SEDIMENT TRANSPORT AT THE BOTTOM OF SEA WAVES

G. Vittori*, P. Blondeauk

The flow in the wall boundary layer generated clasthe sea bottom by the propagation of a monauhtiz surface
wave is determined by considering small valuesotfi the wave steepness and the ratio between itlenéss of the
boundary layer and the local water depth. Dependinthe hydrodynamic conditions, the sea bottombeaplane or
rippled. The geometrical characteristics of thetdrotforms are predicted using empirical formulaéd,ahen, the
bedforms are assumed to behave as a bottom rowgtthessize of which is related to the size ofripples. The
bottom boundary layer is assumed to be turbuledt the flow field is computed by means of a two-duma
turbulence model. Then the sediment transportatueted. The bed load is obtained using an empiétationship.

The suspended load is determined by computing édément flux, once the spatial and temporal distidn of

sediment concentration is determined. A comparafahe model findings with the experimental ressligpports the
approach.
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INTRODUCTION

To obtain reliable estimates of the sedimentspart rate in the coastal region and to predict
erosion and deposition processes, it is neceseanave a detailed knowledge of the flow within the
bottom boundary layer which is generated by propagaurface waves and, in particular, to take into
account nonlinear effects. When a regular wave sodmt shallow water, nonlinear effects in the
bottom boundary layer produce a steady streamird) @amet sediment transport which become
significant in the nearshore region when wavedrattage amplitude. Longuet-Higgins (1953) studied
the boundary layer at the sea bottom due to theagasof surface waves and determined the steady
streaming by considering the laminar regime anl@tabbttom. Experimental measurements show that
significant departures from the predictions obtdibg means of Longuet-Higgins’ analysis may occur.
Collins (1963) observed a deviation from the Longdiggins’ (1953) results and assumed it is
induced by the presence of turbulence. Of course tle presence of ripples, which cause boundary
layer separation (Blondeaux & Vittori, 1991a,b)feafs the steady streaming and, in turn, the steady
streaming affects ripple dynamics (Foti & Blondegi95; Vittori & Blondeaux, 1996; Blondeaux,
Vittori & Foti, 2000).

Different approaches can be used to describedhadary layer generated by sea waves when the
flow regime is turbulent. Early studies (e.g. Kagij1968; Trowbridge & Madsen, 1984a,b) prescribed
the eddy viscosity as a given function of the distafrom the bottom and time. Though widely used
for their simplicity, such approximations are rigosly founded only when turbulence is in local
equilibrium and turbulence advection and diffusese not important. Therefore, later, the studyhef t
boundary layer under sea waves was tackled alsw umbre sophisticated two-equation turbulence
models such as the&model (e.g. Justesen, 1988) or Saffman’s modgl B&londeaux, 1987). The
mass transport in a turbulent boundary layer was dietermined by Longuet- Higgins (1958) by means
of a simple approach. The mass transport velotityeaouter edge of the boundary layer was found by
Longuet-Higgins (1958) to be unaffected by the @nes of turbulence. More recent@howdhury,
Sato & Ueno (1997) evaluated the mean flow withie bottom boundary layer by considering a
closure scheme based on a one-equation turbuleadelnThey made a detailed analysis of the mean
velocity profile and showed that it points in th#fshore direction for relatively long waves, in
accordance with previous investigations. Moreottegy found that the thickness of the boundary layer
gradually increases when the roughness of the beetdases. As pointed out by Chowdhury et al.
(1997), the differences of the results obtainedh wie use of different eddy viscosity models shioat t
it is preferable to adopt sophisticated models thasetransport equations for turbulence charadtesis
such as two-equation turbulence models.

A large number of theoretical investigations angezimental works consider an oscillatory
boundary layer, where the velocity is uniform ie flow direction, as a prototype of the boundaggeta
at the bottom of sea waves. In particular, to rdpce the hydrodynamics and sediment transport
generated by sea waves close to the bottom, dauillavater tunnels are used (Van der Werf et al.
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2009). However, as recently pointed out by GonzRedriguez & Madsen (2011), the actual flow at
the bottom of sea waves depends on the coordixate the direction of wave propagation and this
spatial dependence has a significant influencéersteady streaming and the sediment transport.

