2. It follows from Figure 2 that inside the breakerzone the
observed wave height is lower than the calculated waveheight. This may point
towards the fact that the distribution of the longshore thrust over the breaker-—
zone 1in the numerical model and laboratory experiment is different in both
cases. For a more definite statement on this point the actual flux of momentum

of the breaking waves should be considered (Stive and Wind, 1981).

The relation 4.2.1 does not depend on application of small amplitude wave

theory. If the following conditions are satisfied outside the breakerzone:

a mno reflection
b no wave current interaction

¢ no dissipation of energy

then the energy flux towards the shore is conserved. This means that the
energy flux towards the shore can be modeled in deep water and that the
energy is transported towards the shore with 4.2.2. resulting in the required
longshore thrust Sxy' In deep water the local energy density of the waves can

be approximated as
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_ 2 .
E = 3 P g Hr (4.2.4)

ms

In the laboratory experiment the value of Hr has been determined,
ms

In the calculation of the direction of wave propagation the effect of wave

current interaction initially will be neglected and Snells law will be applied.
The position of the breakerline has been determined in the laboratory experiment.

4.3 Bottom friction and lateral mixing

The bottom friction in case of weak currents and almost normally incident waves

has been derived by Longuet Higgins (1970) as

2
T TEpCUu (4.3.1)

friction coefficient

1l

=
]

longshore current velocity

maximum orbital velocity of the waves at the bottom

G
1l

max

The maximum orbital velocity of the waves has been approximated inside and

outside the breakerzone by Longuet Higgins as:

u =i Y Vgh (4.3.2)

max

In the numerical approach the set-up n is initially unknown. In first approxi-

mation therefore 4.3.2 has been reduced inside the breakerzone to

n =1 v vad (4.3.3)

max

and outside the breakerzone to
a =48 &g (4.3.4)

The longshore current velocity U in 4.3.1 has been replaced by the component of
the velocity in x direction.

In his paper of 1970 Iwata shows that in the present approximation the bottom
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friction is essentially anisotropic, the bottomfriction coefficient in the
direction of wave propagation being twice as large as in the direction parallel
to the wave crest. This point has been taken into account by assuming that
4
i

pCV L — (4.3.5)

TBy =

The eddy viscosity coefficient has been approximated as

€ =Nr vgd (4.3.6)
N = constant
r = distance normal to the shore

In the analytical approximation Longuet-Higgins assumes the relation 4.3.6 both
inside and outside the breakerzone. In the numerical approximation the eddy
viscosity coefficient in the area outside the breakerzone will be kept at the
value attained by 4.3.6 at the breakerline. Inside the breakerzone 4.3.6 will

be used.

In [6] estimates of C are ranging between 0.034 and 0.097 for the description
of damping of sea waves over a smooth, level and impermeable seabed. Analysis of
laboratory experiments of Miller in [6] yields values of C between 0.01 and
0.02. In his study on non-linear wave forcing of longshore currents James (1972)
finds C values in the order of 0.0025. In the literature several reasons are
mentioned why differences in C values are to be expected. However there is no
uniquely defined relation for C available. Therefore C will be used as a fit

parameter. As far as N is concerned it is expected [6] not to exceed 0.016,

In his study on longshore currents Longuet Higgins has represented the relative

importance of lateral mixing to bottom friction in the parameter P

=]

mN
B= C

)

where m is the beach slope and Y is the breaker index. In the same paper
it is shown that the relative position of the maximum longshore current velocity
is a function of P only. The magnitude of the maximum velocity is among others

a function of P and C. This means that from the shape of the longshore current
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distribution and of the observed maximum current velocity estimates of N and
C can be obtained for a given geometry and wavefield. Translating these values
for a infinite long straight beach to a closed basin will show differences

because of the interaction between the circulation and the longshore current.

For the D.H.L. test the value of C has been estimated at 0.003 and N at 0.01.

The resulting P value is 0.095.

4.4 Calculation of the current field in the D.H.L. basin

On basis of the information provided in the previous paragraphs a calculation
of the current pattern can be made. In Figures 7 and 8 the resulting current
patterns after respectively 32 s and 56 s are shown. In Figure 7 an offshore
oscillation in the current field can be noticed. This initial oscillation is
damped out after 56 s as shown in Figure 8.

A first impression of the current field in Figure 8 is that the order of magni-
tude of the longshore current is right, but the velocities in the outbreaking
ripcurrent are an order of magnitude too low. A second aspect is that the centre
of recirculating flow is located near the breakerline, while in case of the
observations this centre was located in a more offshore position. In order to
check once more the numerical routine it was decided to make the following

calculation

a rectangular basin
b oblique incident waves

¢ no wave shoaling

The effect of the rectangular basin is that most of grid transformation terms
are zero. A point added to b is that the waves are running through the side
walls. Diffraction is absent. The effect of excluding wave shoaling on the
gently sloping beach (1:50) is that gradients in the wave action in the
shoaling region are zero. The resulting current pattern is shown in Figure 9.
It will be clear that the phenomena in Figures 8 and 9 are similar. It was
therefore decided that at present there is no reason to doubt the numerical
programme which has been carefully checked otherwise on previous occasions,
and to accept the resulting current pattern in Figure 8 as a good approxi-

mation of the exact solution of the mathematical system.
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The longshore current distribution both in longshore and in offshore direction as ob-
tained in Figure 8 is presented in Figure 10. Inthis figure also the experimental data
is presented. The laboratory data is insufficient for a proper evaluation. The
current distribution in offshore direction shows similar tendencies as observed
in the laboratory. It is important to note that the numerical offshore current
distribution drops off faster than the observed current distribution. This
difference points towards an eddy which is present in the laboratory set-up,

but not (yet?) in the numerical model. The eddy in the laboratory experiments

is rather important for the outbreaking ripcurrent. The point can be explained
by comparing the volume of the longshore current between the shoreline and the

breakerline with the volume of the ripcurrent in the laboratory experiments.

volume of longshore volume of
current (m®/s) ripcurrent (m3/s)
I < A 0.010 0.040 (Section IIT)
DU T, 0.028 0.082 (Section VII)

In both experiments the discharge of the ripcurrent is several times larger
than the discharge of the longshore current. Part of this increase in discharge
of the ripcurrent will be provided by the "tail" of the longshore current while

another part results from the circulation in the basin.

It follows fromFigure 8 that the observed volume of the ripcurrent is not present
in the calculated current pattern, resulting in low velocities along the side-
walls. The observed high velocities along the sidewalls, caused by the inter-
action between longshore current and nearshore circulation are especially
relevant for sediment transport. It is seen from the results in Figure 8 and
Figure 10 that the proper tendencies of the longshore current are present, but
that the choice of the parameters is not yet optimal. The calculated nearshore
current pattern outside the breakerzone shows significant differences with the
observed current field. Various causes for these differences will be discussed
in the following chapters. However before entering into an optimizing stage
it seems useful first to analyse the available numerical data and to carry out
some theoretical analyses of the phenomena involved.

