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ABSTRACT

To study sediment suspension above ripples under the combined action of
waves and currents, a three-dimensional numerical model has been developed
based on the use of FLUENT software, and an external sediment transport
model. The computer model has been tested against laboratory measurements
involving oscillatory wave motion, as well as cases of co-linear waves with
following and opposing currents, with satisfactory results. Compared with the
situation in which only waves are present (called waves-alone cases), the effects
from the steady current on both vortex shedding and sediment suspension
above ripples have clearly been revealed by the model results. In particular, the
vortices generated in combined waves and currents tend to stay low in the
trough area of the ripple and are ejected earlier than those in the waves-alone
case at both the ripple crest and trough, which leads to concentration peaks at
different phases and with different magnitudes. The model was also applied to
a field case from a multi-barred, dissipative beach at Egmond-an-Zee, in the
Netherlands, to investigate the influences of a long-shore current on cross-shore
sediment transport. The model results show reasonable overall agreement with
the field measurements, as well as the important effects of the three dimensional
flow structure on the sediment entrainment process close to the ripple surface,
which is very difficult to observe in such detail in field studies.

Keywords Coastal boundary layer, coastal morphology, mathematical mod-
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INTRODUCTION

The state of knowledge of sand transport above a
rippled bed subjected to oscillatory wave motion,
combined with a steady or unsteady tidal or other
current, is still far from satisfactory due to the
complexity of the interacting processes in the
wave boundary layer, and has hindered progress
in improving methods for sand transport rate
prediction in the coastal region. In contrast to a
flat bed, the distinctive feature of the oscillatory
boundary layer above a rippled bed is the shed-
ding of vortices within each half wave cycle,
which enhances the sediment suspension pro-
cess. A number of experimental studies have been
conducted recently in order to study these
important mechanisms. For example, O’Donog-

hue & Clubb (2001) noted the similarity of ripple
characteristics due to regular sinusoidal waves
and second order Stokes waves with equivalent
wave period and root-mean-square values of the
near-bed orbital velocity. Faraci & Foti (2001)
investigated sand ripple generation under mono-
chromatic and random waves, and suggested that
wave irregularity was of less importance to
equilibrium ripple geometry. Sistermans (2002)
carried out a series of experiments in a large-scale
flume to study ripple formation due to random
waves with graded sediment and suggested a
wave-period-averaged linear distribution of sedi-
ment diffusivity through the water column. Direct
measurements of sediment suspension above a
rippled bed were also reported by Thorne et al.
(2002) with the aim of defining sediment diffu-
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sivity throughout the water column under various
wave conditions. Van der Werf (2006) investi-
gated wave-induced sand entrainment from
asymmetrical vortex ripples in a prototype-scale
water tunnel with intra-wave period measure-
ment of sediment concentrations and flow velo-
cities under regular second order Stokes waves.

In order to properly represent the organized
momentum exchange and the associated sedi-
ment transport due to vortex shedding, a number
of numerical models also have been reported in
the literature. Two-dimensional (horizontal and
vertical space coordinates involved, called herein
2DV) and three-dimensional (3D) numerical
boundary layer models have become increasingly
popular in recent years due to rapid develop-
ments in computing technology (e.g. Sleath,
1984; Sato et al.,, 1986; Blondeaux & Vittori,
1991; Kim et al., 2000; Malarkey & Davies, 2002;
Watanabe et al., 2003; Barr et al., 2004; Eidsvik,
2006). The majority of these studies are, however,
restricted to situations involving only waves. A
limited number of studies have been carried out
for situations involving waves and currents act-
ing together on a bed of mobile sediment, partic-
ularly at the field scale (e.g. Andersen & Faraci,
2003). Li & O’Connor (2000) and Li (2004)
developed a new 3D boundary layer model to
simulate the detailed flow structures and related
sediment transport rates in combined waves and
currents above a range of different types of
bedforms, including ripples and dunes. The
model was tested against a range of available
laboratory and field measurements for flow situ-
ations involving waves, currents, and waves
combined with currents and was shown to give
good results with respect to both flow character-
istics and the sand concentration profile above
various bedform shapes. Details of the model
verification and validation procedures can be
found in Li (2004). Li et al. (2006) further tested
the model against data on equilibrium bed
roughness and spatially-averaged near-bed con-
centrations also with good results.

In the present study, the Li ef al. (2006) model
has been further tested using measurements of
sand transport over vortex ripples, at both labor-
atory and field scale, to reveal the influence from
a steady current on the oscillatory flow structures
and the sand entrainment from the sea bed. The
formulation of the numerical model is described
briefly in The Numerical Model section below
while details of the model results and discussion
of the test cases are presented in the Model Result
section.

