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Abstract

This[paperpresents[tesults[oflan[eéxperimental [and theoretical 'study[ofwavetelated
suspended ! sand | transport/ under(irregular waves[in[thel ripple[ tegime.[ Timel series
analysis(ofleéxperimental [data(to/determine the mean [@nd [0scillating[suspended ‘transport
components[ was[ done byl using[ al specially[ developed[ software. Thel relationship
between[lthewavel[telatedsuspended(sediment [fransport rate[dnd[theSignificantWwave
heightlislestablished. Theinfluence of particle(diameter(on/the wavel(related [transport
islalsolseen! clearly[through!thelanalysis tesults. I Thel second[partl ofl thelstudy!is
related[ tolthe[ 1DV model, [ which[ simulates thelinstantaneous/ velocity and[sand
concentrations from/[¢losefolthebed Mip [fo Thigher in[the water[¢olumn.  The modelis
based(on(thel¢lassical [diffusionapproach(takingboth[theturbulencetelatedandthe
effective/wave(telated [diffusionlintoaccount. [It[Ishows that/the timelaveraged sand
concentrations canl bel simulated reasonably[wellin[the[ripple[ tegimel uising[ the
calibrated[ equations. Theaccuracy[ bf! the suspendedtransport[was[ found[to[ be
strongly dependent! onl thel typel ofl applied! bed boundary! condition[ for thel sand
concentration/(computed [from(a/formula(or[taken frommeasured(data).

1. Introduction

Thesuspended[isand [ transport[rate[inthe[coastal[lzone[lcomprises twolmajor
components: [the current(telated/transport/component’and(the wave(related [ transport
component. [ IThe[ current(telated Jtransport[ \component[is[ Iconsidered! /to[ /be[ Jthe
convectivelsand!transport/carried by [the mean[currents(such(as(fide, windand[wavel
driven[currentsinlthe[presencel oflshort[(highfrequency) surface Waves[actinglas
stirring/agents. Thewave telatedsand [fransport/is herein[defined(as(the [fransport/of
sand [ particles! by[theloscillating[ (orbital)[ fluid[ motion[ due'tolthelhigh(frequency
waves.[ | ThelJcurrent(telated( Itransportlover[Irippled[ beds/ Thas!Ibeen[Istudied Jin
considerableldetail [(Van[Rijnlétlal.,[1993;[ Van[Rijn[andHavinga,[1995),[but[the
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wavetelated/transportlis(less/well[known. Both/the 'magnitude[and(direction oflthe
wavetelated transport[ vary[depending[on[ the[ precise geometry[ ofl thel ripples:
relatively [flat(fipples/may result/in [onshore directed fransport, (whereas steepvortex | |
induced! rippleslimay(lyieldoffshoreldirected! transportl/duel to phasel differences
between[ instantaneous! fluid[ velocities[ and[ sand[ concentrations[ near! thel ripples
(Vincent[and[Green,[1990;[Osborneland[ Greenwood,[1992;[Osborneland[ Vincent,
1996;  Grasmeijer and/ Van[Rijn,[1999, Van[Rijn, 1993 and[ Van[Rijn,[1998).[The
wavelrelated| transport over[al flatl bed [ has[ been!studied[ in/ morel detail based[ on
numerous [ Jexperimentslin[ lwave[ltunnels[I(see [for[loverview: Ribberink, [ 11998).
Generally,(the[wave[telatedfransport[over(aflat(bedis found [fo [beonshore directed
for( sand [ particles(larger! than[aboutl 0.15 mm,[ because! phasel differenceslarelless
important(in/the thin(sheet/flow layer.

This[paperfocuses/on(the waveltelated [suspended(fransport/over a rippled (bed based
on[tesults[frombothéxperimental ‘and mathematicalstudies. Theléxperimental [Study
is[related[to[large scalel wavelflumeltests and[analysis/ ofl timelseries oflhorizontal
velocity[Jand[suspended( Isediment( Iconcentration[ lin[Jthe[ |Deltal IFlume[Jofl /Delft
Hydraulics.[ Thel mathematical [ study![is[ telated [ to[ humerical [imodel [ computations
focussinglonlsuspended(sediment[¢oncentrations underlirregular 'waves!lin[thetipple
regimebasedon[[a[1DV [pointimodel. Thelpresent/modellisdmodified/version(0f'the
model(of Ribberink and[AlSalem[(1991,[1995)and will[hereinbe ised tolstudy [the
wavetelatedsuspended(sand [transport/in/the ripple fegime. [Suspended(sand[transport
forregularfasymmetric waveswas(studied [dlready[in[Ribberink land[Al[Salem[(1991)
and[in[Ribberink[and[AlSalem[(1995)(Ifor[sheet flow over alplane bed inlalwave
tunnel. Theyhavefound/that/the[1DV imodelproduces [realistic eéstimates [0fthe [sand
concentrations(and transportrates(in(the(thin/sheetflow layer(over(aplane bed using
an[ effective bed roughness[ ofl 1 k=2.5Ds,.  However,[ thel timelaveraged sand
concentrations! abovel the! sheet! flow[ layer[ are! considerablyl overpredicted! by[the
model, whichlimplies(that/theturbulencetelated (mixing coefficient is overpredicted
by [the[modellin[¢aselofla plane[bed. This effect/was Supposed/tobeltelated to the
dampingof turbulencel¢aused by high[¢oncentrations(inthe sheet flow(layer, which
was(notmodelled.

