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xvi Prefae



AbstratThe present thesis onsiders a oupled modelling approah for hydro- andmorphodynamis in the surf zone, whih is based on a solution to the ReynoldsAveraged Navier-Stokes (RANS) equations with a Volume of Fluid (VOF)losure for the surfae traking.The basis for the numerial approah is the surfae traking method in theopen-soure CFD toolbox OpenFoam R©, whih is released by OpenCFD R©.This basi version has been extended with the ability for modelling surfaewater waves and sediment transport in the surf zone. The validation of thesefuntionalities are desribed as part of the projet. The inequilibrium in thesediment transport �eld leads to a morphologial hange in the bed level,whih is inorporated through a movement of the omputational mesh. Thisallows for an integrated oupling with the hydrodynamis. The morpholog-ial module is also developed as part of this work.The numerial model is applied onto several physial settings. Firstly,the morphologial response is turned o�, and the hydrodynamis and thesediment transport patterns in the surf zone are desribed. The desriptiononsiders these proesses as a funtion of several non-dimensional variables,namely the surf similarity parameter, ζ0, and Dean's parameter in variousforms, Ω and ΩHK . This investigation has an emphasis on (i) the spatial andtemporal lag-e�ets in the hydrodynamis, and between the hydrodynamisand the sediment transport and (ii) the integrated net ross shore suspendedsediment transport �ux as a funtion of either of the variables ζ0, Ω, or ΩHK .Seondly, the bed is allowed to evolve under the in�uene of the sedimenttransport proesses. The development of breaker bars in both laboratorysale settings and prototype sale settings is onsidered. The temporal de-velopment of the ross shore pro�le is simulated for several ombinations ofwave foring and sediment grain diameters. The variation is desribed withemphasis on the development of the rest level of the breaker bar, the varia-tion in the bed shear stress on the rest of the breaker bar, and its migrationspeed.Additionally, a net onshore urrent over a breaker bar is onsidered,where this urrent mimis the presene of a horizontal irulation ell. Thexvii



xviii Abstratdevelopment of the breaker bar is desribed for di�erent values of the netonshore urrent speed. This desription is undertaken with and without aoupling to the morphology.



Abstrat in DanishDenne afhandling betragter en integreret løsningsmetode til hydro- og mor-fodynamikken i brydningszonene. Metoden er baseret på en løsning af deReynoldsmidlede Navier-Stokes ligninger, som er koblet med en numeriskmetode til bestemmelse af over�adens plaering (Volume of Fluid).Udgangspunktet for denne model er den implementerede metode til be-stemmelse af over�adens plaering, som er tilgængelig i den frie CFD (Com-putational Fluid Mehanis) pakke kaldet OpenFoam R©, der er frigivet afOpenCFD R©. Denne grundlæggende version er blevet udvidet med mu-ligheden for at modellere over�adebølger samt sediment transport i bryd-ningszonen. Valideringen af disse komponenter er beskrevet i afhandlingen.Uligevægten i sedimenttransportfeltet resulterer i en morfologisk ændring afbunden, hvilket er medtaget ved at �ytte beregningsnettet. Beregningsmod-ulet, som håndterer disse �ytning, er ligeledes en del af nærværende arbejde.Beregningsmodellen er benyttet på en række fysiske problemstillinger.Som udgangspunkt er koblingen til det morfologiske respons slået fra, oghydrodynamikken, samt den af hydrodynamikken induerede sedimenttrans-porten i brydningszonen, er beskrevet. Disse mekanismer er søgt beskrevetsom en funktion er forskellige dimensionsløse parametre, nemlig ζ0 (kaldet�surf similarity parameter�) og to udgaver af Deans parameter, Ω og ΩHK .Beskrivelsen har hovedfokus på (i) rumlige og tidslige forskydninger imellemproesser internt i hydrodynamikken og imellem hydrodynamikken og sedi-menttransporten samt (ii) den integrerede tværtransport hidrørende fra densuspenderede sedimentransport. Denne er betragtet som en funktion af ζ0,
Ω og ΩHK .Bunden tillades herefter at udvikle sig under ind�ydelse af gradienteri sedimenttransporten. Udviklingen af revler i både laboratorie- og proto-typeskala er undersøgt. Den tidslige udvikling af revlen er simuleret for �erekombinationer af bølgeparametre og korndiametre. Fokus er på udviklingenaf revlens toppunkt, den tidslige variation af bundforskydsningsspændingenover revlens toppunkt, samt vandringshastigheden af dette.Derudover er en indadrettet strøm påtrykt hen over en revle, hvilketefterligner tilstedeværelsen af en horisontal reirulation. Udviklingen afxix



xx Abstrat in Danishrevlen er beskrevet som en funktion af styrken af denne strøm. Beskrivelsener givet både med og uden en kobling til det morfologiske modul.



Chapter 1IntrodutionIn reent years, oastal threats due to global warming, the resulting aeler-ation of sea level rise, and hanges in storm and preipitation patterns havegained a lot of fous. One of the questions arising from suh an aeleratedhange is, whether or not shorelines an keep pae with the inrease in sealevel rise. Is the Bruun rule (Bruun, 1962) appliable or not for this prob-lem, or will the ross shore sediment delivery be too small, resulting in neteroding shores?The inreasing presene of humans in nearshore areas means that the fateof the shoreline annot be ignored, and measures need to be taken to protetour shorelines. Suh measures ould be a ombination of hard solutionssuh as groynes, breakwaters (surfae piering or submerged), revetments,seawalls and soft solutions suh as sand nourishment in the dune system, onthe shore or o�shore on the breaker bars (Komar, 1998).Any of these solutions or the omission of any ation needs evaluation.This requires an aurate longterm modelling framework for the shorelineevolution. Irrespetive of the type of predition framework, it is importantto deide on the relevant spatial and temporal sales. Three relevant salesfor the ross shore pro�le are depited in �gure 1.1. When onsidering e.g.the modelling of deadal behaviour level I and perhaps level II need diretmodelling, whereas it is not possible to diretly inlude the e�et of waveorbital ripples on level III. The residual e�ets of the ripples on the sedimenttransport hene needs to be parameterised in a proper way. The way toinlude this parameterisation is still unknown.Examples of deadal models are those of Plant et al. (1999, 2001), whihare based on a behavioural pattern with a oupling between the breakerbar position and the instantaneous environmental foring; these models aredisussed in �2.5.1. The breaker bar migrates towards an equilibrium, whihis desribed based on the instantaneous wave height. The models rely onemperial formulations of the breaker bar position. As these formulations are1