Finally, it may be remarked that the current patterns for the D.U.T. basin

are shown in Figures 16 and 17. The tendencies are similar to those of the

D.H.L. and hence will not be discussed independently in this report.
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4.5 Analysis of the numerical data

4.5.1 TIntroduction

The numerical data concerns the value of p, q and h in each of the 483 grid-
points. Furthermore quantities such as time derivative, convective terms,
viscosity terms, pressure term, bottom friction terms and gradients in wave
action are also interesting. This yields a total of 7245 numbers in each
timestep. In order to present this wealth of information in a systematic

fashion the numbers have been reduced to the following forms

a the magnitude of the terms in the p and q equation in 16 selected points

b the relative importance of the terms in the p and q equation in 90 points.

4.5.2 The magnitude of the terms in the p- and q-equation in selected points

In Figure 8 16 points are selected for further investigation. The points are
numbered with K running in longshore direction and J in offshore direction.
Points with J = 4 are located near the maximum velocity in the longshore
current, while J = 8 is situated just outside the breaker zone. The points
with J = 12 and J = 16 are located in the offshore circulation system. The
outbreaking ripcurrent contains points with K = 20. The magnitude of the terms
in the p and q equation in the selected points are presented in Tables 7 and 8.
The definition of the terms can be found in appendix A, with the exception of
the time derivative. The time derivative has been calculated in this case such
that the total sum of all the terms in the relevant equation should equate to zero.
Three aspects should be noted from Table 7 and Table 8. The first aspect is
that inmost cases the wave pressure gradient is balanced by the pressure gradient
due to the change in mean water level. The second point is that of the remaining
terms the time derivative is not an order of magnitude smaller than for in-
stance the viscosity terms or the convective terms. Finally does the time
derivative change of sign for lines parallel to the shoreline (constant J).

The magnitude of %%—or %%—is 107" m*/s*. For a uniform waterdepth of 0.20 m
. . : —4 ;
this implies that 5%—and %%-are in the order of 5.10 m/s® This means that

for a change of u and v of 107% m/s a period of 500 s. is required. From this

point of view one might state that the current pattern in Figure 8 is station-

ary. However if the magnitude of the convection, viscosity and bottom friction
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terms are compared with the time derivative then a significant change of the
current pattern should be envisaged, except if the time derivative is finally
balanced by a surface pressure gradient similar as in case of a long wave.
According to Table 7 the longshore current (J = 4) is accelerating in the
intermediate part (K = 8 and K =14 ) and decelerating at the inflow and outflow
area (K = 2 and K = 20). This shows that a definite conclusion about changes of
the current field with increase of time is hard to predict from the Tables 7
and 8. Comparing the Figures 7 and 8 then the shape of the current pattern
remains conserved while the changes between T = 32 s and T = 56 s are much
smaller than between T = 0 and T = 32 s pointing towards reaching an equili-
brium current pattern. It should be remarked that the definition of time deri-
vative used in this paragraph differs from the definition used in RIPCEL. This
may influence the conclusions somewhat.

Next the magnitude of terms of the equations of motion relative to the wave

pressure gradient will be studied in more points than in the present paragraph.

4.5.3 Therelative importance of the terms in the p and q equation in 90 points

Wave driven currents are generated by wave action. A useful parameter for

the relative importance of the various terms in the equation of motion there-
fore seems to be the gradient in wave action. The lines with J = constant are
running more or less parallel to the shoreline and because current refraction
has been neglected the gradients in wave action should be comparable along
lines with J = constant. This point can be verified in Table 7 and 8. The
selected points in this paragraph are points with even values for J and K.

In the tables 9 through 18 the ratio of the various terms and the gradient

in wave action can be found.

The time derivative can be found in Table 9 and Table 14. Especially in Table

9 can be seen that the time derivative changes of sign for constant J, pointing
towards an oscillation around an equilibrium stage.

In Table 13 and Table 18 the pressure head is presented. The ratio between the
gradient in wave action and the pressure gradient is in the order of 100%.

This means that as a first approximation the gradients in wave action are
balanced by gradients in mean water level. This is in line with the proof
presented by Battjes (1974) that outside the breakerzone no currents are driven
by a variation in wave height except if this variation is caused by wave

breaking. In Tables 13 and 18 both in offshore and in longshore direction
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minor undulations can be distinghuised. Although these undulations follow from
minor irregularities in the mean waterlevel of 107" m it should be remarked
that these irregularities effect the pressure head at least in the order of
207 and this is according to Table 7 and 8 also the order of magnitude of

say the convective terms. This point requires further attention at a later
stage of the research.

A consequence of these minor irregularities at the present stage of the re-
search is, that the numerical data should be analysed more in a broad than

in a detailed fashion.

It follows from Table 10 and 15 that the convection terms are mainly dominant
in the outbreaking ripcurrent. To some extent at the inflow side of the
ripcurrent parallel to the shoreline also the effect of convective terms can
be noted, however it should be remarked that the free slip condition has been
applied between J = 1 and J = 2. This point may influence to some extent the
results parallel to the shoreline. The free slip zone can also be noticed in
Figure 10. The bottomfriction terms presented in Tables 12 and 17 dominate
the viscous terms shown in Tables 11 and 16 in the longshore current parallel
to the shoreline. Just outside the breakerline (J = 7) the viscous terms take
over and are much larger than the two friction terms in the large scale

circulation outside the breakerzone.

A qualitative impression about the importance of the various terms, can be
obtained if the calculations leading to the current pattern at T = 32 s in
Figure 7 are repeated, but now excluding one of the factors convection, viscosity
or bottom friction. In Figure 12 the current pattern is presented but excluding
the convective terms. A comparison between Figure 7 and Figure 12 shows that
they are almost indistinguishable. In Figure 13 the bottomfriction terms have
been set to zero. The flow is now governed by viscous and convection terms.

A comparison between Figure 7 and Figure 13 learns that large scale features
remain essentially unchanged, while the magnitude of the longshore velocities
has increased somewhat. Finally Figure 14 shows the current pattern with the
viscosity terms excluded. This change seems, according to Figure 7, to have
induced the relative largest changes. At the inflow side of the longshore
current the whole pattern changes. The longshore current distribution becomes
more triangular as follows from the theory on longshore currents. Downstream

of the longshore current the pattern becomes rather disordered.
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The conclusion of the patterns in Figure 12 through 14 is that all the terms
are more or less of the same importance. For the present low velocity case

the convective terms only marginally affect the current pattern. The viscosity
terms and the bottomfriction terms seem to play an interchangable role for

the overall circulation pattern. On details the effects of viscosity and bottom-

friction terms are different.