Recently, Blondeaux et al. (2012) have focussed #teention in the bottom boundary layer under
a propagating sea wave and have determined thveafhol the sediment transport by assuming that the
sea bottom is flat. Their results show that thadyevelocity component and the net (wave averaged)
sediment transport are different from those gepdrby asymmetrical fluid oscillations in an osditg
water tunnel (U-tube) even if the values of thendigant parameters (amplitude and period of thélfl
oscillations, asymmetry index) are the same. Thayais of Blondeaux et al. (2012) considers large
values of the Shields parameter such that the ssgtale bedforms (ripples), which are usually
generated by the interaction of sea waves witbtesionless sandy bottom, are washed out and the
bottom can be assumed to be flat. Even thougle leatpes of the Shields parameter are usually found
in the nearshore region during storms, for mild theaconditions the shoaling region is characterize
by moderate or relatively small values of the Blsigparameter such that the sea bottom is rippled
(Sleath, 1984). Motivated by the finding of Chowdhet al. (1997) on the relevant effect of bottom
roughness on the bottom boundary layer, presahiyanalysis of Blondeaux et al. (2012) is extended
to take into account the effect of the presenadpples on the steady streaming.

In the next section a brief description of the madeiven. For the sake of clarity, the descriptio
is divided into a hydrodynamic part and a sedintearisport part. The last part of the next section
describes the numerical solution as well as theatbn of the model. Then the description of the
results and the conclusions follow.

THE MODEL
The flow field

A two-dimensional monochromatic surface gravity @vopagating in water of constant defgth
is considered. The sea bottom is made of sand cesized by a uniform grain sizé and densityp, .
Hereinafter, a star denotes a dimensional quawtitje the same symbol without the star denotes its
dimensionless counterpart. Let us denote Witk 2@ and U =27/K the period and the length of the

wave, « and k™ being its angular frequency and wavenumber, rei@dyt Finally, let us introduce a
Cartesian coordinate systefx,y’,z), with the (x ,z)-plane coincident with the bottom, the-axis
being along the direction of wave propagation anthging in the offshore direction and tly&-axis
pointing upwards. The free surface displacemertcated with the wavetrain is described by

y =K _,_#[ei bx+t) o e+ hot. 1

wheret is time, c.c. denotes the complex conjugate obraptex quantity andh.o.t. denotes higher-
order terms. The amplitude of the wawéx) is assumed to depend on the coordinateecause of the
damping of the wave amplitude. Let us introduceftilewing dimensionless quantities

(x,y)= (Xli,y ), t=t'w, n= a?/S
(u,, V*) o ()

uv)=——-—2, RSPy s v
() a,w /S P paoiwsz/S

where p° is water density,(u‘,v‘) are the velocity components along the &nd y*-axes,
respectivelyp* is the pressureg, is a measure of the wave amplitude of the incidemte andS is

equal to sinr(zmg/l_*). The problem of flow determination is posed by toarty and momentum

equations along with the kinematic and dynamic ldaumn conditions at the free surface and at the
bottom. The form of the stress tensor depends erflttw regime which might be different in the
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boundary layer and in the region far from the botttndeed turbulence is usually present in theobott
boundary layer, where the variables should be d@dnas the Reynolds-averaged quantities, but it
vanishes moving far from the sea bed. A two-equa®@@NSE model is used to compute the turbulent
flow-field thereby the eddy viscosity is introductdquantify the Reynolds stresses inside the botto
boundary layer. The eddy viscosity of course vassmoving far from the bottom.

Because of viscous effects, the amplitude of the wave is expected to decay on a spatial scale

(L*)2/5 (Mei 1989) , whered :,/2v*/w* is the conventional thickness of the viscous bomntiyer,
v" being the kinematic viscosity of the fluid. Henkss,us introduce the new slow variable

o
= X— 3)
X L
such that:
aﬁ
a=—=a(x). (4)
2
The resulting dimensionless problem is charaadrizy the following parameters:
N 5
€= a° , 0=—. (5)
LS L

In the present study we consider a small-amplitwdege propagating over intermediate depths,
such thata; << L"and & << L . Therefore we assume:

* *

€= 8 <<]1 6:6

*

LS L

<<l (6)

It is worthwhile to mention that the value &fis related toe by:

5=2 with wa (7)

whereR; is the Reynolds number formed with the amplitudethaf velocity oscillations close to the
bottom (a;e) /S ), the conventional thickness of the bottom boupdayer (6" ) and the viscosity of

the fluid. The Reynolds humbete= (Ug)z/(v*w*), which is often used in coastal engineeringjnypl/
Re=RZ/2.
The solution is determined for small values of teve steepnesa;/L* and finite values of the

Reynolds numbeR;. Because of the finite value & and our interest in the bottom boundary layer,
the solution is expanded in terms &instead ofé

(U,V, p,r]) = (UO’VO’ R):r]o)+ 5(U1,V1, P1:r]1)+o(62)' (8)

In the irrotational turbulence-free region (coegion), both at the leading order of approximation
and at second order, viscous and turbulence effanisbe neglected. The solution follows closely
Vittori & Blondeaux(1996). In particular, at ord@the solution is composed of a steady part,
independent of*, and a propagating part with angular frequeggy. Both components are generated
by non-linear effects. A third contribution is cheterized by the angular frequenay and is forced
by the decay of the wave amplitude as it propag#@teshe computed solution does not include viscous
effects, boundary layers at the sea bottom andetsea surface should be introduced. Presently
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attention is focused on the bottom boundary layeere the magnified variables
o= (% Y)
(xy)="= 9

are introduced together with a new time variable:
t =2mx+t (10)

necessary to simplify the algebra which is necgssastudy the near-bed region.

The boundary conditions, to be applied in the loiauy layer region, force the no-slip at the bottom
and the matching of the solution with that desagbihe inviscid flow in the core region. The eddy
viscosity, which is computed by using Saffman'd4Q) turbulence model, is assumed to be a function

of two turbulence local properties namely the pseeergy e and the pseudo-vorticit®”, which
satisfy non-linear diffusion equations. The valuéshe constants of the model are fixed following
Saffman & Wilcox (1974). The boundary conditionsiethcomplement the equations of the turbulence
model are the vanishing of both and @ in the inviscid region while, at the sea bottorthe
turbulent kinetic energy vanishes and the pseudtietyp depends on the roughness parameter
z, =Zu, /v  through a universal functiof(z,), Z and u, being the dimensional roughness size and
friction velocity, respectively ( Blondeaux & Coldmmi , 1985). The roughness size is related to
sediment diameter if the sea bottom is plage=¢ d") and, following Van Rijn(1991), to the ripple
height n; (zr" :n:) for rippled beds. The ripple height is predictedsed on local conditions, by using
the ripple predictor of Soulsby & Whitehouse (2005)

The sediment transport

Once the hydrodynamic problem is solved, the dinoetesss total sediment transport r&de
can be computed considering both the bedload @t¢ dnd the suspended load rat@s)( The

dimensionless bed load ra@ :Q;/,/(p;/p' —1)g' (d')3 is evaluated by means of an empirical predictor.
Presently the formula proposed by Fredsoe & Dei(4802) is employed which reads:

Q,=5p(v8-07,8,) (11)

where the probabilitp that all the particle in a single layer will bernotion is computed by:

-(y4
1511 47-(v4)
=|1+| -6 (12)
P 6-6,
and the Shields parameteis defined as:
=

O=r—mv (13)
(ps-p)gd

In (12)-(13)7" is the bottom shear stress afdis the critical value of the Shields parameter tfa
initiation of sediment motion. The dimensionlesdisent suspended rate is computed by integrating
the sediment flux from the reference lewgl up to the inviscid region and neglecting the diiun
contribution



COASTAL ENGINEERING 2012 5

*

Q,
Jos /o -2 ()

where ¢, is the sediment mobility number defined by:

Q.= - =% J, uedy (14)

» 2
_ (aw)/s)
(/P -1)g°d
and d =d"/J" is the dimensionless grain size.

The sediment concentratian appearing in (14), is derived from the mass ladagquation,
assuming that the sediment is transported by adveand by turbulent diffusion. Since the sediment
concentration rapidly decays when moving far frbmn bottom, the sediment concentration is computed
only in the bottom boundary layer, by solving thppepriate advection-diffusion equation where the
fall velocity w , which depends on the sediment Reynolds nurepet/(s:/» -1)g'(a'} /- appears. The
boundary conditions to be forced for the sedimamtcentration are the vanishing offar from the
bottom and the empirical relationship by ZysermaRr&dsoe (1994) which prescribes the value of the
sediment concentration at an assigned distance tierbottom as a function of the Shields parameter
6. The equation for the sediment concentrationoilvesl, similarly to momentum equation, by
expandingc in power series 0P .