2 Chap. 1. Introdution
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Figure 1.1: A oneptual sketh of the sales in the ross shore pro�le. I: Longtermequilibrium pro�le, whih is perturbed with a more dynami breakerbar/rip hannel system (II). The less exposed parts of the bed are ov-ered with orbital ripples (III).exlusively based on measurements from FRF, Duk, North Carolina, U.S.A.,it has not been tested, whether or not the �tted parameters are �universal� ordepend on e.g. sediment grain distribution or the prevailing environmentalforing at that spei� loation. This makes the models di�ult to useas an engineering tool, beause deadal measuring ampaigns are rare andthus a validation of the model at any loation through a hindasting willprove impossible. Therefore, more knowledge of the atual physial proessestaking plae in the oastal zone should be built into suh behavioural modelsto inrease the engineering appliability. Suh physial proesses ould be allresidual e�ets from non-resolved features. Suh an inreased inorporationof knowledge of the proesses into the behavioural models is also one of themain onlusions in the review by de Vriend et al. (1993).Proess oriented morphodynami models inlude pro�le models being1DH (H: horizontal) depth integrated ross shore models, whih assume long-shore uniformity, and area models, whih are either 2DH depth integratedmodels or 3D with a hydrostati assumption. These latter models relax therequirement for longshore uniformity. The range of modelling approahesare desribed in ��2.5.2�2.5.3.The vertial variation of the veloity �eld in the surf zone annot be



3modelled using depth integrated models, as the veloity �eld has on- ando�shore ontributions over the vertial. The o�shore direted part of theveloity pro�le is termed the undertow. To remedy this lak in modellingability, a quasi three dimensional modelling is inluded, where the undertowis omputed in a parametri fashion (e.g. Deigaard et al., 1991b; Drønenand Deigaard, 2007). The omputation of the undertow relies on a loalful�lment of the vertial fore balane. This results in a sharp transition inthe sediment transport patterns at the breakpoint (see Drønen and Deigaard,2007, �gure 9). This sharp transition alls for the inlusion of smoothingand/or lag-e�ets in the transition between the part of the oastal zonedominated by shoaling waves and that dominated by wave breaking. Theselag e�ets have been inorporated in many fashions in previous models, andthe formulations depend on the modelling approah for waves, urrent, andsediment transport, see e.g. �2.5.2. The variation of these lag-proesses istypially an unknown funtion of the environmental foring and sedimentproperties.To irumvent the empirial modelling of these spatial and temporal lags,the present thesis will onsider the modelling of sediment transport underbreaking waves with a 2DV (V: vertial) model, whih in an expliit mannerhandles the free surfae elevation using a Volume of Fluid (VOF) methodfor surfae traking. The modelling of sediment transport under breakingwaves in 2DV models has to the author's knowledge only been onsidered byChristensen et al. (2000); Ontowirjo and Mano (2008, 2009). Ontowirjo andMano (2009) is also the only work, where the sediment transport modelledusing a Reynolds averaged Navier-Stokes model with a VOF losure has beenused as input to a morphologial module. The details in Ontowirjo and Mano(2009), however, are limited, and the methodology in oupling the hydro-and morphodynamis is not presented.The sope of the present thesis is to onsider the ombined hydro- andmorphodynami proesses over the ross pro�le with an emphasis on theproesses lose to the breakpoint. This near �eld desription of the break-ing and the resulting mobilisation of the sediment annot be ahieved inthe other modelling frameworks mentioned above. The model will be used�rstly on a onstant sloping bed, and the proesses as a funtion of the surfsimilarity parameter (�2.3.2) or variants of Dean's parameter (�2.2) are on-sidered. The modelling framework is also applied on a desription of themorphologial development, where the bed level hanges in a tight ouplingwith the instantaneous �ow �eld and sediment transport proesses.The goal is to obtain a better understanding of the sediment transportproesses in the surf zone and their intriate oupling with the hydro- andmorphodynami feedbak mehanisms. This type of model allows for a de-



4 Chap. 1. Introdutiontailed desription of all proesses and an therefore be used to map the pa-rameters governing the phase-lags in the surf zone. This an eventually leadto an improvement of the less sophistiated proess and behaviour orientedtools, whih are appliable for engineering purposes.1.1 Outline of the ThesisThe outline of the present thesis is as follows.A bakground overview of the hydrodynami and sediment proesses inthe nearshore area is desribed in �2. This desription overs the hydrody-namis of breaking and non-breaking waves and the orresponding induedurrents in both the long- and ross shore diretions. Furthermore, the en-fored sediment transport and resulting morphologial response is disussed.A detailed desription of the adopted numerial model is given in �3,where eah of the individual modules are onsidered. The Navier-Stokesequation, turbulene losure and VOF-handling is brie�y presented, whereasthe methods for wave generation/absorption, sediment transport and mor-phologial oupling are onsidered in detail, sine they have been imple-mented as part of this work.The validation of the individual piees of the proposed model is onsid-ered in �4. This validation overs turbulene modelling, wave modelling withboth breaking and non-breaking benhmark test ases, and the modelling ofsediment transport in losed hannels and below breaking waves.In �5 the hydrodynamis and sediment transport over a bed of onstantslope are onsidered over a range of surf similarity parameters. A disussionof the interplay between hydrodynami and sediment transport is given andphase-lags are desribed. Furthermore, estimates of erosional and aretionalbeah types are given.The full oupling between the hydro- and morphodynami modules isonsidered in �6. A set of yearly average and storm onditions is investi-gated for two grain diameters. The morphologial response for only bedload and both bed and suspended load is onsidered under regular waveforing. Furtheremore, the e�et of a net urrent over a barred ross shorepro�le is onsidered.The thesis is terminated with a disussion (�7) and a onlusion (�8).