None of the calculations presented in the Figures 12 through 14 show a signif-
icant improvement in the representation of the outbreaking ripcurrent. In line
with these experiments it is not expected that by using a different theory for

bottomfrictionor lateral mixing an improvement on this point will be achieved.

4.5.4 Conclusions

In Tables 7 and 8 the magnitudes of the various terms in the equations of

motion are presented. From these tables the following conclusions can be drawn.

~ The time derivative is in the order of 107" m/s, pointing towards an equi-
librium state.

- The time derivative is not small relative to the convective, viscous or
bottom friction terms.

- If a minor long wave oscillation is present, then the time derivative is
balanced by a gradient in the mean water level.

- The gradient in wave action is balanced to a large extent by the pressure

head e.g. set-up and set-down.

In Tables 13 and 18 the percentage of the gradient in wave action which is
balanced by wave setup is presented. Following lines of constant wvalues of J
minor oscillations in the watersurface elevation, in the order of 10~"% m,
can be noticed. This '"noise'" however is in the present weak current case of
the same order of magnitude as the current dominating terms.

In the present example the individual effect of the convective, viscous,
bottomfriction and lateral mixing terms on the current pattern is rather in-

distinguishable.

In Tables 10 through 12 and 15 through 17 the convection, viscous and bottom-

friction terms are presented. It follows that
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- convective terms are mainly important at in- and outflow of the longshore

current

- bottomfriction exceeds viscosity in the near shore region

- viscous terms exceed the bottomfriction terms in the eddy

These conclusions are verified in a series of numerical tests presented in
Figures 12 through 14. These figures should be compared with Figure 7. In

all Figures the large scale phenomena are reasonably represented, the viscosity
terms and bottomfriction terms playing an interchangeable role. For the
modelling of the rip current an interaction between longshore current, eddy

and outbreaking rip current is required. However this interaction has not

yet been established in the numerical model. The cause of this interaction

is not clear. One might think about 3-D effects, wave current interaction or

turbulence modeling.
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5. Onset to a theoretical analysis

5.1 Introduction

In the study of wave driven coastal currents and related circulations various

topics regularly came forward. Examples of these topics are:

- the driving mechanisms

- convergence or divergence of streamlines

- vorticity

- velocity field in the viscous circulation flow

- time scales in the current pattern in the basin.
In this paragraph a theory will be presented which is related to these
topics. The results in the paragraph are not all in a final stage and are

meant to stimulate discussion on the topics mentioned above.

5.2 The physical mechanisms

For an analysis of the differences between the calculated and observed
current pattern in Figure 8, it is important to specify clearly the various
driving mechanisms.

As far as waves are concerned Battjes (1974) proves that a steady distri-
bution of wave action in irrotational waves is equivalent to a steady dis-
tribution of normal pressures at the water surface, and should give rise to
(spatial) variations in the surface elevation only, without driving a mean

current. This can be expressed as

oh 0z

3 3 B

5; SXX + g Sxy + pgh (E + -——ax ) = {) (5.2.1)
.8 +l.g 4 h(i+ai}—o (5.2.2)
3y Jyy | ax “xy P By T 3y e

If a current is driven by other sources then this may lead to changes in the
gradient in mean water level. However these changes will be balanced by vis-
cous bottomfriction or convective effects.

Inside the breakerzone the waves are generating a driving force. This force

is balanced by
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a viscosity

b bottom friction

¢ convection

d gradient in mean water level.

From the Tables 9 through 18 it follows that inside the breakerzone the
set-up and gradient in wave action are largely balanced. The remaining
imbalance between gradient in wave action and set-up is driving the
longshore current. An impression of the magnitude of the driving force
of the longshore current Sxy relative to the force balancing the wave
set—up system up Syy can be obtained in case of an infinite straight
beach. At the breakerline the ratio of Sxy over Syy is according to

linear theory

Sxy/syy = sin 20/(2cos?0+1) (5.2.3)

or in tabulated form

0 s /s
xy' “yy

B 0

10° 0.116

20° 0.232

This means that the force driving the longshore current is only a small

portion of the force balancing the wave set-up.

It follows from Tables 10 and 15 that the convection terms are small far
away from the sidewalls. The viscosity term becomes important near the
breakerline and is comparable with the bottom friction term. Summarizing
it follows that the driving force of the longshore current is largely
balanced by bottom friction and lateral mixing.

Driving mechanisms for the rip current are:

a gradient in mean water level caused by retardation of the longshore
current,

b entrainment of mass from the eddy

¢ viscosity between current and eddy

d bottom friction.
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A parameter for the streamline pattern is the vorticity. The relation
between streamline pattern and vorticity will be treated in paragraph
DeT

Driving mechanisms for the eddy are

a lateral friction between longshore current and eddy
b lateral friction between rip current and eddy
¢ bottom friction.

Observations in the model indicate that the centre of the eddy is located
much further offshore than is the case in the numerical model and that

the rip current extracts much more mass from the eddy than follows from
the calculated flow field. A first hypothesis could be that the driving
force of the eddy, lateral mixing, is not properly represented. Further
suggestions could be 3-D effects and wave current interaction. The 3-D
effects did not clearly appear from the measurements which showed a more
or less uniform velocity distribution over the depth in the current. Wave
current interaction may not be the determining factor because observations
have been made of narrowing of offshore currents near structures in absence
of waves.

Because of the differences between observed and calculated velocity dis-
tribution in the eddy it is expected that the interaction between long-
shore current and eddy is not properly represented in the numerical model,
This implies that the choice of the bottom friction coefficient may also
be erroneous, because that choice was based on a reproduction of the

maximum longshore current velocity.

5.3 Convergence or divergence of streamlines; vorticity

In the numerical model (Figure 8) the streamlines of the rip current are
diverging much stronger than is the case in the observations. Convergence
or divergence of streamlines is closely related to vorticity. This rela-
tion becomes clear if the equations of motion are reduced to the vorticity
transport equation. In Appendix C the derivation of this formula can be
found.