Wy (15)

The numerical solution

The problems obtained at the different ordersppiraximation ing, are solved numerically. The
momentum and sediment concentration equations aveds by means of a Runge-Kutta method of
second order to advance in time, while a finitdetlédnce approach is used to approximate spatial
derivatives in they - direction. To increase the accuracy of the satutiose to the bottom, where the
gradients are larger, the grid-points have beestelad close to the bottom. The numerical proadur
has been validated by comparing the obtained sesiith experimental data obtained for a flat bed,
both in wave channels and in U-tubes. More detailsthe formulation of the problem and the
numerical approach can be found in Blondeaux ¢2al2).
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Figure 1: Comparison between the steady velocity profile under surface waves (solid line) and the
experimental data of Van Doorn (1981). Black squares are the velocity measurements above the roughness
crests and the dots are the velocity measurements above the roughness troughs.

A comparison of the computed values of the streamwteady velocity with the experimental
results obtained by Van Doorn (1981) in a wave okatms shown in figure 1. Hereinafter, negative
values of the steady velocity component are meautet in the direction of wave propagation. The
parameters of the model are fixed considering aeveamplitude equal to 5.2 cm, a wave period equal to
2 s, a water depth of about 30 cm and a regulaghnoess characterized by a size equal to 2.1 cm. Van
Doorn (1981) measured the velocity profile in twaspions: above the crest of a roughness element

1
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and in the middle between the crests of two roughieéements. Close to the bottom, a fair agreement
between the numerical results and the averageeaittasurements above the crests and troughs of the
roughness elements is found and supports the presstel. Moreover, the present predictions are
closer to the experimental data than those obtdiggurevious researchers (e.g. Trowbridge & Madsen
1984b). The significant differences which appearffam the bottom might be due to the finite length
of the wave channel used in the experiments andctimsequent offshore steady current which is
present outside the boundary layer.

01} I
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8U1

-0.05

0.001 0.01 01 1

Figure 2. Time averaged values of the dimensionless velocity (El) just outside the bottom boundary layer

plotted versus the asymmetry index A,. Continuous line, theoretical values for ho =22 m, T* ranging

between 3 and 8 s and different values of H* (wave height); dots, experimental measurements Scandura &
Foti (2011)

Figure 2 shows the value ofl,, an overbar indicating time-average, at the tothefboundary layer,
plotted versus the asymmetry index defined by Scandura & Foti (2011) as

A, = Do (16)
U max +U min
where U, and U, are the maximum values of the irrotational veloalyse to the bottom in the

direction of wave propagation and in the oppositeation, respectively. The data shown in figure 2
are obtained from figure 9 of the paper of Scandufeoti (2011) which does not allow to identify all
the parameters of a single experiment. It is wonilevto mention that, during Scandura & Foti's
experiments, ripples formed. The present resultsoétained by fixing the water depth equal to (the
experimental value) 2.2 m, by considering wave tisi¢i* equal to 0.2, 0.3, 0.4, 0.5 and 0.6 m and by
varying the wave period within the range (3, 8ff@m these dimensional quantities, the dimensisnels
parameters introduced in our analysis, namely tagnBlds numberr;, the wave steepness and the

ratio h*o/L*, can be easily obtained. The roughness relateldetoipples is fixed by using Soulsby &
Whitehouse’s predictor. Both numerical predicti@msl the laboratory data show that for small values
of A,, the intensity of turbulence during the onshard affshore phases of the wave cycle are similar
in such a way that the mechanism described by Letagiggins (1953) prevails and the steady velocity
component is negative, i.e. onshore directed. Tthensteady velocity component increases if thaeval
of A, is increased and the steady streaming reversairéstion when A, becomes larger than a
threshold value which depends Eh. Even though the theoretical analysis seems terastimate the
steady velocity component for large valuegfthe agreement between the theoretical resultdtend
experimental measurements is fair, also taking adoount the scatter of the laboratory data. More
validation tests can be found in Blondeaux et201p).
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RESULTS AND DISCUSSION