In[the[present paper!thelattention(is[focussed on[the [performanceloflthe 1DV [model
forlirregular/waves(in(the fippletegime. Thelresults will (be used o [show [whether(a
diffusion(fypemodelicanbelappliedto simulatethesuspensionmechanism by [fipple[]
induced! vortices.[ Thel vortex[induced[ transport[ process may[well[belal convective
process| telated to[ the migrational [behaviour[ ofl oscillating coherent!tipplelinduced
vortices[tatherthan(aturbulencelinduced (diffusionprocess!aspointed (out by Nielsen
(1992).

2.[[MDescription of éxperiment

Theléxperimentswere c¢arried[outlin(a large scale[waveflumewith[a fotal Tength[of
233 theters, [aldepth(of(7 metersand (@ width [0f(5 meters(and Wwaves weregenerated by
allpistonlactivated (board dat(the end(of 'the flume. Alsand(bedlayeriwas[placed(in(the
waveflume[fromposition X =100 meters to[x =140 meters. The Wwater[depth was (4.5
mlinlalllexperiments.[ Twoltypesofl sandhave[been[nised: [ fine sand Wwith median
diameter  of[ 0.16  mm[ and[ coarsel sand[ with median[ diameter 0f[0.33 [mm.[ Three
differentwaveconditions/for both regular(andirregular(waves/werelgenerated [during
theltest(series. [In(this[paper the tests withlirregular/waves(are[¢onsidered only. The
significantwave heightsvaried[in[the[rangeof H=1[fol1.5m. The[peakwave period



was[5[s. Thelmheasurementprogramlis/described in[Table (1, inwhich/the [testswith [the
same[wavel condition[and[thel samel grain|sizelarelarranged in[fivel different[sets
(LILILIVIand[V).Theldatalsets Iland Tl [involve[the tests [with [relatively[coarse/sand
withl[amedian(diameter(dso[0f(0.33mm.[Thelother(sets (III, TV [and [V)[deal 'with[[fine
sand Wwith(ds, [0f(0.16mm.

3.[TAnalysis and(results

3.1.Definitions and(analysis method

Thelinstantaneous/velocityland sediment/¢oncentration(at/height z/abovelthe bed are
separated(into timelaveraged, high/[frequency [and Tow [frequency domponents. The et
total [transport ratesatheight(z/in[cross shore(direction((positive[direction[ofTx [axis[is
in[wave[propagation|direction)are[defined as/thelintegration/over/the measurement
timelinterval [oflinstantaneous [Sediment|[transport rate, [ds follows

uc=uc+U,C, +U.C, +0,C, +U,C, ML)

in(which/(lthe following[conventions areused:

Q. =uc :[Met(cross[shoresediment transport/rate
Q.. =uc [l :timelaveraged|(current(related) crossshorelsediment/transport
Q.. =U.C, [1:high[frequency (wave!telated)(cross(shore sediment|transport

:[linteractionbetween high land Tow frequencies

[
Q.. =U C, [ :Mnteraction/between Highand Tow frequencies
U
0

Q
I
S
o

:[Mow [frequency(cross shore/sediment [transport rate

:[denotestimelintegrated [quantity

Thelanalysis(tesultsloflthe[éxperiments are obtained by using[TISERAT (alSoftware
coded[ withlFORTRANID0)[ by which! filtering[ of[ components! ofl high! and[ low
frequencies/andcomputation ofithe cross/shore [transport/rates were done.