Vorticity is defined as the anti-clockwise rotation of the diagonal of a

fluid element.
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W =7 = — (5.3.1)

In textbooks it is shown that internal friction is a prerequisite for the
generation of vorticity. If vorticity is absent then the class of fluid

flows is reduced to potential flow satisfying

dh , 3¢ 3h , 3¢ 3h 3% , 3%y _
3t © ax dx @ 3y 8y b Gx +§?) ol (5.3.2)
where
=9 _ 9%
u = and v 3y (5.3.3)

If the fluid at infinity remains at rest, and the initial conditions are
that u and v are zero and h is constant, then it follows from (5.3.2) that
the fluid flow remains at rest. If vorticity is present then inside the
breakerzone the vorticity generation is described by Eq. (C.9) and outside
the breakerzone by Eq. (C.12). It follows from (C.9) that vorticity isgene-—
rated by the wave action terms, transported by the convective terms and dissipated
by the bottom frictionand viscous terms. In principle the viscous terms as
well as friction terms can generate vorticity near awall, but because of the
free slip conditions this possibility is excluded. The transport of vorti-
city and dissipation of vorticity will be studied for the following con-
dition. Consider a rip current normal to a plane beach. The fluid motion

is stationary and viscous effects will be neglected. The vorticity

transport equation is in this case according to (C.23):

(gh) }

oh =0 (5.3.4)

3 W W H
Py (H) * (H) {iC e

In his study on dynamics of rip currents Arthur (1962) neglects bottom

friction. He finds the relation:

—aaé @ -0 (5.3.5)
or
b (5.3.6)

This means that the vorticity per unit depth is conserved along a streamline.
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From the definition of vorticity and of the stream function the following
relation can be obtained
- -2 oh
hw = = VU + U P (5.3.7)
. oh
For the example of a rip current on a plane beach T = 0 near the centre-

line and the longshore gradient in the offshore discharge will Ee mucb2
Sl acy
g oot

larger than the offshore gradient in the longshore discharge (5—3- T b
y X
Equation (5.3.7) reduces under these conditions to
2
hy = — O (5.3.8)
ax?
With (5.3.6), (5.3.8) can be written as
2
c = -1 2% (5.3:9)

1
h* 9x?
‘o @ ; 3 : ; 3%y ; .
This implies that with increasing depth, . also increases and vice versa.
2
An increase in g—%—means convergence of the streamlines. Arthur uses this
9x
mechanism as an explanation for the current pattern of a rip current. The
effect of bottom friction on this current pattern follows from integration

of (5.3.4). Assume that the beach slope is constant or
h = m.8 (5+3:10)

and that the vorticity per unit depth is mg/hO at S,. The solution of

1
£543sd) fd s )
&y 2 2 a2
(m) (sl S%)

Wy _ O
=) “B; € (5.3.51)

= G

&
o |

where p = U.h is constant along the streamlines. The initial value of
. —] ..
mo/h0 has been reduced to a fraction of e = of the original value over a

relative distance of S/S. of

POl —

(gh,)? 2
n 8hy
s/s, = {1 - 1/(c EU—)} £5. 3. 12)

.. -1 -1 ] -2
In the present test conditions: U = 10 mnm/s,h =10 mC=10 , H=5.10m
or the relative dissipation distance is 80. This means that bottom friction

does not seriously reduce the observed phenomenon of convergence of stream—
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lines. For prototype conditions S/S1 should be compared with the width
of the breakerzone. The estimate of p is rather crucial for a final

conclusion. This extension will not be treated in this report.

Tam (1973) has studied rip currents in terms of the flow in a two-dimen-
sional incompressible jet. He finds that the velocity in offshore direction
should change inversely proportional to the distance offshore, so the pro-
duct of offshore velocity and offshore distance is constant. The observations

in D.H.L. basin are shown below.

Offshore distance y (m) Velocity v (m/s)
9.37 0.14
1337 0.12
17...37 0.10

From this table follows that the velocity in offshore direction does not
drop off as fast as should be expected from the theory. This may mean
that the entraimment rate of fluid from the circulation into the rip
current is larger than predicted. It has been noticed in paragraph 4.4
that the discharge of the rip current has increased with a factor 3 to 4

in offshore direction.

5.4 Velocity field in the viscous circulation flow

The large scale circulation in the area outside the breakerzone could
approximately be regarded as a viscous fluid motion, driven along the
sides by the constant velocity gradient and retarded by bottom friction.
The equation for the fluid motion has been derived in Appendix D. The

resulting equation (D.I0) has as a solution a Bessel function
y = A II(Z) + B Kl(z) (5.4.1)

where II and K1 are modified Bessel functions of the first kind and of the

first order. The boundary conditions for this problem are that the radial

velocity is zero
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u_ =0 (r=0) {(5.4.2)

and that the tangential velocity u_ has a prescribed velocity if r = R.

0

u. = u (r=R) (5:4..3)
By definition D8, the tangential velocity at a distance r is given by
UO/uo =y (5.4.4)
and the relation between z and r is given by D7 as

1
z = r(g/v)? (5.%4.5)

The values of I and Kl can be found in handbooks. The function Kl shows
a pole for z = 0. From the condition (5.4.3) follows that B = 0 in equa-
tion (5.4.1). The value of A in (5.4.1) follows from (5.4.3) and (5.4.4).
Before calculating the velocity distribution for various values of (c/V)
first the velocity distribution in absence of bottom friction will be

derived. If ¢ = 0, then (D.5) can be written as:

du u
1 @ 8] ]
{r N ( ?E?J = ;; } =0 (5.4.6)
or
du u
v Jo _9__@}_
2. dr {r (dr r) =0 (5-4.7)

The solution of (5.4.7) is the well-known linear velocity distribution

(rigid body rotation)
= r.constant (5.4.8)
Yo

In Figure 15 the velocity distribution in a circular basin is presented.
The velocity parallel to sidewall is u_- The parameter c/V takes values
of 0, 0:01; 0:1 and l.

If the rip current in Figure 10 is caused by the mechanism described in

the present paragraph, then according to Figure 15 the bottom friction
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outside the breakerzone should be much larger than the value used for
the calculations in Figure 10. However, as is shown in paragraph 5.3
an increase in bottom friction would also lead to divergence of the
streamlines. The conclusion of this analysis is that two elements of
the formation of the rip current have been made clear, but that these

elements do not completely explain the observed rip current.

5.5 Time scales in the current pattern in the basin

In the calculation of the current field for wave driven coastal currents
various time scales play a role. The time scale of the turbulence and of
short waves have been averaged out resulting in an eddy viscosity coeffi-
cient and wave action respectively. In Figure 5 small fluctuations in the
current velocity can be noticed pointing towards long waves which are
generated by sudden application of the wave action. Two more time scales
are those related to the build-up of the longshore current velocity and

of the circulation in the basin. The time scale for the longshore current

will be estimated by assuming a constant waterdepth h, a width of the
breaker zone B and a resulting driving force Sxy' It follows from Eq.
(C.2) after integration over the width of the breakerzone and neglecting

viscosity that
1
+ —— § =0 (5.5:1)

The solution of (5.5.1) is

F —
u= - 2 {] - e
pC uorb

The time required for the build-up of the longshore current follows from

9oy | £
or } (5.5.2)

the exponent of e. Approximating Iu with the shallow water approxima-

orb[

tion, then it follows from (5.5.2) that the longshore current has attained
-1 .
a velocity equal to (I — e ) * maximum velocity after
B s il (5.5.3)
CH eh

For a waterdepth and waveheight of 0.05 m and C = 0.01 this time is 14 s.
This is in agreement with Figure 5.