THE NUMERICAL MODEL

The boundary layer model of Li et al. (2006)
simulates 3D flow structures and sediment trans-
port processes above each individual ripple at the
sea bed. The Reynolds-averaged fluid momentum
equations are solved using the CFD FLUENT
software (Dvinsky, 1987). The model can use a
range of turbulence closures. However, previous
work of Li & O’Connor (2000) has compared
different closures with experimental results and
found that a Reynolds stress transport model
(Launder, 1989) gave realistic results for the low
Reynolds number flows encountered within the
trough region of the bedforms tested. It should be
noted that the closure used standard turbulence
model coefficients without any special tuning for
each individual case that was tested. In order to
represent oscillatory wave motion in the model,
an external oscillatory-body-force approach was
used, similar to that used in the 2DV model of
Fredsge et al. (1999). Near-bed orbital velocity
was approximated by second order Stokes’ theory
as follows:

U, = U, cos ot + U, cos 2wt (1)

where U, is the free stream velocity, U; and U,
are the first and second order orbital velocity
components, o is the angular wave frequency and
t is time. Details of the U, and U, velocities used
for each test case can be found in Tables 1 and 2.
Wave and current interaction for cases involving
combined waves and currents was dealt with by
adjusting the water surface slope in the model
after integration over each wave period.

Once the necessary hydrodynamic information
was obtained, the instantaneous suspended sedi-
ment concentration was predicted using a 3D
mass continuity equation:

oc oc dc oc
E—Fua—x—i—vg—k(w— Wf)a
0 dc
= & <8X8X>
0 dc 0 dc
om) ta ) @

where c is the concentration of suspended sedi-
ment; u, vand ware fluid velocities in the x, y and
z directions; wy is the settling velocity of a
sediment particle in the z direction; ¢, ¢, and ¢,
are diffusion coefficients in the x, y and z
directions, respectively (taken as the same as the
effective viscosity computed from the turbulence
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Table 1. Test conditions for

Villaret & Perrier (1992) Test T35 T36 T38
experiments. Water depth, h (m) 11 11 11
Wave period, T (sec) 15 15 15
Wave height, H (m) 0-232 0-188 0175
Free stream amplitude, a (m) 0-072 0-058 0-054
First order orbital velocity U; (m sec™}) 0-3 0-243 0-226
at 35 cm above the bed
Second order orbital velocity U, (m sec™) 00 00 00
at 35 cm above the bed
Median sand size, dso (mm) 0-09 0-09 0-09
Maximum free stream velocity to - 14 -1-3
current velocity ratio, U,/U,
Bed form height, A (m) 0-:007 0-006 0:006
Bed form length, 4 (m) 0-048 0-050 0-048
Bed form steepness, A/4 015 0-12 013

Table 2. Parameters for the Saulter et al. (2000) 3D
field tests.

Wave peak period, T}, (sec) 92
Significant wave height, H (m) 0-155
Water depth, h (m) 062
Free stream amplitude, a (m) 0-445
First order orbital velocity U, (m sec™) 0-35
at 0-18 m above bed
Second order orbital velocity U, (m sec™) 0-095
at 0-18 m above bed
Long-shore current velocity (m sec™) 0-14
Current angle, 0 (°) +90
Median sand size, dsq (mm) 03
Bed form height, A (m) 0015
Bed form length, /4 (m) 0:09
Bed form steepness, A/A 0-17

model), x and y are horizontal coordinates in the
cross-shore and long-shore directions, respect-
ively, and z is the vertical coordinate measured
upwards from the sea bed.

Periodic boundary conditions are introduced at
the side boundaries along the two horizontal axes
to represent the fully-developed turbulent flow at
each end of the computational domain. At the
sea bed, the velocities and turbulent kinetic
energy are taken to be zero. A gradient boundary
condition similar to the Fredsge & Deigaard
(1992) approach was applied to represent sedi-
ment entrainment from the bedform surface:

o ac J—

625, = ~WfCa (3)
where ¢, is the near-bed reference concentration
given by Engelund & Fredsge (1976), which is
applied at 2dsq above the bedform surface, and
dso is the median grain size. At the mean water
level, a no-stress boundary condition is used for

the hydrodynamic calculation. The sediment
concentration is computed based on a no-flux
boundary condition, i.e.:

oc

b2 = ~WfC (4)

The bedform surface is represented as a fixed
wall at the bottom of the computational domain;
typically three bedforms are included in the
model simulation. The skin friction roughness
of the bedform surface is specified as 2-5d5,. The
sediment fall velocity is computed using the
method of Van Rijn (1993). Following Meyer-
Peter & Miiller (1948), the instantaneous bed load
transport rate is computed from the equation:

Qb=8(|0|—00)3/2[(8—1)gd503]1/2% for |0] > 0,
(5a)
qp=0 for 0] > 0,
(5b)

where g, is the instantaneous bed load transport
rate, 0 is the Shields’ parameter defined as
0 = u?//(s — 1)gdso, s is the relative density of
the sediment particles, uyis the shear velocity at
the bed surface and g is the acceleration due to
gravity. The critical Shields’ parameter also con-
tains a modification to allow for the effects of a
sloping bed on initiation of motion.

The fluid momentum and mass conservation
equations are solved by the finite volume method
with a QUICK (Leonard, 1979) interpolation
scheme. The sediment mass conservation equa-
tion is solved by an implicit finite difference
method on the same curvilinear, orthogonal grid
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as used for hydrodynamic calculations. Further
details of the modelling system and the numerical
method can be found in Li (2004).