Chapter 2Bakground2.1 TerminologyThe nearshore area haraterises the boundary between land and sea, and itis a plae where onsiderable sediment transport proesses take plae. Whenlooking at the nearshore area it is ommon to onsider, what happens in twomain diretions, namely the ross shore and longshore diretions.PSfrag replaements
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Figure 2.1: The terminology used for the main features in the nearshore zone in aross shore vertial plane. Note that the bed is termed rippled over theouter bar, as it is instantaneously inative, i.e. outside the surf zone.A sketh of a ross shore pro�le is shown in �gure 2.1. When onsideringthe nearshore area, there is a terminology for the instantaneous piture andanother terminology for the longer term. Over the short term, the ross shoreis divided into a region, where waves are breaking, alled the surf zone, whih5



6 Chap. 2. Bakgroundis shoreward of the breakpoint, see �gure 2.1. The waves are shoaling seawardof the breakpoint. Shoaling is the onservative proess of a hange in waveheight due to a hange in the water depth. Over the long term perspetive,the near shore area is divided into the upper and lower shorefaes, where theupper shorefae is predominantly a�eted by the surf zone proesses, andtherefore it ontains all of the breaker bars. The lower shorefae is mainlydominated by hydrodynami and sediment transport proesses related toshoaling waves.The breaker bars an be longshore uniform or rhythmi features, see �2.2and �gure 2.2. The longshore features an be interseted by deeper parts,whih are alled rip hannels. Rhythmi features are also alled resentibars, and they are depited in �gure 2.2b,. As an be seen from this �gure,they interat and an onnet with the shoreline. The di�erent topologiallayouts of the breaker bars have been lassi�ed into several beah states,whih will be disussed in �2.2.Near the shoreline the broken waves run up on the shore and form theswash zone, whih, ontrary to the progressive short waves in the surf zone,has the harateristis of a (partly) standing wave (see Hughes and Turner,1999, �gure 5.6). A thin sheet of water runs up the beah in this zone and,depending on the state of saturation of the beah, a fration of the water isin�ltrated into the beah. This water is then ex�ltrated as the swash lensretreats.In �gure 2.1, the two bars are given di�erent attributes, namely ativeand inative respetively, whih desribe their instantaneous morphologialstate. When waves are breaking seaward of the bar, wave indued turbuleneand wave indued urrents will result in large sediment transport rates, whihmodify the shape of the breaker bar. The opposite holds for the inative bar,as the sediment transport rates are orders of magnitude smaller for shoalingwaves, why the morphologial response is equally weak. The inative bar willbeome ative as soon as it is subjet to surf zone dominated proesses, i.e.the ourrene of a storm with larger waves or a lowering of the mean waterlevel due to tidal motion. The number of ross shore bars will be disussedin �2.2.2. The number of bars ranges from none to as many as �ve.The hydrodynami onditions are su�iently alm for the generation ofwave orbital ripples under shoaling waves and in the bar troughs, see skethin �gure 1.1. These are extremely important features, when onsidering theresidual e�ets of the sediment transport in the near shore area and espeiallyimportant for the longterm ross shore sediment delivery. This is the asebeause the instantaneous magnitude and diretion of sediment transportis onsiderably in�uened by the presene of ripples relative to the �at bedonditions.



Beah Classi�ation 7In the longshore diretion the bars are seldomly straight but are inter-seted by deeper parts alled rip hannels. These an be found betweenotherwise straight bars, resenti bars, or transverse bars, e.g. see �gure2.2 and Dalrymple et al. (2011). This results in a longshore variation in thewidth of the surf zone, as waves break farther onshore in the rip hannelsompared to the position of the breaker bars. The rip hannels mentionedabove are haraterised by a strong seaward urrent, whih is sustained by ashoreward urrent over the bars. The strength of the urrent in the rip han-nel osillates at frequenies smaller than that of the inident waves. Fieldexperiments by MaMahan et al. (2004) showed the osillations to be ou-pled to long periodi motion in the surf zone. This long periodi motion istermed infragravity waves, and they will be desribed further in �2.3.3.2.2 Beah Classi�ationIn the present setion an introdution to beah lassi�ation will be givenunder the assumption that the beah in question is neither a�eted by man-made strutures nor forms a losed system due to the presene of natu-rally ourring head-lands or similar hard features (see Short and Masselink,1999). In addition to this, it will be assumed that the beah is not tidallydominated; a brief aount of tidal e�ets on the shorefae morphology isgiven in �2.2.3.2.2.1 Single-Bar Con�gurationsWright and Short (1984) have lassi�ed beah topology based on �eld studiesof Australian beahes. Generally this lassi�ation has been supported withadditional observations from Japan (Sunamura and Irie, 1988) and dailyobservations using photographi equipment over a period of two years at theFRF laboratory in Duk, North Carolina (Lippmann and Holman, 1990).The lassi�ation sheme di�ers slightly between the di�erent authors. Theone outlined by Wright and Short (1984) (see �gure 2.2) is followed here.Both Wright and Short (1984) and Lippmann and Holman (1990) usethe parameter
Ω =

HB

wsT
(2.1)to lassify the beah states. This parameter is alled Dean's parameterfollowing Dean (1973)∗. HB is the breaking height, ws is the sediment fall

∗This parameterisation is aording to Short (1999) �rst suggested by Gourlay (1968).