For the time scale of the circulation in the basin a rigid body rotation
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will be assumed, driven by a shear stress T, along one half of the

2
outer circle. The waterdepth h is constant. The inertia of the rigid

body is equal to %'h R*. A linear bottom friction law will be applied.

The equation of motion now becomes

L R" L] + T e [u

2 -
/] dt © 2 h R°/p =0 (5.5.2)

| R* w+ 21 1

orb L

where w is the angular velocity. Introducing in (5.5.2) v = wR and re-

arranging yields

dv C
”—|Li

e v o+ ZTR/(DR) =10 (5.5.:3)

orbI

The solution of (5.5.3) is

t
2 - Juorb, h
vV=s>-—898 ¥ &¢ (5:5:4)
pC lu | R

2T, h

orb

It is clear from a comparison between (5.5.2) and (5.5.4) that the time
scale of the velocity in the longshore current and of the large scale
circulation is the same. This is as one would expect if bottom friction is
the cause of the retardation in both examples. The second example has been
derived for sake of clarity.

Experience learns that the large scale circulation has a much larger time
scale than the longshore current. This could be caused by viscous effects
which have not been taken into account in the present analysis. This

effect has been studied in [11]. The conclusion of [11] is that the relaxa-
tion time of the viscous fluid flow including bottom friction is several
times larger than the relaxation time due to bottom friction alone in the
present case this means that after say 60 s in the order 707 of the equili-
brium velocity distribution has been attained. This implies that the velo-
city distribution in Figure 10 will only marginally change with the increase

of time.
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6. Conclusions and recommendations

- The timestep is largely determined by the requirement that the numerical

viscosity should bz smaller than the physical viscosity.

~ The choice in the present calculations of the timestep At, and the
weighing coefficient in the difference scheme © is such that the effects

of numerical viscosity can be discarded.

— The calculated longshore current distribution shows similar tendencies
as the observed velocity distribution both in longshore and offshore

direction.

- The range of known values of bottom friction and viscosity coefficient
is such that a close agreement between observed and calculated longshore

current velocity distribution can be obtained.

- The calculated velocities in the rip current are much smaller than the

observed velocities.

- In the present analysis the time derivative is very small after 56 s, but
this term is not negligible relative to the convection viscosity and bottom
friction term. However the definition of the time-derivative used in this

report differs from the RIPCEL definition.

= Arthur (1962) has suggested that the narrowing of a rip current entering deeper

water could be explained on basis of conservation of vorticity. It has
been shown that dissipation of vorticity due to bottom friction is not
very strong. This means that divergence 0f the streamlines cannot be ex-—

plained on basis of dissipation of vorticity due to bottom friction.

— Large velocity gradients near the sidewall as observed in the laboratory
can also be described by a model of cylindrical flow with a proper choice

of the ratio of bottom friction coefficient and viscosity coefficient.
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- An analysis of the time scales in the models learns that at least 70%

of the final velocity should be present after one minute. Minor changes

should be expected in the course of time.

- In offshore direction the observed rip current velocities tend to
remain more or less constant while the calculated velocity distribution

drops off rather fast.

— The observed discharge in the rip current in offshore direction is
several times larger than the calculated discharge. This points towards
a mechanism by which in the observed eddy mass from the eddy is entrained
in the rip current. Such a mechanism seems not to act in the numerical

model.

- The centre of rotation of the observed eddy is located much further

offshore than is the case in the calculated eddy.

- The driving forces of the current pattern are much smaller than the

forces creating set-up and set-down.
=~ The convective terms are mainly dominant in the outbreaking rip current.
- Bottom friction terms are important in the longshere current near the

shoreline. In the large scale circulation just outside the breakerline

the viscous (lateral mixing) terms dominate the bottom friction terms.

Recommendations

The interaction between longshore current, eddy and rip current is also
to be expected in prototype. This may be the case in tidal areas near
breakwaters and in a bar and gully system. The constant and high velocity
in the offshore current can be important for coastal morphology. It is
therefore regarded as very important that the mechanisms governing the
concentrated offshore current become clear.

The degree of interaction between eddy, longshore current and offshore
current will also influence the choice of the parameters for bottom

friction and viscosity. Also from this point of view further detailed
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analysis of laboratory experiments and numerical results is required.
Together with the detailed analysis also effects such as wave-current
interaction and 3-D effects should broadly be taken into account.

In the calculated free water surface minor irregularities have been
noticed. Their effect could be investigated by using a rigid 1id model

instead.
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wave basin of wave basin of
Delft Hydrau- Delft University
lics Laboratory of Technology
waterdepth in the horizontal
portion (m) 0.264 0.399
waveheight in the horizontal
portion (m) 0,043 0,072
wave period (€) 1 2.01
angle between wave crest
and slope 26> 58 . 1%
width of the breakerzone meas-
ured normal to the shore (m) 3.30 1.06
from S.W.L. to breakerline
beach slope 1:50 1:10
breaker index 0.7 1.00

Table 1 1Imnitial test conditions




SECTION IV SECTION V
distance from | waveheight | set-up distance from | waveheight | set-up
S.W.L. (m) (m) (107 m | s.W.L. (m) (m) (1077 m)

= 0.25 0 0.50 - 0.25 0 0.50
0.91 0.007 = 1.09 0.007 =
1.41 0-010 = 1259 0.010 0.31
129l 0.017 0.24 2.09 0.019 0.16
2.41 0.027 0.09 2.59 0.028 0.03
2.91 0.038 -0.09 3.09 0.040 -0.03
3.41 0.052 = 309 0.049 -0.10
3.91 0.048 - 4.09 0.048 -0.10
4,41 0.050C = 4,59 0.049 -0.09

Table 2 Wave height and set-up in basin 1;(test B)




distance velocity parallel to distance| velocity parallel to
from the side wall (m/s) from the shore (m/s)
S.W.L.(m)|] section I | section II | section III|S.W.L. section IV | section V
0..25 Q.13 0513 0.09 0.50 0.05 0.03
0. 50 0.14 0.12 0.10 1.00 0.11 0.06
0.75 0.13 0.09 0.10 1 .50 0.17 0503
1:25 0.08 0.06 0.05 4,50 0.05 0.04
1.75 0.03 0.04 0.03 500 0.04 0.03
5.50 0.03 0.03