Tabled. Measurementprogram

Data Measurement™o.[! Number Grainlsize Wave Orientatil |
Set ofltest dso height onlof
H; ASTM
(mm) (m) (degree)
I Al1,A1B,A2A, 8 0.33 1.00 90
D1,D2,D3,D4,D5 120
11 B1A,B2A,BIB, 8 0.33 1.25 90
E1,E2,E3,E4,E5 120
111 G1,G2,G3,G4, 7 0.16 1.00 120
J1,J2,13 90
v H1,H2,H3,H4,H5, 9 0.16 1.25 120
K1,K2,K3,K4 90
A% M1,M2,M4 3 0.16 1.50 90




3.2.[Suspended/sediment transport/components

Analysis| of thel results[ for[ all[ tests[ shows[that[ the! suspended[ sediment! transport
components|dueltolinteraction between high/and low/frequencies/are(very[smalland
canlbelignored, while[the ¢components duelto[purely highlandlow[frequencies are
relatively[large. Hence, [ the[met[cross(shore['suspended[ sediment[ transport”now
becomes!lthe sum/ofltimelaveraged component/and/the(¢components ofthighland/low
frequency(transport:

Q.=0, +0Q., +Q,, [IIIIIIIIIIIIIIIIITIIIT2)

Theterms oflequation(2)arepresented inFig. I [showing thevertical [distribution[of
suspended sediment transporticomponents for(€ach(datalset T[to[V((see Table(1).
Inlgeneral, [from[the 0bservation(on(Fig.1 it[can belseenthat(the transports/due(tohigh
frequencylare/dominant/and(tend(to[be directed[onshore. Theltransports/dueltolow
frequencyldarelofminorimportanceandhave atendency [for[offshore direction(similar
toltimeldveraged [transport/components. [It[¢an[be(clearly (observed thatthesuspended
sedimentltransportmainly [0ccurslin(thenear bed layer(with[thickness/oflabout(0.3 [to
0.5m,whichisroughlylequivalentto10to20timesthe ripple height.
Inlorder[tolprovidelanevaluationof’ depthlintegrated[transport(tates,[the transport
termshave[been!lintegrated between [thelowest/and highest/measurement points. [In
Figure[2[ the timelaveraged ( O, ,, currentirelated) and[the highl[frequency (O

wavelrelated) [Suspended/transporttates/are shown(as/a[function ofwave height/and
sediment(size. Inlall[ conditions Wwith[irregularwaves[thel waveltrelated suspended
transport[is[ directed onshore, Wwhereas the currentirelated suspended[ transport(is
directed/ offshore. From[Figure[2[it[is/ ¢asy[tolseelthat/the waveltelated/ suspended
transportl increases Wwith[Wwave[ height' and[ decreases Wwith[particle[size.[ This[latter
effectl¢an[be inderstoodfrom[the [tipple [dimensions; the tipples[generated lover(the
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sand bed Wweremuchmorepronounced (asthose forthe(0.16 mmlsand bBed TFesulting in
larger[ vortex[ motions[ and[ stronger[ associated| suspension! processes.[ Thel standard
error of the[wave(related transportlis(telatively(largefor[the case with($sand[bed[of
0.16mmland(significant'waveheight(of/1.5m, [expressing relatively(large(variability
becauselonly[3 [data(records[0f[15 minutes Werelavailable[(see(Table 1, [datalset[V). Tt
stresses/the importancelofirelativelylong(datalsets/in(caseloflarippledbed.
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4. Mathematical model

Thelmodellis[al modified[ version[ (including[irregular[ waves[ and[ vortex[telated
mixing)(oflthe(model [éxplained by Ribberink[and[AlSalem((1991[and(1995).[Similar
modelshavebeenused by (other researcherssuchlas Jonsson[(1963), Kajiural(1968),
Horikawaland[Watanabe[(1968), [ Bakker((1974), Brevik[(1981), Fredsoe et[al.(1985)
and[Rakhalétlal.[(1997).[TMostloften[thesemodelshave beenlused for[planebed
conditions,[ but! Rakhal et[ al.[ (1997)[ applied! their model[ tol computel thel profile
evolutionfih [the(surf'zone with ripples/along/alconsiderable [portion 0fithe profile.
Theturbulent[fluid 'movement for[(horizontal) iniform flow[in(the Vertical [planelis
considered[assuming![that[theVerticall velocity[is telatively small ’¢ompared[tolthe
horizontal [Velocity. [Furthermore!itlis/dassumed that(the fegion of[flow ¢an(beldivided
inltwo [layers,[in[Wwhich[theipper(layer/has/nolvertical [gradient/velocity. Hence, by
using [ thel term[ ofl pressure’ gradient[ from[thel equation! for[ the upper[layer,[the
movementin[the TowerTayer(is/described by [the Reynolds’ [equation(as follows:

ou Ou, 0O
M _H, 9 < z < h (I
o o 82( jgz" : )



inlwhich u(z, t) [islthehorizontal velocitylinthe oscillatory lowerlayer Wwith the depth
h, u, [thelhorizontal velocitylatlelevation z = 4 [distinguishingbetween/the lower/and
thelupper layer, tltime, zlelevationlabovelbed, v, turbulentViscosityland z, [position(of

zerolvelocity.