MODEL RESULT

The numerical model has been tested against a
range of laboratory measurements with overall
good agreement, as indicated above. In the present
study, the results of modelling the laboratory
data from Villaret & Perrier (1992) are presented.
These particular data involve waves on their
own (called waves-alone) and waves combined
with a co-linear current. The second case consid-
ered is the field study of Saulter et al. (2000)
at Egmond-an-Zee (the Netherlands) for wave
action in the presence of a long-shore current.

Villaret & Perrier (1992) test

Villaret & Perrier (1992) carried out a series of
experiments involving waves-alone, and waves
with a co-linear current above a rippled bed in a
wave flume of the Laboratoire National d’Hydrau-
lique, France. In the experiments, three ultrasonic
velocimeters and an optical turbidity probe were
used to measure the instantaneous horizontal
velocity component and the sediment concentra-
tion. Suction samplers were also used to collect
data on the wave-period-mean sediment concen-
trations. Three test situations were selected for
the testing of the present numerical model:
waves-alone, T35; waves-with-a-following-cur-
rent, T36; and Waves-with-an-opposing-current,
T38. Details of the experimental conditions for
these tests are listed in Table 1. During these
tests, however, small reflections from the end of
the flume were also detected, but these were
typically less than 10% of the incident wave
height and were not considered in the model
simulation. The sediment material used in the
experiments was uniform fine sand with a
median diameter of 0:09 mm and a fall velocity
of 7:0 mm sec”'. Two-dimensional ripples were
found for small wave periods (1'5 sec) but tended
to become three-dimensional for longer wave
periods. However, as no detailed description of
the ripple geometry was presented by Villaret &
Perrier (1992), the shape of the vortex ripples was
represented in the model by a simple 2D hyper-
bolic exponential function, following Sleath
(1984). It should also be noted that in the case
of waves combined with a current, the ripples
will move slowly in the direction of the current.

Such effects, however, have only a small influ-
ence on sediment concentrations within the water
column and are neglected by using fixed ripples
in the model tests.

The model was set up for each case using a
numerical grid composed of 60 cells in the
horizontal direction over each ripple length (in
total three ripples were used) and 60 cells in the
vertical direction throughout the water column.
The typical time step for the tests was 1/100th of
the wave period to ensure numerical stability. For
the waves-alone case, T35, 20 wave cycles were
required for the numerical solution to converge.
However, for the waves-with-current cases, T36
and T38, the time integrations were carried out
for 150 wave cycles until the difference between
the solutions for successive wave cycles was
small and the cycle-averaged flow discharge was
close to the value in the experiments (i.e. differ-
ences less than 0:1%).

The computed results for the waves-alone case
(T35) are compared with the measurements at
6 mm (about one ripple height) above the crest
level at the crest and the trough in Fig. 1,
including the horizontal velocities within the
top panel and sand concentration within the
bottom panel. It is evident from these figures that
the predicted horizontal velocity at both posi-
tions agrees well with the measurements. As the
comparison is made far above the ripple surface,
the influence from the ripple bed on the flow
velocity is not obvious in this figure. In the
sediment concentration comparison panels of
Fig. 1, however, two large peaks corresponding
to the vortices shed during the time of flow
reversal are clearly seen at both crest and trough,
i.e. at around 0-25 and 10 sec at the crest and
0-35 and 1-1 sec at the trough. Another smaller
concentration peak also is found immediately
after this maximum concentration peak for every
half cycle, i.e. at around 0-45 and 12 sec at the
crest and 0-6 and 13 sec at the trough, which is
believed to be due to the sediment trapped in
vortices from neighbouring ripples passing
through the observation point. Comparable fea-
tures can also be found in the tests of Nakato
et al. (1976) and in the recent experimental
results of Van der Werf (2006). However, unlike
the example of Nakato et al. (1976), the concen-
tration time series in the present model results
remain constant in the water column for a longer
period between the first and second half wave
cycle without obvious reduction. A third small
peak is also found at around 0-75 sec during
such a ‘calm period’, especially in the trough
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Fig. 1. Comparison of computed and measured intra-wave-period flow velocities and sediment concentrations for
the waves-alone case (T35) of Villaret & Perrier (1992) at 6 mm above the crest level.

area. These differences between the Nakato et al.
(1976) results and the present model results are
believed to be largely due to the use of much
finer sediment in the present tests compared
with that (dso = 04 mm) in Nakato et al. (1976).
In addition, the orbital excursion for the present
test is larger than one ripple length (a = 1-51),
while in the experiments of Nakato et al. (1976)
it is less than one ripple length (a = 0-91).
Therefore, the stronger orbital motion of the
fluid will bring more sand particles from the
neighbouring ripple crest, which leads to the
longer period of high sediment concentration.
Comparison of the crest and trough concentra-
tion time series shows a very similar pattern,
except that the peaks are delayed by some
0-25 sec because of vortex advection processes.
As far as the model-data comparison is con-
cerned, the model results follow the measure-
ments reasonably well above the crest, although
high frequency oscillations are found in the
model results but not in the measurements.
Above the trough, the model predicts concentra-
tion peaks ahead of the measurements while the
modelled peaks corresponding to the maximum
orbital stroke are absent from the measurements.
This lack of correspondence is probably due to
the 2D ripple geometry being used in the model.
However, the limited number of sampling points
throughout a wave cycle in the measurements
also makes it difficult to identify any short-term
variations in concentrations from the experimen-
tal data. Finally, there was a weak near-bed
current in the along-tank direction during the

experiments, which will also affect the sand
suspension processes and is not included in the
model simulations.