Table 3 Velocity field in basin 1;(test B)



SECTION TIII
distance waveheight | set—up
from (m) (10 % m)
S.W.L. (m)

0.11 0.029 176
0.31 0.048 0.76
0.51 0.058 0.02
8907 | 0.075 -0.03
0.91 0.098 =002
1aidll 0.103 -0.02
1 w3 0.096 -0.01
1.51 0.083 ~=0..01
{71 0.074 -0.01
1.90 0.075 =0+01
2.10 0.077 -0.01

Table 4 Wave height and set-up in basin 2



distance |mean water velocity parallel to

from depth the shore (m/s)

S.W.L.(m) (h+ﬁ)(m) section I |section II|section II1| section V| section V

-0.29 - 0.257 0.371 0.382 0.336 0.348
0.09 0.018 0.569 0.538 0.559 0.495 0.421
0.11 0.028 0.665 0.649 0.627 0..553 0.447
0:31 0.038 0.670 0.645 0.623 0.493 0.387
0.51 0.050 0.612 0.591 0.584 0.428 0.236
0.71 0.067 0.556 0.408 0.420 0.260 0.088
0.91 0.088 0.345 0.222 0.196 0.134 0.077
L1 0.108 0.160 0.107 0.139 0.118 0.068
IR 0.129 0.058 0.094 0.117 0.123 0.071
151 0.149 0.039 0.091 0.107 0.123 0.071
1..70 0.169 0.035 0.088 0.106 0.121 0.068
1.90 0.189 0.035 0.087 0.097 0.119 0.068
2.10 0.209 0.033 0.084 0.087 0.114 0.070
2.:30 0.229 0.035 0.082 0.087 0.115 0.067
2.70 0.270 0.036 0.080 0.084 0.111 0.069

Table 5 Longshore velocity distribution in basin 2




distance velocity parallel to
from the the wall (m/s)
sidewall section VII section VI
(m)
0.20 0.201 0.045
0.40 0.170 0.045
0.80 0.134 0.046
12 0.104 0052
1.60 0.085 0.046
2.00 0.07C 0.047

Table 6 Velocity distribution parallel to the sidewalls in

basin 2
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p K 2 4 6 8 10 12 14 16" 18 20 22
18 97 49 | 373 | 117 149 263 | - 20 25 | -159 23
16 - 13 23 | 183 | 159 203 | - 93 73 | -106 |- 33 |- 49
14 62 11 42 | 199 155 27 | - 44 | =148 |- 95 |- 83
12 16 50 |- 18 | 170 99 20 | =115 | -152 |-148 |-174
10 12 40 |- 20 93 18 | - 10 | =120 | =165 |- 87 |- 72
8 - 81 38 70 20 31 - 9| -73|-114 34 2
6 972 20 |- 10 2 2 0 19 37 34 2
5 - 60 23 |- 75 8 2 11 25 38 9 |-133
z 45 26 |- 10 8 5 e 16 0|- 5 3

Table 9 p-equation; 100x time derivative/gradient in

wave action




s, 2 4 6 8 10 12 14 16 | 18 20 22
18 | 1= 1 0 0 ! -3 -3 0 -3
16 0 1 0 - 1 |-2 2 -4 -2 0 = ]
14 0 0 0 - 2| -2 3 -2 -2 0 13
12 - 0 0f- 3|-2 0 3 6 16 40
10 - 6 |- 5 |- 6 |- 4 0 2 9 75 56 67
8 O [-13 |-17 |- 4| -2 6 17 41 91 53
6 18 9 5 5 15 3 0 -15 -48 =35
4 36 7 1- 5 7 o 3 2 - 8 -21 -15
2 9 10 |- 4 18 15 5 6 5 0 0

Table 10 p-equation; 100x convection/gradient in wave action




] 2 4 6 8 10 12 14 16" 18 20 22
18 39 [-15 [-37 -52 | -33 -21 6 -14 -15 19
16 -17 |-18 [-37 -26 | -14 7 10 - 8 -22 -18
14 8 |-19 |-28 -5 4 24 24 15 -1 10
12 -11 |-14 |-5 15 o3 44 54 44 28 -23
10 -35 |- 7 25 38 45 65 76 63 46 3
8 -40 41 50 55 58 63 63 42 15 -5
6 14 42 41 41 43 42 42 45 43 -6
4 11 11 7 6 5 1 -1 -4 -1 = 9

2 -1 |-4 |-7 -7 1 -8 -10 -12 -13 - 8 -2
Table 11 p-equation; 100x viscosity terms/gradient in wave action




AU ERERE 8 10 12 14 16 | 18 20 | 22
18 4 6 6 6 6 7 7 6 5 3
16 2 4 5 6 6 7 A 7 5 3
14 3 4 6 6 7 7 8 8 7 3
1.2 0 3 5 6 6 7 7 7 5 0
10 =3 0 0 0 0 0 0 = 2 -4 -6
8 = i =13 =14 -16 18 ~20 =21 =24 =23 =13
6 2 21 23 24 26 27 27 27 22 6
4 i 26 27 28 29 28 27 23 5 1
2 13 22 22 22 22 19 15 7 1 =i

Table 12 p-equation; 100x bottom friction/gradient in wave action




e e d 4] 8] 10 12 14 | 16| 18 | 20 | 22
18 =239 395 |(-442 =170 =222 179 = 89 =114 =31 1 -446
16 41 140 |-251 -238| —-294 —-188 -186 10 - 67 =107
14 =173 20 =120 ~298 | -263 —-155 - 86 26 — - 7B
12 ~239¢ |~ 38 - 8l ~288 | =225 =171 - 49 = 5 - 54 - 34
10 ~ 67 |- 61 |- 99 |~-227| <162 | ~157 | - 65 |~ 22 | = 50 g
8 25 |- 76 |-125 =156 -135 =139 = 85 - 45 =1 195 - 64

6 =135 =192 [-158 -169| -167 -166 -188 =] 93 =152 - 66

4 =~ B3 |=167 |-122 -149 | -148 -144 ~153 -148 =102 = g

2 =165 =153 |~100 -142| -134 ~1.36 =125 =100 - 89 - 99
Table 13 p-equation; 100x pressure head/gradient in wave action




I K 2 4 6 8 10 12 14 16° 18 20 22
18 =I'E7 75 | —55 37 140 169 178 107 122 113
16 - 60 63 | -26 18 75 74 73 113 153 121
14 - 63 26 11 -9 28 |- 2 40 76 73 97
12 - 54 8 40 1 [= 21 - 8 20 23 4 34
10 - 21 9 36 | =6 (=15 [~ 4 11 — 23 |~ 32 |- 66
8 12 4 g8 | -6 | 2 [—28 34 ~ .31 d= Gl -109
6 ~ G j~di| =2 |=~58 |- B 2 3 5 12 19
4 = F | =8 ) =7 = 9 = g 0 3 0 |= 3
2 =~ 8 |=5 =3 | = 7 13 10 m o f= F e |3