8 Chap. 2. Bakground

Figure 2.2: The layout of the beah states for a single bar on�guration. FromDalrymple et al. (2011)



Beah Classi�ation 9veloity, and T is the wave period. Sunamura and Irie (1988) use
K∗ =

H̄2
B

gT̄ 2d
(2.2)where over-bar means daily averages, g is the modulus of the gravitationalvetor, g, and d is the median grain diameter. Both of these parametersexpress a relation between the inident waves and the sediment properties.The lassi�ation sheme as suggested by Wright and Short (1984) on-sists of 6 beah states, see �gure 2.2. Lippmann and Holman (1990) suggest8 beah states, whih is merely a subdivision of the two states �LongshoreBar-Trough� (LBT) and �Transverse Bar and Rip� (TBR). The two addi-tional states originate from a proess based onsideration, where those inWright and Short (1984) are based on �eld observations.The sequene of states is shown in in �gure 2.2, where the two extremesare the re�etive beah state (Ω < 1) and the dissipative beah state (Ω > 6).These are longshore uniform, and they are seen on swell and storm dominatedoasts respetively. On the dissipative beah state, the sediment is typially�ner than that on the re�etive beahes. In the fully re�etive beah state,there are no breaker bar present. Instead the beah pro�le has a suddendepth inrease alled a step (�gure 2.2f). The dissipative state is erosive andthe re�etive beah state is aretive.The lassi�ation works with a set of aretional and erosional sequenes,where the beah state is aretional as long as Ω (K∗) is dereasing anderosional for inreasing Ω (K∗). Here the terms aretional and erosionalstates re�et the overall ross shore sediment transport diretion, i.e. on-and o�shore respetively.Is the Proess Reversible?The sequene from fully dissipative to re�etive beah state goes throughfour intermediate states, where the bar progressively moves onshore (Ω de-reases, hene aretion) and the bar is eventually onneted to the beahfae. Aording to Wright and Short (1984) this proess is reversible, whereasLippmann and Holman (1990) do not address this, beause the erosional se-quene is on a too short time sale relative to their measuring tehnique.Sunamura and Irie (1988) �nd that the resenti beah state only developsunder dereasing Ω (K∗), and their erosion/aretion proess is yli with 3intermediate aretional states and 3 intermediate erosional states. This dif-ferene might arise from the time sales, where the aretional sequene (fairweather) has time sales that are typially of the order weeks and month,whereas the erosional sequene (storm) our over hours and days. An ex-ample of the latter is given in Holman et al. (2006), where the storm event



10 Chap. 2. Bakgroundis desribed as �system resets�, where all rhythmi behaviour is erased andreplaed by longshore straight bars. This an our within the sale of hours.Lippmann and Holman (1990) �nd that the fully dissipative state is gen-erally unstable, where rip hannels are immediately formed with a loweringin storm intensity (lowering Ω). The instability of suh straight bars hasbeen addressed using linear stability analysis, e.g. Deigaard et al. (1999a).Rate of ChangeThe rate of hange of the beah state was addressed by Wright and Short(1984), and their hypothesis was ompiled into �gure 2.3. Following intu-ition it is seen that the rate of hange is small for a low energy event andlarge for a high energy events, whih is intuitively orret. Furthermore, theypropose that the rate of hange also goes asymptotially toward an equilib-rium state. This hypothesis explains, why the beah seems to jump severalstates during storm events after long periods of alm weather as the initialpro�le is far from the dissipative one. The hypothesis an only be used qual-itatively, whereas quantitative modelling using the beah states and theirmodulation toward an equilibrium seem out of reah. An example wheresuh a model would break down an be disussed based on the �eld obser-vations by Holman et al. (2006). Here a large sale resenti feature (O(1)km) is untouhed by a onsiderable storm, and only the smaller resentifeatures, superimposed along the larger one, are straightend. These smallerresenti features reappear following the storm event. Here the same type ofbeah state is superimposed on eah other with di�erent length sales, how-ever, only the smaller sales are subjet to signi�ant morphologial hangeduring the storm event.2.2.2 E�et of Multiple BarsMultiple ross shore bars are found on many beahes around the world.The lassi�ation of these is addressed by Short and Aagaard (1993) in aompilation of their own work ombined with a review of previous works.Additional omplexity is introdued, sine the inner bar(s) an be ative ina given instane, in whih the outer bar(s) an remain inative and onlysubjet to shoaling waves. The outer bar(s) an then beome ative undermore severe hydrodynami foring. This means that the inner bar(s) anfor instane go through an aretional sequene, whereas the outer bar(s)remain �xed. Hene, a lassi�ation using Ω or K∗ loses its meaning forall of the bars simultaneously. The shape of the individual bars, however,still re�ets those in the lassi�ation sheme for single bars as given byWright and Short (1984) (see �gure 2.2). Greenwood and Davidson-Arnott
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Figure 2.3: The rate of hange of a beah state relative to an initial state, waveforing and equilibrium state, Ωeq. The length of the arrow representsa relative rate of hange. After Wright and Short (1984), �g. 12.(1975) similarly report that the outer bar system at Kouhibougua Bay,New Brunswik, Canada, hange over onsiderably larger time sales thanthe inner bar system. The inner bar system an onsist of as muh as 3 rossshore bars over a wide range of beah states.The ross shore bar spaing is addressed by Short and Aagaard (1993)based on theoretial onsiderations of standing edge or leaky waves (see�2.3.3) during storm events. Based on these onsiderations, a bar parameter
B∗ =

ξs

gβT 2
p

(2.3)is introdued. Here ξs is the distane from the shoreline to where the slopeof the pro�le tends to zero (see also �gure 2.6), β is the gradient of a linearapproximation to the nearshore pro�le, and Tp a representative wave periodduring storm events. Based on this, no bars are found for B∗ < 20, one barfor B∗ ≃ 20− 50, two bars for B∗ ≃ 50− 100, three bars for B∗ ≃ 100− 400and four bars for B∗ > 400. E.g. steep and swell dominated oasts have nobars, and gently sloping and storm dominated oasts will exhibit multiplelongshore bars.Sine Short and Aagaard (1993) use the inident wave period in eq. (2.3),it an be questioned whether this expression re�ets an infragravity perspe-