The wave-period-averaged and ripple-length-
averaged (along the horizontal direction) suspen-
ded sediment concentrations and the horizontal
transport flux (u x ¢) per unit width throughout
the water column are compared with the meas-
urements in Fig. 2. The predicted concentrations
are found to decrease exponentially above the
ripple crest level with the increase of distance
from the ripple crest. In respect of the transport
flux, a sharp onshore (positive x-direction) sand
flux can be seen near the ripple crest level with a
relatively smooth offshore flux higher in the water
column. Such a sharp onshore peak is believed to
be related to wave-induced mass transport as
discussed in Davies & Villaret (1999). Above some
five ripple heights (>0-05 m), the transport flux
reduces to near zero for this particular test, which
agrees well with the findings of Davies & Thorne
(2005). During the horizontal spatial-averaging
process, the concentrations below the ripple
surface were not included. As a result, the
sediment concentration and hence the transport
flux below the crest level are obviously less than
that near the crest level. By comparison with the
measurements in the lowest 0:02 m region of the
water column above the crest, the overall aver-
aged errors of the predicted concentrations and
sediment fluxes within Fig. 2 are less than 21%
and 35% of the measured values at the crest and
trough, respectively, and are considered to be
satisfactory. It is also clear that the maximum
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Fig. 2. Comparison of the depth-distribution of computed and measured wave-period-averaged and ripple-length-
averaged sediment concentrations and total sediment flux profiles for the waves-alone case (T35) of Villaret & Perrier

(1992).

onshore transport flux near the bed is under-
predicted by about 25%. Apart from any three-
dimensional bed geometry effects across the
width of the flume, such divergences may also
be related to the weak residual current flow found
in the flume, as indicated above.

When a current is present, it is expected that
the current flow will alter the dynamics of the
vortices and the resultant sediment suspension
will differ from the waves-alone case. In partic-
ular, the strength of the vortices will be asym-
metrical from one half cycle to the other: a strong
vortex will be generated in the current direction
and a weak one in the reverse direction. In
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addition, the generation of vortices around the
time of flow reversal will also be affected by the
current. These changes can be seen clearly in
Fig. 3 which shows the computed sediment con-
centrations at 6 mm above the crest level at the
crest and trough for the case of waves-with-a-
following-current (T36). At the crest, two signifi-
cant large peaks can be seen corresponding to the
vortex shedding from the back of the ripples
immediately after the time of flow reversal (at
around 05 and 1-2 sec). The peak in the second
half wave cycle is smaller than the one in the first
half cycle due to the fact that the current reinfor-
ces the vortices during the first half cycle as they

o
e
&
-
-
&)

Time (sec)

Fig. 3. Comparison of computed and measured intra-wave-period flow velocities and suspended sediment con-
centrations for the waves-with-a-following-current case (T36) of Villaret & Perrier (1992) at 6 mm above the crest

level.
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are in the same direction and, when the vortices
are ejected, more sediment will be carried away
from the ripple surface. The asymmetry of the
vortices is seen more clearly at the trough where
the peak corresponding to vortex ejection in the
second half cycle (at around 1-0 sec) is much
smaller compared with the one in the first half
cycle (at around 0-25 sec). In a similar manner to
the T35 case, a smaller peak just after the first
large peak in each half cycle can still be seen
above the crest (at around 0-75 and 1-3 sec),
which is due to the ejected vortices from the
neighbouring ripple passing through the observa-
tion point. Again, these peaks can also be
observed in the trough but with a temporal offset
(i.e. at around 0-6 and 1:25 sec). In addition to the
asymmetry of the vortices, Fig. 3 also indicates
that the concentration peaks at the crest occur
after they do within the trough area; in contrast to
the waves-alone case, T35 (Fig. 1), where the
peaks at the crest are found to occur before those
in the trough. This pattern is apparent for the first
peak at around 0-5 sec above the crest in Fig. 3.
The reason behind such a difference between the
waves-alone case and the combined waves-with-
current case is the fact that, in the combined
flows, the inertia of the current suppresses the
weaker upwards growth of the vortices around
the time of flow reversal. As a result, the sediment
cloud stays closer to the ripple surface before the
ejection, unlike the waves-alone case in which
the vortex can grow upwards freely. Subse-
quently, the cloud gives a concentration increase
at the observation point in the trough area first
and then moves on to give an increase at the crest.
This effect can be seen more clearly in the later
comparison of intra-wave sediment suspension
for the waves-alone case and combined flow in
Fig. 10. In both panels of Fig. 3, the general
agreement between predicted and measured data
is considered to be reasonable. However, the
measurements in both panels (Fig. 3) are domin-
ated by the pronounced peak in the first wave half
cycle and the concentration variations in the
second half wave cycle are less clear. In the same
way as in the waves-alone case, the high fre-
quency oscillation of the concentration time
series from the computed results is also not
found in the measurements. Another reason for
these divergences is probably the asymmetrical
ripple profile of the experiment, which is likely to
be affected by the current, compared with the
symmetrical ripple shape used in the model
study. In addition to such uncertainty, the spatial
three-dimensional variation of the bed geometry

and the movement of ripples also contribute to
these differences between the model results and
the measurements.