Table 14 g-equation; 100x time derivative/gradient in wave action




= —
3 2 4 6 8 10 12 14 16 18 20 22
18 0 0 0 0 0 0 2 3 5 10
16 0 0 0 0 0 1 3 3 7 20
14 2 0 0 0 0 1 2 4 10 27
12 3 0 0 0 0 0 0 2 8 24
10 4 0 1 0 0 0 = i =3 = B 4
8 2 0 2 0 0 = 2 = § =12 -24 =15
6 0 0 0 0 0 1 2 4 6 4
4 2 0 0 0 0 0 1 2 1 0
2 0 0 0 = 2 -1 0 0 0 0 0
Table I5 g-equation; 100x convection terms/gradient in wave action




Py 2 4 6 8 10 12 14 16 18 20
18 0 -7 |-8 -3 -7 | -1 -14 -15 ~18 -38
16 3 -5 0 0 -6 | -1 -7 -2 -11 -43
14 2 -4 3 0 -6 | -1 5 5 -6 ~44
12 0 0 2 0 -1 9 11 12 4 -27
10 2 4 2 5 12 13 16 18 13 -13
8 7 1 | 10 16 20 20 20 21 19 5
6 2 -3 |-4 -5 -5 |- -4 -5 -5 -7
4 2 2 0 0 0 0 I 0 - 1 - 3
2 2 g 0 0 1| =1 0 0 0 0

Table 16 g-equation; 100x viscosity terms/gradient in wave action
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Table 17 g-equation; 100x bottom friction/gradient in wave action



N 2| 4| 6 | 8 10 12 14 16 | 18 20 | 22
18 15 | =168] = 37 -133| -231 -254 | -260 | -190 | -202 | -176
16 = 47 | =158] = 73| =117 | =167 | —161 -165 | =209 | -241 ~-184
14 =44 | ~123) -114| ~ 91| —-121 —~95 | -143 | —179 | =167 |—16&
12 = B3 | 110§ ~1e2 ) ~40Z) - 3 | =115 | <128 | <133 | =101 |1t
10 -102 | -117] -140| -100| - 97 | -109 | -102 | - 88 |- 66 |- 4
8 =129 | =126 =122 | =104 =123 | =95 | -84 [=79 | = 38 34

6 = G - 90| -90| - 87| - 91 =95 | - 97 | =103 | =113 (=118

4 =95 | — 90| - 89)—~ 88| -~ 90 | —97 | -102 |-10D3 |~ 99 |- 95

2 = g - 94| -84 — 90| -104 | =112 | =110 | =95 {| = 9] - 87
Table 18 g-equation; 100x pressure head/gradient in wave action
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APPENDIX A CONTINUITY EQUATION AND EQUATIONS OF MOTION

The equations of the mathematical model for unsteady wave driven coastal
currents averaged over depth and wave period are presented and discussed in
[12]. Here only a summary will be given. The continuity equation and the

two momentum equations are:

ah , 9p , 9a _
5t " x T By - 0 (a:1)
oz
B, D o, D ah , %
at " ox (p*/h) + oy (pg/h) + gh (ax * X ) *
1 BSXX BSXy i BbTXX BhTXy
= o —_— + _—— =
TSX/D + Tbx/o + % ( 7P 3y ) m ( e 3y ) =0 (A.2)
oz
°og ., 9 9 . 2 oh by _
5 ' (pq/h) + 3y (q°/h) + gh (ay + ay) Tsy/p *
] BSXy BSyy 1 BhTXy 3hTyy
i RS N — —_ — —_ —]
where:
h = mean water depth m
Ps q = volume transport in x- and y-direction m?/s
g = acceleration due to gravity ms 2
zy = bottom level above reference level m
T_..sT__ = shear stress at the surface N/m?
sx’ sy
- 2

Tbx’Tby bottom shear stress N/m
o) = fluid density kg/m’
SXX etc = components of the wave action N/m2
T, €tc = components of the effective stress N/m?

The general formulation for the effective stresses is given in [12]. The applied
coefficients for bottomfriction, lateral mixing and wave action are specified for

each condition in the text.
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APPENDIX B ANALYSIS OF THE DRIVING MECHANISMS IN THE CURRENT FIELD

In order to obtain insight in the relation between the various driving
mechanisms in the current field in a closed wave basin the current field
will be subdivided into a first order and second order current field. The
first order current field is related to oblique incident waves and an in-
finite long straight beach with parallel depth contours. The second order
current field represents the additional current field due to the effects
of a closed basin. If the coast is parallel to the x-axis then the follow-

ing definitions can be used

u (%y) =u () +u (%) (B.1)
v (x,y) = v, (%y) (B.2)
h (x,y) =h (y) +h (x,y) (B.3)
2y (%,5) =z, (¥) (B.4)

Remembering the definitions of p and q

p = uh (B.5)
q = vh (B.6)

then the following first and second order differential equations can be

derived from (A.1) through (A.3).

first order equations

oh

(o] 0 _
-*é-E— . g (U.Oho) — O (B-7)
S(uoho) | BSXX BSXy
ot " E-( ox " dy yE Iumaxl = The
3 Buo
1 BSXy aSYY Bho szo
o T Ty TER Gy ) <O £
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second order equations

oy 5 3
5 + 5;-(110}1I + hou]) + 5;—(hov]) = 0 (B.10)
—a—(hu +uh)+i(2uhu +u2h)+i(uhv)+
at o 1 o 1 3% oo 1 o1 3y S o ol
3 )
te ho (5§—h1 * Eg-zbi) Tl Iumaxl ul *
du ov ov au

1 ] 1 1 ] 1 1
- 5{§§ (ho . (§§_ oy 2 5§'Cho . (5;_ ® oy 13 -+

3 auo
+§§(h1 ga_y )} =0 (B.11)

5 3 Ay P
5 B¥p) o g vy) ey GF *5 0t
oh oz
] bl
T8 ho (55_ " oy s ’umaxJ P T
ov du v au
1 9 1 1 9 1 1
5{5;3106(8?4-5}?_-)4-3;}10&(@— W)-i_

3 Buo 5 auo
+ ——'(h] > 5;-) = _§'(h € ———)} =0 (B.12)



APPENDIX C DERIVATION OF THE VORTICITY EQUATION IN STREAMWISE CO—ORDINATES

The equations of motion expressed in terms of u, v and h can be obtained
from (A.2) and (A.3) by using the continuity equation and division by h.