12 Chap. 2. Bakgroundtive on the nearshore bar formation proess. The form of eq. (2.3) originatesfrom the solution of edge waves (see �2.3.3), whih are strongly reasonantin the ross shore diretion, hene the use of Tp instead of a representativewave period for the edge waves is merely a saling onsideration.Besides the fat that a formation proess governed by infragravity typewaves is questionable, see disussion in �2.4.2, the proposed expression does�t the observed number of bars remarkably well.2.2.3 E�et of TidesThe e�et of tides on the development of the nearshore beah morphologyintrodues two additional mehanisms. The �rst is the translation of theinstantaneous shoreline aross the beah pro�le due to the tidal motion,whih introdues a ross shore variation in the loation of surf and swashzone sediment transport proesses. Thus part of a pro�le an be subjetto these two types of transport mehanisms in addition to shoaling wavesand aeolian sediment transport over a single tidal yle, see Masselink andTurner (1999).Additionally, the tidal motion results in an osillating water level insidethe beah. The swash zone then ats on both saturated and unsaturatedbeds, whih favours o�- and onshore sediment transport, respetively.In addition to Ω, another dimensionless parameter is introdued. Namelythe relative tide range
RTR =

TR

HB
, (2.4)where TR is the tidal range. For RTR > 15, the beah is lassi�ed as a tidal�at irrespetively of the magnitude of Ω. RTR is more meaningfull than thelassi�ation sheme using an absolute tidal range, suh as miro, meso andmaro tidal-ranges.2.3 Nearshore HydrodynamisThis setion onsiders the range of nearshore hydrodynami phenomena fromthe intra-wave orbital motion through wave breaking, indued mean surfaeelevations to the resulting wave indued urrents. A desription of the pro-dution of turbulene and its advetion and di�usion is given. Measurementsof bed shear stresses below breaking waves in the surf zone are presented.2.3.1 Intra-Wave HydrodynamisThe basi water partile motion below non-breaking waves is elliptial, wherethe ellipses beome irular in deep water and straight lines in shallow wa-



Nearshore Hydrodynamis 13ter, see �gure 2.4A-C. Inluding higher order e�ets into this desription, theelliptial motion is distorted and there is a slight forward drift in the move-ment, whih is alled the Stokes drift (Mei, 1999). This drift is of seondorder in wave height, and its vertial distribution depends on whether it isevaluated using an Eulerian or a Lagrangian approah, see 2.4D. In the for-mer ase, it is loated between the trough and rest, and it is loated betweenthe bottom and the mean water level in the latter ase. The forward driftis ompensated by a return urrent for losed systems suh as wave �umesand the ross shore pro�le; for example see Sumer and Fredsøe (2001) for anexperimental evidene. In addition to the elongation of the orbital traje-tories, the surfae elevation beome less and less sinusoidal with dereasingwater depth. This is seen as inreasingly shorter and steeper rests and widertroughs, see �gure 2.4A-C. In shallow water the Stokes perturbation theorybreaks down, see e.g. Fenton (1990) �gure 2.
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Rew = uma/ν ≃ 105, where um is the maximum orbital veloity, a is the



14 Chap. 2. Bakgroundorbital amplitude, and ν the moleular visosity. For Reynolds numbersslightly larger than the ritial, turbulene only overs a small fration ofthe wave period, a fration whih inreases with inreasing Reynolds number(Jensen et al., 1989).The osillating pressure gradient in the boundary layer is out of phasewith the free stream veloity, explaining why the veloity within the bound-ary reverses prior to the free stream veloity. This an be measured as aphase-lag between the freestream veloity and the bed shear stress. Thisphase-lag is 45◦ for laminar boundary layers, whereas it dereases to O(10◦)in turbulent wave boundary layers due to the inreased momentum exhangeover the vertial (e.g. Jensen et al., 1989, �gure 11). Exess turbulene anresult in an even smaller phase-lag (Fredsøe et al., 2003), who found valuesas small as 5◦.Current and WavesThe superposition of waves and urrent has a signi�ant e�et on the mag-nitude and the vertial distribution of the urrent, as the eddy visosity inthe turbulent wave boundary layer is larger than the orresponding for pureurrent. This results in a smaller veloity gradient and hene a smaller depthintegrated �ux over the water depth due to the urrent. This urrent is im-portant for the net sediment �ux, as the period averaged sediment �ux is zerounder pure sinusoidal motion. As disussed in Fuhrman et al. (2009), a netsediment transport an be found by adding either a urrent or seond orderterms to the free stream veloity. The numerial simulations by de Vriendet al. (1993) showed that the ombination of wave and urrents relative topure tidal indued urrent results in an inrease in the sediment transportrates by an order of magnitude.2.3.2 Wave Propagation and BreakingWaves propagating from deep to shallow water in the nearshore area aresubjet to shoaling, refration, and wave breaking. These proesses are (i)hange in wave height due to a hange in water depth and/or the presene ofa urrent, (ii) urving of wave fronts due to oblique wave inidene relativeto bottom ontours and or the presene of a urrent, and (iii) dissipation oforganised wave energy into turbulene and heat.The presene of surfae water waves give rise to an exess momentum�ux, whih an be expressed in terms of the radiation stress tensor (Longuet-



Nearshore Hydrodynamis 15Higgins and Stewart, 1964)
SR =

[
Sxx Sxy

Syx Syy

]

=
1

2
E

[
(1 + G) cos2 α + G (1 + G) sin α cos α

(1 + G) sin α cos α (1 + G) sin2 α + G

] (2.5)where the last equality is evaluated using linear wave theory (Longuet-Higgins, 1970a). Here E is the wave energy
E =

1

8
ρgH2 (2.6)and α is the propagation diretion relative to a global x − y oordinatesystem. G = 2kh/ sinh 2kh, where k is the modulus of the wave numbervetor and h is the loal water depth.The two �rst proesses (i) and (ii) are energy �ux onserving, whereasthe wave breaking, (iii), is strongly dissipative. The preservation or lakof energy �ux onservation has an important e�et on nearshore urrentpatterns, see �2.3.4.The wave front inreases in steepness up to the point of breaking, beausethe wave rest travels faster than the wave trough (see Lamb, 1945, �187).This steepening is aompanied by an inrease of wave energy on the higherbound harmonis leading to a gradual derease in the auray of the Stokesperburbation theory. This is onsidered in more detail in �4.1.6.Wave BreakingWave breaking has been lassi�ed in 3 types of breaking being (i) spilling,(ii) plunging, and (iii) surging breakers. These breaker types follow eahother for inreasing steepness of the beah pro�le under �xed wave foring.This has been lassi�ed using the surf similarity parameter de�ned as