Plane bed

As already pointed out, the boundary layer gendrhjesea waves close to the bottom is often
approximated by the boundary layer generated byuttifrm oscillations of a fluid close to a wall.
Such an approach well describes the actual flold fiethe leading order of approximation, but iedo
not provide the correct description of the flowtle# second-order of approximation, since the vgloci
field is characterized by a significant— dependence. To ascertain what is the degree ofamcin
the modeling of the actual boundary layer by mezrthe uniform flow approximation, it is necessary
to compare the results of the model for the wawe agith those obtained for the uniform case (U-tube
case), obtained from the model by switching off thedependence. Even though the two cases do not
differ at the leading order of approximation, thieasly streaming originated in a U-tube is different
from that generated at the bottom of sea wavesedar, the former does not depend significantly on
the wave period . Indeed, a variation off” induces a variation of the value of the Reynoldsiber.
However, an analysis of the momentum equationshierU-tube case shows that the equations do not
depend onR; both at the leading order of approximation andrder  and the influence ofR; on
turbulence dynamics is not so strong to give r@esignificantly different values ofl, (an overbar
denotes a wave-averaged quantity). Figure 3 shiogvtihe-averaged (wave-averaged) velocity profile
close to the bottom for fixed values df,., T andA, and for both a uniform flow (broken line) and an

actual sea wave propagating in water of constgpthdgolid line). The parameter,, is defined as:

*2 *2
o U max + U min

Urms_
8

(17)

To allow an easy comparison of the results, theréigshows the dimensionless value of
U, multiplied by J . Even though the values df;,., T andA, are the same for the U-tube and wave
cases, the U-tube case leads to values of theysttsmhming which are qualitatively different from
those found for an actual wave. It is worth paigtout thatU;,,=0.6 m/s,A=0.2,T=7 s andT'=10 s

correspond to waves characterized by amplitudealafut 1.1, 1.3 m, wavelengths of about 47.9, 89.7
m, propagating in water of constant depth equatlout 5.6 and 9.3 m, respectively.

300
250 T*=75T*=10s T* 4105
T*=7s
200 1
¥y 150 ¢
|I
100 |I| |
50 + // / 4
| ."
e \ .
0 - = ; ——
-0.02 0 0.02 0.04 0.06 0.08

duy

Figure 3. Dimensionless steady velocity component generated by an oscillatory boundary layer in a wave
tunnel (broken line) and at the bottom of sea waves (solid lines) for two different values of T* and a flat bed

(U*ms=0.6 m/s, A,=0.2, d*=0.13 mm ).
Figure 4 shows the dimensionless steady velocitgpoment at the upper edge of the wave
1
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boundary layer for fixed values &f ., A, andd” as function ofl". The results show negative mean
velocities for the small wave periods which cop@d to relatively short waves. For relatively long
periods and long waves, the steady streaming revéis direction and points in the offshore diraati
which is one of the noticeable features of theulait wave boundary layer. The corresponding mean
velocity profiles for the different values af are plotted in figure 5. The modulus of the velpis
characterized by different relative maxima. Thetfimaximum takes place close to the bottom and
cannot be easily appreciated in figure 5. Thenrdtatively small values 6f , the largest value of the

mean velocity is observed whgnfalls between 26" and 255" and points in the onshore direction. For

relatively large values off” , the maximum values of the mean velocity takeglr from the bottom
and point in the offshore direction.

0.02 T T

0.01F

Suy

-0.01F

T" (s)

Figure 4. Dimensionless steady velocity componengigerated by surface waves at the edge of the
boundary layer, plotted versusT  for a flat bed (U, = 06ms™, A,= 0.2, d'=0.13 mm).

300 . . . .
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200 1
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Figure 5. Dimensionless steady velocity componentmgerated by surface waves in the bottom
boundary layer, plotted versus y for different valles of T" and a flat bed (U’ =o06ms*, A,=0.2,

d'=0.13 mm).