Eq.(3)lis[suitable(to[simulate thelorbital flow[field[over(alplane bed orla bed [Wwith
relatively [ flat[ripples[(nolflow[$eparation). It ¢an[notl simulate(thel detailed[ vortex
motions[over[ pronounced ! tipples, which[basically[is[al horizontally noniniform
process. [ Since! thel attention[is! focussedl onlthel Wwaveltelated! suspended! transport,
eq.(3)lis hereinused/to(describethe general orbital motionand [the turbulence telated
mixing[c¢haracteristics. [ Thelbasiclidealis to[eévaluate(the performanceloflalrelatively
simplemodelwith[respect(fothe[suspension[characteristics[over altippled bedand fo
see/whether/the(model can(beladjusted(toproduce the properiwavelrelated transport
rates(ormot.

Inlorder(tol¢loselthel equation, thePrandtl’s theorylon[mixing(length as turbulence
closurefisisedand [theléddy Viscositylis[described by

v, = ﬁllz ULILILILILILILILILILILILILILILILLLLLLLLLLLLLLLLLLLLLLLLLLLLL(4)

inlwhich g, [is[theleéddy[viscosityadjustingcoefficient[(equal(foll), /[isthe[mixing
lengthand(determined by [Prandtl’sformula:

=Kz TGS )

where x is[Von[Karman(constant((lxk =0.4)[]

The/initial [and Boundaryconditions ised/in [the hodel (@re/given inthe following.

= Thelboundary/conditions!at/z=hand[z=0:
u(z,1) .= £,(t) IITITITITIITIG)
u(z,tj =y =0 (7)

inlwhich £, () (is(algiven function[from measurement((data tecord oflirregular Wwave

velocities);
= Thelinhitial[dondition:

u(z,t) o= f,(2) 0z, <z < h CIOITIIITIIIIS)

inwhich f, (z) islgivenfunction/ofvelocity.[A Hyperbolic[tangentdistribution(isused
for(thelinitial velocity Tbased onthe initial valuellat z=h.

Usingthel samelassumptions[as[for[ flowequation[(3), the[Vertical distribution[of
sediment/doncentrationlis/described by /the 1DV [diffusionlequation(as/follows:

oc
x, o =9l (TS
8t+82( w.Je [8 azjmz szsh )



inlwhich: wlis(thevertical [velocity [of flow, ws[constant/settlingvelocity [of sediment
particle, c[volume/concentration,and ¢ [diffusion(doefficientfor([sediment.
Toltrepresentadditional " vortex [telated [ suspension[ processes, the overall sediment

mixingcoefficientwasmodelledasthe[sum ofitheones by (bottom/induced turbulence
and leffective(vortexinducedmixing:

g, =&, + &2, I O)

inwhich ¢,¢_, [arelthemixing(coefficientsfor(sediment/due fo furbulencelandduelto

vortex[motions, tespectively. Thelturbulencelrelated[sediment mixing[ coefficient(is
determined(according(toleéddy(viscosity v, bylaldoefficient S,

g,, = B,v, [T )

The Wortex [induced mixing|is 'supposed (to bedescribed by the following formula:

£, = IUZ(I - Zj I
n h

Eq.(12)lsbased ondimensional fanalysis[and[assuming/that(thesand ¢oncentration
profilelis/of'thehyperbolictype, c~ (h /z— 1)" ,lwithn[being/alcalibration/coefficient
most(likelyldependingongrainisizeland rippledimensions. [Furthermore, [it[is[@assumed

that[peak [orbital elocities, U ,/dre[dominantfin(driving(the Vortices. The peak orbital
velocity/(is/described|as:

[T 2)

1
0=, ©,,(7)+U,, (zT)) ., T 3)

inlwhich U, .U, lare onshore and[offshore amplitudes/of( peakorbital ‘velocitylin

caseloflirregular[waves, tespectively; T [Wwavelperiod. Theleffectivevortex [induced
mixing|hasbeen/determined(by!¢alibration[uising[themeasured/timelaveragedsand
concentrations.

Theboundary équations forthesedimentdiffusionéquation(are:

» Thelinitial condition:

on?’

C(Z,t } 0= J3(2), z, < z < h [T 4)

iniwhich: z, islthe referencelleveland f;(z) is/algiven function/frommeasured/data.
* Thelboundaryldondition/at z =/4:

g, % =—w,c, z = h [ITTITTITTITTITITTITIITITIITII]LS )

1574

* Theboundary(conditionat z =z, :

c(z,zj s =, (¢), 8t z =z, I 6)



de =-w.,, at z =z [ITITITITTTITITITITITITITTITITIIQL 7)

or 85,872— s

inlwhich ¢, islalgivenformulalor(almeasured timeseries.
Thelapplied c, expression reads as:

1 pr LS
c, Zmps(elf:r) [T 8)

inlwhich @'islinstantaneous'dimensionlessbed[shear!(stress(telated to thegrains; 6
critical[dimensionless[bed[shear stress knownlas[Shields[parameter; p, [densitylof

sediment; D’ dimensionless|[particle diameter; and mlis Ian empirical coefficient
(calibration)[telatedto tipple[ characteristics r, A, [being[tippleheight[and[length

respectively. Thereferencellevellis[dssumed to [Beléqual to [the effectivebed[roughness
ks, Whichlis[takenléqual foltheripple height.