ζ0 =
tan β√
H0/L0

, (2.7)where tan β is the beah slope and the index 0 stand for deep water proper-ties. The breaker type as a funtion of the surf similarity parameter is givenin table 2.1.Spilling breakers our as the wave rest beomes unstable, and a zone infront of the wave rest is generated, whih is haraterised by large rotationand prodution of turbulene. This volume of water is termed the surfaeroller, and it is passively adveted as the wave propagates. Turbulene isspread from this region downward (Nadaoka et al., 1989). The plungingbreaking ours as an overturning of the wave rest, when its speed exeeds



16 Chap. 2. BakgroundTable 2.1: Breaker type as a funtion of the surf similarity parameter, ζ0 (Fredsøeand Deigaard, 1992).Type: Range:Spilling breakers ζ0 < 0.5Plunging breakers 0.5 < ζ0 < 3.3Surging breakers 3.3 < ζ0the propagation speed of the wave (Peregrine, 1983). When the forward pro-jeted water hits the water surfae in front of the wave rest, it an eitherre�et on the surfae, ontinue through the water surfae, or a ombinationhereof. The seond option ombined with intense vortial motion is hypoth-esised to ause the formation of a breaker bar, see �2.4.2. The di�erentpossibilities are skethed in �gure 2.5. The violent impat auses the gen-eration of vorties in the water olumn. Pedersen et al. (1995) onsideredtheoretially the generation of these and their subsequent interation withthe bed. They found that they an indue large bed shear stresses. After theinitial breaking both of these breaking types propagate toward the shorelineas broken waves, whih are haraterised by a surfae roller and ontinuousdissipation of wave energy. The surging breaking type is an instability atthe toe of the steep wave front.
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Figure 2.5: The di�erent possible types of motion of the water during impat of thewater jet in a plunging breaker. After Peregrine (1983)



Nearshore Hydrodynamis 17Re�etion from the ShorelineThe re�etion of wave energy, R2
N , from a beah inreases with inreasingsurf similarity parameter. Elgar et al. (1994) experimentally veri�ed thatthe Mihe parameter

M =
16g2

(2π)2
tan5 β

H2
0f4

(2.8)desribes the amount of re�etion reasonably well. They veri�ed that R2
N =

M for M < 1.0 and otherwise R2
N = 1.0. Here f is the wave frequeny. Elgaret al. (1994) found for large o�shore wave energy that R2

N < 0.03, whihis the detetable limit, i.e. re�etion is negligible for small surf similarityparameters.Oblique Desending EddiesIn the breaking proess, what is termed oblique desending eddies are gener-ated. These are found to have a onsiderable e�et on sediment suspension ina laboratory experiments by Nadaoka et al. (1988b), and they are indiretlyidenti�ed in the �eld by Nadaoka et al. (1988a)†. The obliquely desendingeddies are inherently 3-dimensional vortial strutures, whih rotate aroundan axis from the water surfae direted seaward and downward. The numer-ial modelling of these has been undertaken by Christensen and Deigaard(2001).2.3.3 Infragravity MotionLong periodi motion in the near shore area is termed infragravity motion.This motion is typially de�ned as having a period in exess of 20 s (Aagaardand Masselink, 1999). Its presene has been suggested as the ause for thegeneration, loation and shape of morphologial features in the nearshorezone, see ��2.2.2 and 2.4.2. Suh infragravity motion is aused by severalmehanisms. One of these are the release of bound long waves in wave trainsdue to breaking. The bound long waves are desribed by Longuet-Higginsand Stewart (1964) in terms of variations in the radiation stress tensor overa group length. Another foring mehanism is related to the ross shorevariation in the breakpoint (Symonds et al., 1982).The long waves re�et on the shore and return seaward for normal waveinidene. A superposition of the inoming and re�eted long waves reatesa standing wave pattern with no longshore variation. These waves are alled
†They are also easily identi�ed in BBC (2009) from 03:11 to 04:00, where they havebeen reorded in the �eld using high speed ameras.
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Figure 2.6: Sketh of the onept of infragravity wave beoming trapped in thenearshore region due to refration. I: Infragravity wave, whih doesnot beome trapped. II: Infragravity wave, whih does beome trapped(edge wave).leaky waves. For obliquely inident wave trains, the long waves an beometrapped on the sloping part of the pro�le, beause the waves refrat 180◦, see�gure 2.6. This type is alled edge waves, and they an be either propagatingor standing in the longshore diretion. In the latter ase, the standing patternis indued by limitations in the extend of the beah by e.g. head lands ortheoretially by the inidene of two idential wave trains from oppositediretions. The shape of these standing wave patterns depends strongly onthe beah pro�le (Dally, 1987; Reniers et al., 2004), thus the pattern will varyover long time sales, e.g. the morphologial time sales of bathymetrialvariations.The two mehanisms desribed above are diretly related to the wavebreaking and the irregularity of the wave �eld. An instability mehanismin the longshore urrent forms a long period osillation with even lowerfrequeny (O(1−10) min). This instability is alled shear waves (see Aagaardand Masselink, 1999, p. 86).2.3.4 Mean QuantitiesWhen onsidering the radiation stress tensor, SR, from eq. (2.5) under eithershoaling, refration or wave breaking, it is seen that
∇h· SR 6= 0 , (2.9)where ∇h is the gradient operator in the horizontal plane. The expression de-viates from 0, beause the wave height hanges under any of those proesses.