The wave-period-averaged and ripple-length-
averaged sediment concentration profile for
test T36 is compared with the measurements in
Fig. 4. The overall agreements are satisfactory
(error < 25%), but the over-prediction below
0-02 m and under-prediction just above this level
can still be seen. By wave-period-averaging and
ripple-length-averaging the total transport flux,
Q(z) per unit width can be found from the model
results for this case. Similarly, the current-related
transport flux Q.(z) also can be found by taking
the product of the wave-period-averaged and
ripple-length-averaged velocity and sediment
concentration. The wave-related transport flux
per unit width Q,(z), however, needs to be
derived explicitly from the total transport flux
and current-related one, i.e.:

where ( ) denotes a wave-period-average operator
and A is the ripple length. These three fluxes are
compared with the measurements in Fig. 5. It is

01 1 | 1 | 1 | 1

T36
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Z (m)

Crest lewal

0 5 10 15 20
Concentration (g I-')
Fig. 4. Comparison of computed and measured wave-
period-averaged and ripple-length-averaged suspended
sediment concentrations for the T36 case of Villaret &
Perrier (1992).
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Fig. 5. Comparison of the depth-distribution of computed and measured wave-period-averaged and ripple-length-
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(1992).

evident that the current-related sediment flux Q,
above the ripple crest level is always directed
onshore (the current direction) and is in contrast
to the wave-related transport flux where a signi-
ficant amount of sediment is transported offshore
higher in the water column: an onshore flux only
exists very close to the ripple crest level. As the
wave-related transport is small compared with
that of the current-related transport, the total
transport flux is in the onshore direction. This
result indicates that the wave oscillatory motion
entrains the sediments, while the current is
responsible for the net transport process in the
direction of the mean flow. The wave-related
transport part, therefore, can be seen as being less
important in the present case. Overall, the pre-
dictions are quite reasonable when compared
with the laboratory data in terms of both transport

fluxes: the error for the total transport flux being
less than 20%. The wave-related flux, however, is
under-predicted at around the two to three ripple
heights level (0-02-0-04 m) as indicated in
Fig. 5C. Such divergence is related to the over-
predicted sediment concentration during the
onshore flow period, as shown in Fig. 3, which
leads to less offshore transport after wave-period-
averaging. Apart from the uncertainties involved
in the measurements, the comparison also
indicates the difficulty of getting accurate wave-
related transport data unless all intra-wave
processes have been properly measured or
predicted, particularly for the present fine sand
tests, which have strong phase-lag effects.

In Fig. 6, the predicted concentration time
series at the crest and trough are compared with
the measurements for the case of waves-with-an-
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level.
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opposing-current (T38) at 6 mm above the crest
level. The concentrations at these two locations
show a very similar pattern to that noted in the
case of waves-with-a-following-current (T36),
which is due to the fact that the relative strength
of the current to the wave orbital velocity for
these two cases is comparable. The difference
between the two cases lies in the opposing
direction of the current in relation to the direction
of the wave propagation. The concentration peaks
observed in T36 at the first half cycle, therefore,
correspond to those in the second half of wave
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01 1 | 1 | 1 | 1
T T38 i
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N
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cycle in T38 at both crest and trough. Because of
the relatively weak orbital velocity and steady
current in T38 compared with that in T36,
however, the wave-period-mean value of sedi-
ment concentration in T38 is noticeably smaller
than that of T36. The overall agreement between
the model and measurements is not as good as
that for T36. Again, this is probably related to the
weak near-bed current from the wave reflections
at the end of the flume, which has not been
included in the model. The different ripple
geometry of T38 in contrast to that in T36 may
also have contributed to these differences.

The predicted wave-period-averaged and rip-
ple-length-averaged sediment concentration dis-
tribution is also shown in Fig. 7 along with the
measurements. At elevations around two ripple
heights (z > 0-02 m), again the under-prediction
is seen (see also Fig. 4). The predicted wave-
period-averaged and ripple-length-averaged total
sediment flux, current-related sediment flux and
wave-related sediment flux throughout the water
column are compared with the measurements in
Fig. 8. The main observation is an obvious strong
current-induced sediment transport in the off-
shore direction in contrast to that in the wave-
with-following-current case (T36), although these
two cases share very similar patterns.

L B,

Concentration (g 1)

Fig. 7. Comparison of the depth-distribution of com-
puted and measured wave-period-averaged and ripple-
length-averaged suspended sediment concentration for
the T38 case of Villaret & Perrier (1992).