6. Calibration/ofthe modelland numerical/solutions

The finite[difference method (based on Timplicit[sScheme0f[Crank[Nicolson/was ised
tolsolvelequations((3),(6)[(8)for horizontal [velocity[and[the implicitlupwind/scheme
wasused/inléquations((9),(14)[(16) for vertical distribution[of’sediment/concentration.
ItC should['be hoted[that[ thel grids/ for[flow and[sediment[ diffusionequations[ are
different and[that[alstaggered[ gridhasbeen used for[ morelaccurate and[stable
computation(results.

Basiclinput(valueslofithe model are(given(in[Table(2:(ds, oflthe bed, ws=[constant/fall
velocity Lofl suspended sand[(basedlonlsettling[tests[ising[suspended[$amples)and
effectivebedroughness(ks, Whichlistaken €qual [to[the theasured ripplehieight.

Includ.'w ave

% —— Measured
(]
g Turbulencelonly
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© |
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: |
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Timelaveraged(concentration(kg/m3)

Fig.3[ITimelaveraged Concentration profilewithland
[MwithoutWwave(telated[diffusion((test(G1)

[First, [thelcalibration [of(the[vortex [telated mixing[coefficient(is ¢onsidered by (fitting
ofimeasured/and/computed fimeaveraged/sand concentrations. Itlis[shownlin[Figure3
that[theltimelaveraged| sand/concentrationlis/much/toosmall[when![the turbulencel
related[ /mixing[ Icoefficient(Jis[ lused[Jonly. JIntroducingl]al vortex telated i mixing
coefficient(as(determined(by eq.(12), effectively improved(the Vertical [distribution[0f
sediment¢oncentration[¢onsiderably ¢ompared(tolthe measurement[tesults.[Similar



resultswerelobtained(for(all[0ther tests. Under(theaction[of bottom induced [turbulent
mixing[thel$uspended’sediment[ concentrationmainlyassembleshear[the bed and
decreases! quicklylinlthe upward[ direction.[ Alll availableltest[results[(24)[ofl time[ ]
averaged!sand[c¢concentrations/have been(usedtodetermine the[n(coefficient oflthe
vortex [telated (mixing[coefficient/dnd [the h[doefficient/of the referencelconcentration
expression[ by [fitting[of 'measuredand[ ¢computedtimelaveraged¢oncentrations The
results(are(given(in(Table(2.

Table 2. Inputlparameters for[computations

Testl] Max. Timelave. Settling Bed  Refere. Coeff. Exponent Ripple Ripple
timefor Velocity velocity roughl] Level m Coefficil] height length

computa at z=h Uy, Wy ness Za n ent r A

[fion (m/s) k, Eq.(18) n
(s) () gy () inéq.(12) (m)  (m)
AlC 892.00 [0.03102 0.03 0.06 0.06 0.5 12.0 0.06 0.22
D1 897.000 [0.00493  0.03 0.06 0.06 0.5 12.0 0.06 0.22
D30 888.50 [0.00526  0.03 0.06 0.06 0.5 12.0 0.06 0.22
B1A 890.50 [0.03354 0.03 0.05 0.05 0.3 12.0 0.05 0.23
B2A  893.500 [0.03429 0.03 0.05 0.05 0.3 12.0 0.05 0.23
B1B 117.50 [0.03618  0.03 0.05 0.05 0.3 12.0 0.05 0.23
E30 894.501 [0.01776  0.03 0.05 0.05 0.3 12.0 0.05 0.23
E40 652.50 [0.01035 0.03 0.05 0.05 0.3 12.0 0.05 0.23
E50 896.501 [0.00950  0.03 0.05 0.05 0.3 12.0 0.05 0.23

G100 892.000 [(0.03821 0.011C0 0.03 0.03 0.05 38.0 0.03 0.72
G20 894.500 10.01750 0.0110  0.03 0.03 0.05 38.0 0.03 0.72
G40 89250 [0.02189 0.01100 0.02 0.03 0.05 38.0 0.03 0.72
J10 897.000 [0.03113 0.0110) 0.03 0.03 0.05 38.0 0.03 0.72
J20 895.500 [0.03237 0.01100 0.03 0.03 0.05 38.0 0.03 0.72
J301 356.00) [0.03065 0.011C) 0.03 0.03 0.05 38.0 0.03 0.72