Nearshore Hydrodynamis 19This means that the gradient in the momentum �ux must be balaned by apressure gradient, and it leads to the onept of set-down of the mean waterlevel outside the surf zone and a set-up of the mean water level inside thesurf zone, see �gure 2.1 and e.g. Svendsen (2006). Note that there exista spatial phase-lag between the point of breaking and the loation of thebeginning of the setup for plunging breaker, as the organised motion of thewave is �rstly transformed into an organised vortial struture that has anon-zero ontribution to the momentum �ux (Battjes, 1988). It is similarlydisussed in Roelvink and Stive (1989), who state that energy deay modelsused to model the surfae elevation �may be a good preditor of the waveheight deay as observed from the wave surfae variane (a manifestationof primarily the potential energy), but this is not neessarily so for the totalenergy.� Roelvink and Stive (1989) introdued a spatial lag between the pro-dution and dissipation of turbulent kineti energy and found improvementson undertow estimates.Vertial Shear Stress DistributionOutside the surf zone Deigaard and Fredsøe (1989) showed in 2 dimensionsthere is a zero shear stress distribution over the vertial outside the boundarylayer. This an intuitively be extended to both shoaling and refration in 3dimensions following their onservative nature. Sine no energy dissipationtakes plae outside the boundary layer, no rotation an be introdued inthe water olumn, thus wave generated urrents annot be fored. This hasalso been proved by Dingemans et al. (1987) for arbitrary bathymetrial lay-outs. Furthermore, they found that the driving fore an be desribed bywave energy dissipation, whih is termed the rotational part of SR.When inluding wave breaking this radially hanges. Dyhr-Nielsen andSørensen (1970) qualitatively disuss the distribution of radiation stressesover the vertial in the surf zone, and they ompared it to the distributionof the pressure gradient from the wave set-up. This requires a non-zero bedshear stress in the ross shore diretion to yield equilibrium in the moment.The shear stress distribution over the vertial in the ross shore diretionhas been onsidered by Dally and Dean (1984); Svendsen (1984); Deigaardand Fredsøe (1989). Deigaard and Fredsøe (1989) inluded a horizontal stressterm at the bottom of a ontrol volume extending from above the surfaeto some arbitrary level. This stress term, whih is due to organised wavemotion, is non-zero due to wave energy dissipation in the diretion of prop-agation. This term is important for the vertial shear stress distribution.



20 Chap. 2. BakgroundCross Shore CurrentA irulation urrent is present in the surf zone, and the seaward diretedurrent near the bed is alled the undertow. It balanes a shoreward volume�ux around the mean water level with ontributions from the Stokes drift,the �ux due to the advetion of the surfae roller, and the shear driven �oworiginating from the shear under the surfae roller. Outside the surf zonethe only shoreward mass �ux is due to the Stokes drift, hene to distinguishbetween the two zones, the balaning of the Stokes drift is in the followingtermed the return �ow. This produes a mean �ow �eld as the one measuredexperimentally by Nadaoka and Kondoh (1982), see �gure 2.7. The depited�ow �eld reveals that the undertow is on�ned to near the bed, whereas thereturn �ow is largest near trough level. This has important onsequenesfor the sediment transport rate. Furthermore, note that due to ontinuityonservation, there is a vertial �ux over water immediately shoreward ofthe breakpoint.

Figure 2.7: The mean reirulation in the ross shore diretion measured in a labo-ratory �ume (Nadaoka and Kondoh, 1982, their �gure 16). The arrowsinside the surf zone are dashed as no measurements ould be performedin the aerated region.Deigaard et al. (1991b) use the shear stress distribution to model theundertow pro�le under spilling wave breaking in a loalised manner. Thismeans that there is a loal ful�lment of fore equilibrium, where the e�etof ross shore aeleration of the undertow is not inluded. Compared toexperimental results they obtain good results.StreamingLonguet-Higgins (1953) onsidered the boundary layers below linear waterwaves and found that a net urrent in the propagation diretion is generateddue to the spatial non-uniformity in the wave boundary layer. This meh-



Nearshore Hydrodynamis 21anism is alled streaming, and it has been veri�ed experimentally outsidethe surf zone. The proess related to streaming is also present in the surfzone, however, it is of seondary importane in terms of the amount of ex-trated energy. This also means that the shoreward steady streaming nearthe bed is overtaken by the undertow, and the streaming �ngerprint an-not be reognised in period averaged veloity pro�les, see e.g. Huang et al.(2010) �gure 8. Several authors have performed veloity measurements in-side the surf zone (Nadaoka and Kondoh, 1982; Ting and Kirby, 1994; Cox,1995), however it is not lear from their measurements, whether the lak ofthe streaming �ngerprint is due to a too oarse vertial resolution near thebed or the fat that the streaming omponent is not present at all.Longshore CurrentOnly the ross shore urrent has been onsidered until now. In the longshorediretion, the gradient in the shear omponent of SR an only be balanedby a bed shear stress in the longshore diretion, hene arrying evideneof a longshore urrent. This was addressed theoretially by Bowen (1969);Longuet-Higgins (1970a,b); Thornton (1970). Their work mainly di�ers inthe de�nition of the bed shear stress, with either linear or quadrati de-pendeny on the veloity and onstant or spatially varying frition fator.A numerial solution is required in the ase of a spatially varying fritionfator. Furthermore, Thornton (1970) models the fousing of the longshoreurrent on breaker bars.It was previously mentioned that no wave indued urrent is presentoutside the surf zone due to the onservative nature of the wave proessesourring here. This is not entirely orret as a urrent is indued by thelongshore urrent due to momentum exhange in the ross diretion and thusbeyond the breakpoint (Longuet-Higgins, 1970b), see �gure 2.8.The Combined PitureThe ombination of the ross shore irulation and longshore urrent givesrise to a orksrew motion as identi�ed from the shear stress distribution in3-dimensions derived by Deigaard (1993) for breaking waves over a horizontalbed. This motion is also disussed qualitatively by Longuet-Higgins (1970a),and it is depited in �gure 2.8.The hydrodynami desription hanges, if rip hannels are inluded, be-ause the undertow is weakened and the shoreward �ux of water over the barreturns seaward through the rip hannels. This further hanges the hara-teristis of the longshore urrent, whih attains a meandering form due to theperiodi strong seaward urrents. The seaward �ux through the rip hannels