By integrating the results in Fig. 5 and Fig. 8
over the entire depth, the modelled total sus-
pended sediment transport rate and wave-rela-
ted suspended transport rate for T36 and T38
are obtained and compared with measurements
in Fig. 9. It is clear that the wave-related
transport rate generally is much less than the
total transport rate in both cases. For the case of
waves-with-a-following-current (T36), the wave-
related transport is about 10% of the total
transport rate but, in the waves-with-an-oppo-
sing-current case, it contributes about 30%. As
discussed above, the model seems to predict the
total suspended transport rate very well for T36,
although it is overestimated by 50% for T38. For
wave-related transport rates, the prediction
agrees with the data better for T38 than that
for T36, which is under-predicted. In all cases,
it should be noted that only a relatively few
measured data points are available for inclusion
in these comparisons.
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Fig. 9. Comparison of computed and measured total
and wave-related suspended sediment transport rates
for the cases of waves-with-a-following-current (T36)
and waves-with-an-opposing-current (T38) of Villaret &
Perrier (1992), Q, is the total wave-period-averaged and
ripple-length averaged suspended transport rate, Q,, is
the wave-period-averaged and ripple-length-averaged
suspended transport rate due to waves.

To further reveal the details of the influences
of the steady current on sediment suspension,
Fig. 10 compares the computed suspended sedi-
ment concentration distributions along a ripple
throughout one wave cycle for the case of waves-
alone, T35, and the case of waves-with-a-follow-
ing-current, T36. For convenience, the starting
point for the wave cycle is set at the time of the
flow reversal, i.e. the flow starts to turn from the
right-hand side of the ripple crest (onshore)
towards the left-hand side (offshore). At the
beginning of the wave cycle, a vortex at the
onshore side of the crest can be observed in both
cases, which has been lifted from the ripple
surface with a large amount of sediment forming
a cloud. As the flow accelerates towards off-
shore, this vortex is ejected into the water
column quickly along with the sediment cloud
being thrown over the crest to the offshore side,
which leads to the concentration peak at the
crest in the waves-alone case, and the filling up
of the trough area on the offshore side until the
phase time equals a quarter of the wave cycle
(90°), causing the concentration peak at the
trough in the waves-alone case. Due to effects
from the current, the sediment cloud in the
waves-with-a-following-current case stays closer
to the ripple surface than that in the waves-alone
case. The sediment cloud therefore passes the
observation point (06 mm above crest level) in
the trough area first and then rises up to that
above the crest, which leads to the concentration
peaks at the trough first and then the crest. As

the flow starts to decelerate, and then change
direction and accelerate towards onshore, the
sediment cloud is lifted up from the ripple
trough area and propagates into the water
column in both cases (wave phase 150°-210°).
However, in the waves-with-a-following-current
case, the sediment cloud is smaller than that in
the previous half cycle and the current carries
the cloud over the ripple crest earlier than is
found for the waves-alone case (210°). Then the
flow field is dominated by the current in the
waves-and-current case with the vortices formed
on the onshore side of the ripple occupying the
trough zone for a longer period of time than in
the waves-alone case.

After horizontal integration, the sediment
entrainment process is depicted in Fig. 11, in
which the vertical distribution of ripple-length-
averaged sediment concentration is plotted
against time for all three test cases, T35, T36
and T38, respectively. The ripple crest level is
indicated by the solid lines across the bottom of
the figure and the corresponding orbital-velocity-
time-history is plotted at the top of the figure. In
all three cases, four peaks are clearly seen
around two ripple heights (0:014 m) in the water
column, marked as A, B, C and D. The peaks A
and B correspond to the vortex ejection events
just after flow reversal, which are more signifi-
cant and affect the sediment concentration dis-
tribution further away from the bed. The
relatively smaller peaks of C and D are due to
the large sediment cloud in the ripple trough
region just before maximum flow. It can be seen
that most of the vortex shedding effects are
restricted to around two to three ripple heights
(below 0:02 m) for these three cases. However,
unlike the oscillatory flow above a flat bed, the
concentration peaks are dominated by the large
sediment cloud introduced by vortex shedding
while the vertical mixing process by turbulence
is relatively less important. Compared with the
waves-alone case, T35, the influences of the four
peaks in T36 and T38 are different due to the
presence of the current. In T36, the peaks of the
first half cycle roughly follow the same evolu-
tion as in the waves-alone case except for the
fact that they are held closer to the bed.
However, in the second half cycle, in which
the wave is propagating with the current, the
peaks appear to be weak and the impact on
suspension is much less significant higher in the
water column compared with the waves-alone
case. A similar pattern can also be seen in the
T38 case.
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Fig. 10. Comparison of computed intra-wave-period sediment concentrations for the cases of waves-alone (T35) and
waves-with-a-following-current (T36) of Villaret & Perrier (1992).

Field test, Saulter et al. (2000) test

The model results represented above were carried
out in a two-dimensional (horizontal—vertical)
domain with the assumption that the flow condi-
tion in the third direction (y) was uniform. In
nature, however, the flow in the near-shore zone
is more likely to be three-dimensional with waves
propagating at an angle to the tidal or wave-
induced flows. Therefore, it is necessary for the
numerical model to be able to handle the general
flow situation in which waves interact with a
current at any given angle.