Notwithstanding the steady streaming reversesiigstion asT  is increased, the net sediment
transport rate always points onshore (see figurd$plready pointed out, the sediment transpoetisa

1
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given by the sum of the bed loa@,f and the suspended loa@.(. However, in the range of the
parameters presently investigated, the wave-avdragieie of Qs turns out to be much larger than the

wave averaged value &, which provides a negligible contribution @ . For the parameters shown

in figure 6, the time-averaged suspended sedirfigxt turns out to be negative both close to the
bottom and moving far from it, thus inducing a oeshore sediment transport. It is worth pointing o
that U, =06ms*, A=0.2 and values off ranging between 6 and 10 s correspond to waves

characterized by amplitudes ranging between 1d1aB8 m, wavelengths ranging between 36.5 and
89.7 m, propagating in water of constant depthgiranbetween 4.5 and 9.3 m.

20 .

T (s)

Figure 6. Dimensionless time averaged total sedimetransport rate generated by surface waves,
plotted versus T for a flat bed (U, =0.6ms™, A,=0.2, d'=0.13 mm).

A detailed study has been carried out also on ifleeince of the other dimensionless parameters,
namelyA,,U,.andd". The results, obtained faf=7 s, U, = 06ms™ andd=0.13 mm, show that for

strongly skewed waves (large valuesAg), the steady velocity component is offshore dedawhile a
weak skewness gives rise to an onshore directadysttreaming. Even though, for large values\pf
the steady streaming points in the offshore dioectihe time-averaged suspended sediment flux goint
in the onshore direction showing, once more, thatsign of the sediment transport cannot be iaferr
from the sign of the steady velocity component. Témalts, obtained fo”=0.2, T=7 s andd'=0.13

mm, show that an increase of the amplitude ofvetlecity oscillations U, ) close to the sea bed
causes the steady streaming to reverse its diredtideed, for relatively low values &f _ the steady
velocity component points in the offshore directighile for relatively high values of U _the steady

velocity component points in the onshore directidven though for small values &f __ the steady

velocity component points in the offshore directitire time-averaged sediment transport rate isyawa
negative (onshore directed). Of course, the seditnansport rate decreases as the grain size sesea
Moreover, even though the sediment transport gafeuind to be always dominated by the suspended
load, the ratio between the bed load and the sdsmelvad increases as increases. However, the
sediment transport rate is always negative, i.poiibts always in the onshore direction. Positiakigs

of the sediment transport rate have never beerdfguthe range of the parameters such that themott

is flat.

Rippled bed

Figure 7 shows the dimensionless steady velodtyponent at the upper edge of the wave
boundary layer for fixed values o4, andd” as function of T for three different values &f s The
values of the parameters are such that ripplegemerated. The ripple characteristics are detednine
by means of Soulsby & Whitehouse’s (2005) predietad are given in Table 1. It is worthwhile to

1
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notice that for the smallest value &f . both ripple length and height first increase arehttecrease
as T is increased, while they decrease for increasialyes of T if larger values ofU’, are
considered. Fol',n = 0.25 m/s, the results show positive (offshoneated) mean velocities for
small wave periods. If the period of the wavesiseased, first, the offshore steady streamingaszs
but it reaches a maximum fdr ranging in (8,9) s and a further increase of teeog leads to a
decrease of the steady velocity component and ttheflow reversal. FotJ";s = 0.15 m/s the steady
velocity component is always offshore directed amcteases in magnitude as the wave period is
increased.

0.1

01+ i
3, (
0.2 | “ ]
0.3 | Upg=0.15 —+— 1
Upme=0.25
Urmns=0.35 - y
6 6.5 7 75 8 8.5 9 95 10

T (s)

Figure 7. Dimensionless steady velocity componegénerated by surface waves at the edge of the
boundary layer, plotted versus T~ for a rippled bed (A,=0.2, d'=0.2 mm). The ripple
characteristics are obtained using Soulsby & Whitebuse’s predictor (2005) and are given in
Table 1.

500 : —

400 | . T=105 ]

300 | 1
200 |

100

0.05

Figure 8. Dimensionless steady velocity componentigerated by a surface wave, for different
values of the wave periodl” plotted versusy for a rippled bed (A,=0.2, U, _=0.25m/s, d'=0.2

mm). The ripple characteristics are obtained usingoulsby & Whitehouse’ predictor (2005) and
are given in Table 1.