H2[1 823.5(1 [0.03826 0.011C1 0.03 0.03 0.05 38.0 0.03 0.72
H30 898.50 [0.03666 0.011C1 0.03 0.03 0.05 38.0 0.03 0.72
H4[1 894.5(1 [0.02584 0.011C1 0.03 0.03 0.05 38.0 0.03 0.72
H50 893.00 [0.03370 0.011C1 0.03 0.03 0.05 38.0 0.03 0.72
K21 898.501 [0.02989 0.011C1 0.03 0.03 0.05 38.0 0.03 0.72
K40 89250 [0.03552 0.011C0 0.03 0.03 0.05 38.0 0.03 0.72

M10 891.50 [0.04407 0.011C 0.02 0.02 0.05 38.0 0.02 0.72
M2 836.500 [0.03225 0.01100 0.02 0.02 0.05 38.0 0.02 0.72
M4l 474.50 [0.03092 0.011C  0.02 0.02 0.05 38.0 0.02 0.72

Then(doefficientwas foundto'dependon/the(grain/size(of the bed material: n=12 for
coarse sand[0f[0.33 ' mmland nh=38[for[finer sand[of’0.16 mm. Alsmaller nlvalue
implies[alstronger[vortex [felated (mixing, which[seems/tealistic[because(the tipples
were most/pronounced ((steep vortex [fippleswith[1/A=0.27 ) Tin[the tests with[alcoarse
sand bed[0f10.33 hm.

Them/coefficient/wasfound/tobe related tothe ripple steepness((r/A) [with m Values
in[theltangelof m=0.04[1for(t/A=0.042[1to m=0.27 for[1/A=0.5.[The results[¢an[be
represented By



2
m= 8.4(rj ~0.7 " +0.06 T S)
A A

Themeasured(velocities(atz=1.075m/(are ised(as the upperBoundarycondition oflthe
modelandthesand ¢oncentrations[at[the Towerboundaryconditionof z = z,=0.075

mlare(faken/frommeasured/¢oncentrations[aswellasfrom[eéquation (18). Based[on
theselconditions, the model (domputations/show quite[good results for(concentration (at
thellower[elevations and ! forlorbital[Velocitylat the higher!elevations((close tolthe
boundaries).[Furtherlaway  from[the boundaries/thel discrepancybetween[computed
and[Jmeasured(Ivalues[Igradually[lincreases. It Jalso[shows[Ithat[the[Jcomputed
instantaneous results basedonthe measured reference/concentration [ [dre (much(better
than[ ] thosel | from[] equation[] (18).[] Furthermore, | the[| computed[ instantaneous
concentration shows[less[ strongl oscillation[than[the measured!concentration. This
lattereffect results[in[lessaccurate predictions of I the wavelrelated[ | sediment
transport(tate, as(will[be shown[later. Thelvertical[distribution of!thetimelaveraged
sand [doncentrations (i Mot huch affected by [the(typeldfiboundarydondition ((measured
datalor/équation(18).

Forlalllthe casesunder[¢onsiderationthe computedlinstantaneous(velocitiesdutside
thellayerlaffected[by!thelripples| (roughly[twoltipplelheights abovelthe mean/bed;
z>0.101to[10.2m) [ Ibehave quite[/good[ in[ lcomparison! tol thel imeasured! velocities.
Considerablelerrors/occur(closethebedlin the Vicinity [0f the ripples(z<0.1 ).
Figure[4[shows ¢omputedandmeasuredtimeldaveraged(velocity[profiles/forlall[24
testslin [terms 0fimean values/(and/standard error(range) foreachofthe(S[datalsets.
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0. 10.04 10.02 0
€2
g — computation
g g -0- measurement
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©0 s .
10.05 0 0.05

Timelaveragedivelocity(m/s)

Fig.[4.Mimelaveraged velocitiesfor[dombined[tests

Figure[5shows(similar[tesults[for the time[averaged sand/¢oncentrations. Theltime!
averaged(sand[¢oncentrations(at[thehigher[elevations[(z>0.5m)[are largest for data
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set[Vwith(thelargestsignificantwave height/andthe finer/sand[0f(0.16mm; Wwhereas
the[hearbed[concentrations(dre Targest for/the[casewith[steep Wortex ripples[(datalset
[TandI).[These tesults[show that aldiffusion/typelmodellis quite[good in[simulating
thel timelaveraged[$and[ concentration [ distribution, [ provided!thatl the Vortex/telated
suspension’ /mechanism(Jis[ Imodelled[ by Jan[leffectivel Imixing[Icoefficient. I The
discrepanciesJofl timelaveraged lconcentration between[ using[ formula(18)[Jand
measured| datalfor teferencel concentrationarel quite[ $mall.[ As[tegards[thelstandard
errors 0f both/the computed(and measured ‘results, [it[shows[that[the velocities .change
significantly [for(éach(test'due to thepresence ofltheripples, whilelthe standardlerrors
for[concentration are more stableatTthe 'samelevels.
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] 0 AV, s . ,
N0 0.5 1