To further test the model under these complex
flow conditions, and to examine the correspond-

ing sediment entrainment process, the model was
used to simulate a set of field measurements
obtained by Saulter et al. (2000). The experiments
were made on a multiple-barred, dissipative
beach at Egmond-an-Zee (the Netherlands) in
October/November 1998 over a six-week period.
Repeated storm events were observed during the
experimental period. All the measurements were
made in the inter-tidal zone and thus observa-
tions were made around the high water periods of
individual tides. Hydrodynamic and suspended
sediment concentration parameters were meas-
ured using a synchronous logger for investigation
of transport of sediments (SLOT) system, which
incorporates a pressure transducer (PT), electro-
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0-03 0-04

magnetic current meter (EMCM) and optical
backscatter sensor (OBS). The bedform character-
istics were measured by two instruments: a
rotating side scan sonar with a 1-2 MHz sampling
rate (SRILS) and a sonar altimeter with a 2 MHz
sampling rate.

One experiment condition (RUN1), which
appears to have less wave breaking effects and
weak cross-shore undertow flow, was selected for
model testing and the details are listed in Table 2.
The waves were found to propagate towards the
shoreline with ripples developed in the same
direction (Fig. 12). A weak cross-shore current
was found together with a stronger current in the
long-shore direction. The instruments were de-
ployed at around 0-18 m above a long period
(>10 h) mean bed level. Time series of suspended
sediment concentration and flow velocities were
recorded at the same measuring point. During the

ot=270°
0-05
X (m)

0-04 0-06

experiment, the median size of the near-bed
sediment particles at the measuring site was
found to be 0-3 mm.

The numerical model was set up according to
the measured conditions with variations in all
three dimensions. Two side boundaries in the
long-shore (x) and cross-shore (y) directions were
set as periodic boundaries. On the ripple surface
the velocity was specified by a no-slip condition.
At the top of the computational domain, a no-
shear stress condition was used such that the
gradient of the velocities and turbulence charac-
teristics was assumed to be zero. The same top
and bottom conditions as in the previous 2D cases
were used for sediment concentration calcula-
tions.

To resolve the computational grid system,
orthogonal grids were generated first along the
cross-shore direction (x—z domain) and then the
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Fig. 11. Comparison of computed ripple-length-averaged sediment concentrations for the cases of waves-alone
(T35), waves-with-a-following-current (T36) and waves-with-an-opposing-current (T38) of Villaret & Perrier (1992).

Fig. 12. Schematic representation of flow conditions
for the Saulter et al. (2000) three-dimensional wave-
current interaction test case.

generated grid was uniformly distributed along
the long-shore (y) direction. It is assumed,
therefore, that the ripples are long-crested. Two
vortex ripples were placed in the cross-shore
direction with the ripple shape prescribed by a
hyperbolic exponential function, as in the earlier
sections above, with the same characteristics as
in the measurements. For each ripple, 60 grid

cells were used along the x direction and 60 grid
cells with variable sizes in the z direction. In the
y direction a total of 20 computational cells were
used to resolve the flow variations in the long-
shore direction for a distance of 10 ripple
lengths.

Due to the small depth-mean onshore current
velocity compared with the wave orbital velocity
amplitude (<7%), the flow field in the cross-shore
direction was assumed to be dominated by the
waves and the weak steady current was ignored.
This approach has the advantage that the itera-
tions required in the model in order to calculate
the surface pressure gradient associated with the
steady current, see also Li (2004), were only
required in the long-shore (y) direction after time
integration over each wave cycle. This approach
considerably reduces the total computational
time compared with that for the case with
iterations being carried out in both cross-shore
and long-shore directions. However, for a general
3D case, the surface pressure drop, i.e. the
current-driving force, has to be found in both
the x and y directions, as demonstrated by
Andersen & Faraci (2003). According to the
experimental condition, the near-bed orbital velo-
city was simulated using second order Stokes’
theory. The effect of wave breaking is ignored as
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Fig. 13. Comparison of intra-wave-period computed and measured cross-shore velocity (A) and suspended sediment
concentrations (B) at 0-18 m above the bed level for the Saulter et al. (2000) test case.

are the vertical velocities form the surface wave
motion.

The computation was integrated forward with a
time step of 1/100th of the wave period for 50
wave cycles until the flow field had converged so
that the differences between two adjacent wave
cycles were small and the computed flow rate in
the y direction agreed closely with the measure-
ments (i.e. <0-1%).

The computed time history of cross-shore velo-
city at 18 cm above the bed level is compared
with the Saulter ef al. (2000) measurements in
Fig. 13A. It can be seen that the prediction
follows the measurements reasonably well in
terms of the maximum onshore and offshore flow
velocities. However, the predicted values begin to
increase towards the onshore direction much
earlier than the measured data. Another import-
ant aspect of the wave dynamics that is also
missing in the present study is the effect of wave
breaking of a series of random waves, which
would have considerable impact on the flow
velocity and sediment concentration distribution.
Because the measurements were made far above
the bed, the effects from the ripples are not seen
as clearly as in earlier laboratory tests. More
detailed measurements would, therefore, be use-
ful to reveal the flow field within the boundary
layer and help to establish the precision and
usefulness of the present model.