The resulting equations are

oh d (uh) - d(vh) .

Tt T Tix 3y 0 (g1
Ju du du oh Bzh
3 T Ukt Vay T EGR T o)t T/ (P ¢+
5 3
+ F h) - 4.2 —(ht h) =0 C.2
X/(p ) {ax{thx)+ ay( Xy)}/(p ) (C.2)
ov ov ov oh sz
g T Uae Vay + 8(§§'+ §§—) + Tby/(ph) +
VT /(ph)—-{iichr ) + (it )}/(pa) -0 c.3)
y 0X ' Xy 9y yy
where
BSXX BSXY
Fx T Tax 9y (C.4)
Bsyy asxy
vy "%y Y ax (€.5)

The viscosity terms will be approximated for simplicity as follows

d 9 BTxx aTxy
T (M) 35 () = {2 4 X } o)
3 5 BTXy BTyy
ax (Myy) ¥y (Tyy) = h{*ax— ' Ty} e

while £ will be assumed to be constant.
The vorticity will be defined as the anti-clockwise rotation of the
diagonal of a fluid element

dv _ du

LU:—

dx oy (C.8)

The vorticity equation in x and y terms can be obtained by taking the

x-derivative of (C.3) and subtracting the y-derivative of (Gs2): After
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some rearrangement follows inside the breakerzone

S . ) 2w, , B (F /()Y = o {F_/(oh)} +

) g € 0% , 9%w, _

* a5 {Tby/(ph)} e {Tbx/(ph)} 0 (——; & ——;) =0 (c.9)
ax ay

It has been shown in paragraph 5.2 that outside the breakerzone the

first order pressure terms balance the wave action term

| BSXx Bsxy oh szo

E-( 3% —§§_) =8 h0 (Bx ¥ % ) =0 (C.10)
1 BSXY BSyy Bho 82b0

5o Ty ) TR Gy ) = O e

This implies that outside the breakerzone the x-derivative of (C.11) and
the y-derivative of (C.10) are zero. The x- and y-gradients of the second
and higher order pressure terms cancel because of the asymmetry of these
terms in the equations of motion. The vorticity equation outside the

breakerzone becomes

aw + d (uw) x d (vw) 4

3 3
e {Tby/(ph)} " oy {Tbx/(ph)}

ot ax ay
2 2
E 3
ox? By2

The convective terms can be rewritten as

%1 {%(uhw) + %(vhu))} @

() + %(m) -

w  dh dh
—E{US—£+V§'§} (C:13)

Define a stream function as follows

uh = i vh = - o (C.14)

dy

then the first term on the right hand side of (C.13) can be rewritten as
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1

{éé(uhw) + g%(th)} _ ] {Bw dw Ay Bw} _

h h "3y 3x  3x 9y
1 o
=-ferad ¥ x grad w = U§§ (C. 15)
The second term of the right hand side of (C.13) follows similarly
3h , 8h _ 1 By dh _ By 3h
Uk T Yoy T {By 9x  9x By}
i _ b
B grad ) x grad h = Uas (C.16)

The result of the convective terms in streamwise co-ordinates is according

to (C.13), (C.15) and (C.16)

9 9 _pde_wdhy 3w
a () + gg{vw) = U{as m5s 1 = Uh 55 () a1
For the bottom friction a linear friction law will be assumed, while the

wave motion will be approximated with the shallow water theory

%-Tbx = Ic % Ygh' u (C.18)
1 . i B ol
5 Tby = 3C E gh v (C. 19)

The bottom friction term in (C.9 ) becomes with (C.18) and (C.19)

ji'{T /(ph)} = ji‘{T /(oh)} = lc H 2 {ji(v b_l%) _
0x by g 9y = bx e : g° 153

3 11

ay(u h

)} (c.20)

Using the same approach as before (C.20) can be written as

[e P}

h
*H} (C.21)

rol o
=gl o

9 e il = 1 H, 8 3
= {Tby/(ph)} 5y {r,/eh)} = jc @ E* o+
In the derivation use has been made of the following equality

oh ~ oh _ _ 1,9 3dh 3y 3hy _ _ 1 oy O
Vax Iy h {Bx 9x * dy 9y E-(grad V. grad Ty = U‘gﬁ (C.22)
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The resulting vorticity equation in streamwise co-ordinates using

(C.9), (C.16) and (C.22) becomes

(gh)%

L w0, @ B 3B b 120
a3t T @ @ U ity G gt
€\ ,0% . 9%w, _
-Gt ) =i (C.23)

9x? dy?
The viscosity term has not further been elaborated because in the appli-

cation of (C.23) it will be assumed that £ is zero.
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APPENDIX D VISCOUS CIRCULATION FLOW

The fluid motion in a steady circulation flow is governed by three

elements
a viscosity
b bottom friction

¢ a constant velocity at the boundary.

This motion is comparable with the movement of the fluid in a rotating

cylinder. This problem can easily be analysed in cylindrical co-ordinates.

radial velocity u_

2
au_r E—i—i@.g,_i).:—l@-y
3t ' % Br r 30 T p or
u du
2 - _r _ jL Oy _
+\)(Vur 5 28@) cou (D.1)
r r
tangential velocity uy
ou ou u. Ju u
ML, M,% M, Y _ 13,
ot r ar r 90 r r pr 90
du u
2 2 _r _ 6y _
+ v (V ug + > 30 ) c ug (D.2)
where
1 ) 2
v:{v - ;aa_r (I' %) + ]_B—V (D.B)
% 502

For these equations of motion the following assumptions have been made:

- incompressible fluid
= no body force
— constant viscosity coefficient

- linear bottom friction law (c = constant).

For the two-dimensional stationary fluid motion in the rotating cylinder

the following conditions will adhere
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- no change of velocity with time Cg% = 0)
- radial velocity is zero (ur = 0)

- radial symmetric fluid motion (g% = 0).

These conditions are applied to the equations (D.1) and (D.2) and lead to

the following expressions

2
u
©_120p
T p or (D.4)
Ju u
13 By . By _ _
v {; a—r(r E_) rz} @G, = 0 (D.5)

The fluid motion follows from (D.5), while the slope of the mean water
level can be obtained from (D.4).
The velocity ug is not a function of r only. Working out equation (D.5)

yields after division by v and multiplication by r .

dzuO due o
r? Foxoge=- (1 + G—rz) ug = 0 (D.6)

Introduce the following new variables

hal—

z = 1) (®.7)
Y ug = ug (D.8)
where ug = ug if r=§R (D.9)
From (D.6) follows

zzdz—y+z%-(zz+1)y:o (D.10)

dz?

This is a modified Bessel equation.