Timelaveragedisandiconcentration

Fig.[5.MMimelaveraged(sand/concentrationsfor [combined fests

7. Evaluation/ofiwave related suspended transport(rates

Thellvelocity [ land[lconcentration icomputed [ by thel imodel lare[ thel linstantaneous
quantities[and(they areltepresented as(thesumof timelaveraged component/and/the
wave related(oscillations:

Thecomponents/dueltolhighlandlow frequencies(arenotpresented/separately here.
Therefore, [the wave 1elated Suspended [Sediment [fransport(ratelis[defined [asfollows:

0, =Ww-u)c-c)=u.c—u.c IIITIITITITITITITIITITIITR2)
Themodel tesults/in[simulating/the waveltelated|transport[close(tolthe bed are/not

accurate ifl thelteferencel concentrationlis' computed[ byl al bed(shear! stress! telated
expression. ] Thelimodelresults  Jare[ Iconsiderably[ /better  lifl Jthe[ 'measured[Isand
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concentrations|oflthe Towest[pointlare iisedas[boundary[conditionfor(the fine[sand

bed[0f10.16 mm.[This/can alsoBelobserved from Figure 6 presenting computed depth
integrated [ | transport/ Jrates[ | (between! |thel llowestl 1z=0.075[1m[land[thel Thighest

measurement( point[ z=1.075"m)[versus measured depthlintegrated| transport![ rates

(between(thelsamepoints). Thedashedlines/areabsolute error[boundaries Wwith values

of £0.01Kgm's™.

Therelislaltange! of! causes|for[theldiscrepancies/between[measured and/computed

waveltelated[ suspended![ transport! rates. |Asseenl from[ the obtained results,[the

computedlinstantaneous/¢oncentrations donotlagreewell with the teasured[Values

althoughl the timelaveraged! valueslarel quitel good. This[ probleml[is[related/tolthe

geometry oflthe ripples/ds/well[dstothe[dynamics/oflentrainment/and [transportation

of [ 'sediment! particles from[ thel rippled[ bed[into! thel flow.[It[appears! thatl the

instantaneous [Behaviouroflthevortices[andlassociated [Sand [concentrations [can motbe

represented(sufficientlyldccurate(byaldiffusion(type model.[Moreover, thelinteraction

between! sediment[ and[ fluid[ particles/is[hot[ consideredin[the present/model. The

changes(of! fluid[density [and[turbulence duelto the[presence oflhigh(nearbed sand
concentrations may [influence [the[dynamics[process/of flow [and [Sediment.
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Fig.[6.MComputed Versus measured(depthlintegrated) Wave(delated fransportTates