The computed suspended sediment concentra-
tions at 018 m above the bed are also compared
with the measured values in Fig. 13B. It should
be noted in viewing these results that the obser-
vation point is well above the ripple surface, so
that considerable mixing has occurred compared

with the release time of sediment from the bed by
the vortices. The model produces a similar wave-
period-mean concentration value as the measure-
ments (<15% error). The two concentration peaks
corresponding to the maximum onshore and
offshore flow velocities are also evident in the
computed results. The measured data, however,
shows a more scattered pattern than the model
with several sharp peaks which are not seen in
the predictions. These peaks are most probably
related to wave breaking events and wave group-
ing and randomness during the experiments. In
addition, it should be noted that the errors
involved in the field measurements are partic-
ularly difficult to quantify, which also contributes
to the above discrepancies.

To reveal more details of sediment suspension
under 3D combined flows, Fig. 14 shows the flow
field and suspended sediment concentrations
over ripples during the wave cycle. It can be seen
that the flow near to the ripple crest is controlled
by the vortex ejection and shedding. However,
unlike the waves with in-line current or waves-
alone cases, the vortex generated during the time
of flow reversal is not simply lifted away from the
bed into the water column; it appears to stay low,
close to the ripple trough, and is then rolled up
with the long-shore current and dissipated into
the water column before the flow begins to
accelerate in the following half wave cycle.
However, the corresponding suspended sediment
concentration seems to be less affected by the
long-shore current (Fig. 14). The major feature of
the sediment entrainment process is fairly similar
to the situation with only waves present above
a rippled bed, with the large vortex eroding
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Fig. 14. Computed depth-distribution of flow velocities and suspended sediment concentrations above the ripple
bed surface for the first half of a wave cycle for the Saulter et al. (2000) test case.

sediment and then being ejected into suspension
just after the flow begins to reverse. The sediment
cloud also tends to be very close to the ripple
crest level. Further above the bed, the concentra-
tion becomes very small compared with that close
to the bed level; to a large extent, this is due to the
fairly large sediment size in this particular case.
Meanwhile, because the long-shore current was
assumed to be steady, the concentration gradient
along the y direction is found to be very small
once the solution has converged. When a three-

dimensional ripple profile is involved, the sedi-
ment concentration is expected to have some
spatial variation in the long-shore direction as
well, which may lead to different sediment
concentration distributions.

The wave-period-averaged and ripple-length-
averaged cross-shore and long-shore velocities,
and the corresponding sediment concentration
distributions are shown in Fig. 15. As expected,
the cross-shore velocity is dominated by the
wave-induced flows and the overshoot above the
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ripple crest level is clearly evident. The long-shore
current, however, maintains roughly a logarith-
mic pattern above the ripple crest level. For
situations in which the current intersects the
waves at an arbitrary angle, both cross-shore and
long-shore velocities in the wave boundary layer
would be expected to be different from those
above. The wave-period-averaged and ripple-
length-averaged sediment transport flux in both
cross-shore and long-shore directions are also
presented in Fig. 16. It is clear that the cross-
shore transport, which is mainly due to waves, is
only a small portion of that in the long-shore
direction. In a similar manner to the co-linear
waves and current case in the Villaret & Perrier
(1992) test, T36, the peak in wave-related trans-
port flux occurs just above the ripple crest and is
seen clearly. However, the transport in the
offshore direction is not evident. This is partly

due to the larger grain size involved in this
particular test, as well as the fact that the waves
intersect at right angles with the current. It should
be borne in mind that the results presented herein
do not include wave streaming and undertow
effects, which are often important components of
surf zone dynamics. With the presence of an
undertow, it is generally expected that the net
sediment transport will be offshore close to the
bed (Fredsge & Deigaard, 1992).

CONCLUSIONS

In order to investigate sediment transport proces-
ses above rippled beds in the coastal environment,
a numerical model has been developed and tested
against a number of experimental tests. Compared
with the laboratory experiments of Villaret &
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Perrier (1992), the model has shown agreement
with the measurements for situations involving
waves-alone, waves-with-a-following-current,
and waves-with-an-opposing current. The model
results also indicate the considerable influences
from a steady current on the detailed intra-wave
flow patterns and the vortex dynamics close to the
ripple surface. It appears that the waves are
responsible for suspending sediment into the
water column, while the current is able to trans-
port the sediment both horizontally and vertically
across the water column. The presence of the
current also affects the strength of the vortex
formed during the accelerating and decelerating
parts of the wave cycle which in turn affects the
corresponding sediment suspension process.

To study sediment suspension under combined
waves with a current at right angles to the
direction of wave propagation, the numerical
model also was applied to field data in which a
long-shore current interacted with waves in the
cross-shore direction above a rippled bed (Saulter
et al., 2000). Model results for a simplified set of
field conditions were compared with the meas-
urements at the top of the wave boundary layer
and showed realistic values for both flow veloci-
ties and sediment concentrations during the wave
period. The complex 3D flow structure appears to
affect the vortex shedding process immediately
after the time of flow reversal. Due to the inter-
action of the waves and current field at right
angles, the intra-wave period sediment concen-
tration distributions show a similar pattern to the
2D test cases of Villaret & Perrier (1992). The
sediment transport higher in the water column is,
however, dominated by the long-shore current. A
more detailed study of the sediment suspension
under combined waves and currents at various
angles clearly would be useful to quantify the
influences from the current on the sediment
transport process within the boundary layer.
Such a study also would also require a much
greater quantity of field data in order to judge the
usefulness of the computer model.
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