Higher values ofU’;ms (U m=0.35 m/s) lead to negative (shore-ward directeelpaity

1
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component, which increases in modulus as the wavied is increased. Figure 8 shows the velocity
profiles forU" s =0.25 m/s. It can be noticed that the moduluthefvelocity shows one maximum
for values ofT” ranging in (6,8.5) s, i.e. for the values Bfwhich lie in the growing part of the curve
shown in figure 7. On the other hand, for valuegowhich lie in the decreasing part of the curve, two
maxima are observed.

Table 1. Ripple height (I’]r ) and wavelength (|r ) as function of the wave period T* for AJ = 0.2,
d =0.2mm
U,=015m/s U,=025n/s U,=035m/s
T [s] n, cm] |r [cm] N, [cm] |r [cm] n, cm] |r [cm]
6 3.09 20.60 3.19 21.28 2.76 18.60
7 3.23 21.50 3.04 20.26 2.36 17.04
8 3.27 21.81 2.85 19.08 2.12 16.35
8.5 3.27 21.79 2.73 18.48 1.88 15.71
9 3.25 21.69 2.60 17.91 1.65 15.14
9.5 3.23 21.51 2.45 17.36 1.43 14.62
10 3.19 21.28 2.29 16.84 1.24 14.15
0.07 b
0.05 | A,=0.4 X g
o,
0.03 ]
0.01 p A,=0.2 |
_001 | | | | | | |

6 6.5 7 7.5 8 8.5 9 95 10
T*(s)

Figure 9. Dimensionless steady velocity componengigerated by surface waves at the edge of the
boundary layer, plotted versusT for a rippled bed (U, =0.25 m/s,d’=0.2 mm). The ripple
characteristics are obtained using Soulsby & Whitebuse’s predictor (2005).

Figure 9 shows that &, is increased, the steady velocity component isg®an intensity and, for the
range of the parameters presently investigatediffééiore directed. Figure 10 shows the influente o
the bottom roughness. Indeed the values of thempgas of the runs shown in the figure have been
chosen in such a way that ripples are presenteabed. From table 2, which shows the charactesistic
of the predicted ripples, it can be seen that as increased, both ripple length and height ireee&or
increasing bottom roughness, the steady velocitmpoment at the edge of the boundary layer

1
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decreases. Indeed for small valuesiofthe steady velocity component is off-shore didcwhile for

values larger than about 0.27 mm, the directiorensas and the magnitude of the steady streaming
increases.

0.01

-0.03 4

-0.05 I I I I I
025 03 03 04 045 05 055 06 065 0.7

d*[mm]

Figure 10. Dimensionless steady velocity componegénerated by surface waves at the edge of
the boundary layer, plotted versusd” for a rippled bed (A,=0.2, U _=0.25m/sT'=7 s). The

ripple characteristics are obtained using Soulsby &Vhitehouse’s predictor (2005) and are given
in Table 2.

Table 2: Ripple height (I’]r ) and wavelength (|r ) as

function of the wave period T* for

A, =02, U,_=025m/s, T=7s

d*[mm] N, [em] |r [cm]
0.25 4.05 26.97
0.375 5.92 39.47
0.5 6.84 45.58
0.7 7.54 50.24

CONCLUSIONS

For large values of the sediment mobility numbachsthat small-scale bedforms (ripples) are washed
out, sea waves appear to induce a net (wave-avrageliment transport which is in the onshore
direction even though the wave-averaged velocitgtpan the onshore/offshore direction depending on
the wave characteristics and the local water ddtts qualitative finding is supported by experitan
observations (e.g. Schretlen, Ribberink & O’'Donoglt2010). In the range of the sediment mobility
number presently investigated, the suspended Isadhjs on the bed load and the behaviour of steady
part of the suspended load transport differs ftioat of the velocity.

When ripples are present, the model predicts ttiedracteristics by using Soulsby & Whitehouse'’s

1
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predictor (2005). The results have shown thatjrfiarmediate values df" . an increase on the wave
period, once the other parameters are kept fixeeerts the direction of the steady streaming at the
edge of the boundary layer from offshore directednshore directed. For the largest valueb/ gfs,

the dimensionless steady streaming is found torshare-directed while the smaller valuesUfys
give rise to shore-ward directed streaming. Aneaase of the sediment diameter, which affects the
ripple characteristics, causes a decay of the afésdirected steady streaming and eventually an
inversion of the steady flow.
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