8. Discussion(and/conclusions

Thelexperimental [fesults[show that(the ripplegeometry [is [strongly [affected by [the bed
material[¢haracteristics:[Steep[vortex [tipples with[1/A=0.22[to[0.27 [for[the[0.33 [mm
sand[(datalsets[1and[1I)[and [telativelyflat/tipples with 1/A=0.04 for[0.16 mm/sand
(datalsets[III, TV [and [V)[I[Thelripple[steepnesslis/alvery[importantfactor, becauselit
decides(thescaleofTbed tfoughness (seeHitchingandLewis, [1999)land hencelhas(a
strong ! linfluence! lon[ vertical Idistribution[ lof! horizontal [ flow! velocity! land[ isand
concentration.[As[the precise measurementlocation (Wwith respect/folthe ripple crestlis
unknown [for [theseDelta flume [experiments, thany [repetitive heasurements have (been
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made( tol ensurel representative sampling[ atl various/ locations along[ thel migrating
ripples.[Thus, the[measured 'mean[profiles of Figure 4 [tepresent tosome extent a
spatiallylaveraged((over(a/ripplelength) mean[[Velocity [profile. Thelerror fanges(give
anlindication[ ofl thel horizontal[ Variability[involved. Comparison ofl measured and
computed([fluid(velocities forthe10.33 mm/sand [(Figure(4) [showsthat/a/simple 1DV ]
modelfisMot[verygood(forthe values/oflthe heancurrents Veryclose(folsteep [fipples.
Somewhat(betterresultslare(obtained for(datalsets Il /and IV [of(the(0.16 imm(sand (bed
with [flat(ripples ising anleffectivebed [foughness/equal 'totherippleheight. [Accurate
simulation[0flthe flow field mear(a rippled (bed[basically requires(theapplication[ofla
2DVImodellin[combinationwith[alhigher(order(turbulencelclosure (| K — & [method)or
directlarge!lscalel¢ddy simulation (LES Imethod), whichlisbeyond[the[scope ofithe
present/study.
Theltimelaveraged[sand[concentrations ¢can[belteasonably well simulated[for both
sand! sizes[ lusing! tthelIclassical( diffusion[lapproach,[ provided! that! thel reference
concentration near/the(bed[ismodelledwithsufficientlaccuracyand [that/the [Vortex[
related [ mixing[ characteristicsl arel takenlinto account!(calibration). Neglecting[the
vortex telated ‘mixing[coefficient,[yields fimelaveraged sand concentrations[that are
much(tool smalll (Figure[B).[ Furtherl tesearchl is[ hecessary!tol relatel the! reference
concentration and[ the vortex [related mixing' coefficient!toltelevant hydrodynamic,
sedimentland bed [form(parameters.
Theeasured instantaneous(sand/concentrations/can motBe simulated Werydccurately
usingalrelatively[simple[teferencel concentration/basedonlinstantaneous!bed/shear
stress[only; theleéffect(oflthe [fipple geometry has/tobelincluded to Hepresent/all [sand
concentrations|peaks near(thebed. The[¢omputedlinstantaneous/sand/¢oncentrations
at[various(¢levations/away [from[thebed[show [better[agreementWhen measured [data
are/used/as/bed/boundary(¢ondition.[Forlalll¢ases/the ¢computed instantaneous/sand
concentrations' show![less[ strong[ oscillations[than[ the[ measured[ data, Wwhichlislan
indication[ that the [ diffusionapproach I is[ not[fully[ ‘capable[ ofl simulating[ the
instantaneous/processes.[However, (this[does Tnot[Tseemfoaffect/thedaccuracyoflthe
timelaveragedsanddoncentrations/and hencethe current(telated [transport/very much,
butlit/is[0fmajorimportancefor(the waveltelated[suspended transport/processes. This
latterprocess[[dan motbelsimulated Very[accurately by the present 1DV hodellincase
ofCalrippledbed, especially when[thel referencel concentration[is hot[ accurately
modelled.

Forlall[cases/the[ measured(wavelrelated [ suspendedtransport(tates duelto the high

frequency(waves! larel /directed[ Jonshore, 'whereas[ the[ Jcurrent(related [ Jsuspended

transport(ratesare(directed [0ffshore. TThe fransport/tates/duetolow frequency [dre[of
minor importanceland/have(altendency [for[offshoreldirection(similar [to [time averaged
transporticomponents.

Theresults[0flthe[presentstudy [for(sand[transport under [itregularwaves over(abed [0f

0.16mmIsandand(0.33 mm/(sand(canbelsummarized by [the followingdonclusions:

= Theltipple/geometrylis/strongly[affected by the bed[material (characteristics: [Steep
vortex [tipples With [1/A=0.22fo[0.27 for[the[0.33 Imm(sand(datalsetsIland 1I)[and
relatively [flat ripples with 1/A=0.04 for(0.16 hm sand(data[sets II1, TV [and [V);

» Thelsuspended[ sediment[ transport! imainly[ bccursin thel hearbed[ layer[ with
thickness ofl ‘about[ 0.3 to[ 0.5 m[(water[ depth[ofl[4.55[m), whichlis[toughly
equivalentto[10[fo20times therippleHheight;

= Thelmeasuredwave(related [suspended(transport/due(folthe high[frequency waves
isldirected onshore, [ Whereas![thel current/related [ suspendedtransportlis directed
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offshore;the transport(rates due to low[frequencyareloflminor[importance’and
havel[laltendency [ for[loffshore[direction[ Isimilar[Ito[ timelaveraged[ transport
components;

= Thel lonshore!directed[ wavelrelated 'suspended! transport! increases with! wave
height((H;; between(1and[1.5m)and[decreaseswith sand [size; the latter éffectlis
related(toltheleffectlofTdecreasing[tipple steepnessiand [(hencelless[Strongvortex
motions/for/decreasing/sand|size;

= Thel1DVImodellbased on thelc¢lassicalldiffusionapproachlshows[good!ability(to
simulate(the[tfime[daveraged/suspendedsand[¢oncentrationsandhencethe[current
related [ suspended[ transportlin[thelripple tegime, provided[ that[thel reference
concentration/ hear| the bed and[thelvortex[related[ mixing[are tepresented with
sufficient(accuracy; [ both[ | parameters'|arelstrongly(Irelated[/to[]thel]ripple
characteristics.
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