22 Chap. 2. Bakground

PSfrag replaements
Near surfae �owNear bottom �ow

No momentum exhangeMomentum exhange
Breakpoint for regular waves

Inident waves Shoreline
Horizontal line

Longshore urrent pro�le

Corksrew motion

Figure 2.8: A sketh of the longshore urrent pro�le on a ross shore pro�le of on-stant slope depited with and without ross shore momentum exhange.The orksrew motion in the surf zone is also depited.is also present for normal inident waves and no longshore urrent ompo-nent. The urrent pattern then forms irulation ells in the horizontal plane(see e.g. �gure 2.2 or Wright and Short, 1984, �gure 5).A disussion of the inlusion of irregular and diretional spread wavesinto the modelling of the longshore urrent an be found in Fredsøe andDeigaard (1992) pp. 137�142.2.3.5 Turbulene Charateristis and Bed Shear StressesThe turbulene in the surf zone is mainly generated in the surfae region aslearly seen from partile image veloimetry (PIV) measurements by Kim-moun and Branger (2007). They also onlude that the proper way of makingthe turbulent kineti energy non-dimensional is by using gh, whih is based



Nearshore Hydrodynamis 23on an interomparison with their own results and previous measurements ofthe turbulent kineti energy under breaking waves. While Kimmoun andBranger (2007) onsider a ombined spilling-plunging sequene, Ting andKirby (1994) onsider the ases of either spilling or plunging breakers andtheir measurements are in line with the more reent results.The two experiments disussed above are onduted on a onstant slopingbed. Sott et al. (2005) onduted measurements of the turbulent quantitiesover a frozen barred pro�le in a large sale wave �ume. Both regular andirregular waves were tested. The waves broke seaward of the bar rest, whihis also seen in experiments with loose sediment beds. This resulted in thelargest value for the turbulent kineti energy at the rest of the breakerbar, whereas the turbulene was generally lower in the bar trough. Overthe breaker bar the turbulene level is high over the entire water olumn,whereas there is a non-uniform distribution in the trough with the largestvalues near the water surfae. Furthermore, Sott et al. (2005) found thatthe turbulent kineti energy was generally smaller in the ase of irregularwaves.The turbulene properties under breaking waves have been measured ex-tensively in both laboratory and �eld settings, whereas the measurements ofbed shear stresses are less frequently onsidered. Measurement of bed shearstresses on smooth beds an be obtained using hot �lms suh as has beendone in Deigaard et al. (1991a), using laser measurements over rough bound-aries Cox (1995); Cox et al. (1996), or using PIV (Kimmoun and Branger,2007). Exept in the work by Kimmoun and Branger (2007), all measuredthe bed shear stresses are under spilling breakers, and they �nd that the bedshear stress is largest around the breakpoint, and it dereases shoreward.Shoreward of the breakpoint the amount of turbulene is onsiderably largerthan o�shore, whih will a�et the sediment transport proesses. The largeamount of turbulene is due to turbulent kineti energy from the breakingproess, whih extends the entire water olumn. Both experiments �nd thatthe periodiity of the waves is re�eted in the bed shear stress shoreward ofthe breakpoint.Kimmoun and Branger (2007) measured the bed shear stress under aombined spilling-plunging event, and they found a orrelation between asurfae piering vortial struture and a onsiderable o�shore direted bedshear stress. There is a large gradient in the bed shear stress just seaward ofthe breakpoint, whih suggest a onvergene point for sediment transport.This is a potential breaker bar forming mehanism, whih will be disussedin �2.4.2.



24 Chap. 2. Bakground2.3.6 Other Hydrodynami FeaturesOther hydrodynami features having an impat on sediment transport pat-terns, whih will not be onsidered in detail, are that of wind generatedurrents, storm surges, and the presene of shelf urrents. Furthermore,the detailed e�et of air-water mixture on both turbulene dissipation dueto bubble deformation by turbulent stresses, and the e�et of bubbles onsuspended sediment transport is omitted. The two latter proesses are hy-pothesised to have opposite e�ets. Inreased turbulent dissipation lowersthe eddy visosity, and hene the ability of sustaining sediment grains at agiven level is weakened, whereas the rising of bubbles an arry sedimentgrains to higher levels in the water olumn. Neither of these proesses areinluded in the present thesis.2.4 Sediment Transport and Resulting Morphology2.4.1 Sediment Transport in the Nearshore AreaUnder purely sinusoidal movement the net sediment transport is vanishing,however, there is an intriate interation between wave and urrent, thepresene of wave non-linearity, and wave irregularity. Outside the surf zonethe presene of bound waves in wave groups are found to limit the suspendedsediment �ux in the propagation diretion, as the veloity �eld from thelong bound wave is against the propagation diretion under the larger ofthe waves in the wave group (Deigaard et al., 1999b). They also note thathigher harmonis are not treated in their model, and these ould potentiallyounterat the e�et of bound long waves, as they result in an inreased netforward sediment �ux, whih has been addressed by e.g. Fuhrman et al.(2009).The e�et of turbulene from breaking waves inside the surf zone is im-portant for sustaining sediment in suspension as seen in e.g. Deigaard et al.(1986). Furthermore, the ombination of wave breaking and the presene ofa urrent in the surf zone inreases the transport apaity onsiderably. Thee�et of undertow in terms of breaker bar formation is disussed in �2.4.2.E�et of Wave Irregularity on the Sediment TransportThe omplex sediment transport patterns under non-regular waves were on-sidered by Dally (1987) with an emphasis on the morphologial response (see�2.4.2). The integrated ross shore �ux was the fous in the experiments byBaldok et al. (2010, 2011), where the former is arried out in small sale andthe latter in large sale laboratory wave �umes. It should be mentioned thatthey fous on wave onditions, whih are in the re�etive and intermediate



Sediment Transport and Resulting Morphology 25range with respet to the beah state, i.e. Ω ≃ 1.0− 6.0. They �nd that thesuperposition of long free waves onto a short wave favours shoreward sedi-ment transport, whereas an irregularity in the wave �eld introdued througheither bihromati or irregular wave �elds favours o�shore transport. Whenthe orresponding regular wave is net erosive, the irregularity results in aninreased o�shore direted sediment transport. They onlude that the in-trodution of wave irregularity is the same as an inrease in Ω.This onlusion might, however, be related to the fat that Ω is in theintermediate range, in whih the hange from shoreward to seaward sedi-ment transport �uxes must take plae. At least the numerial simulationsby Rakha et al. (1997) suggest that their numerial model to a reasonabledegree an predit the sediment �uxes under irregular waves, when omparedto measurements (Ω ≃ 14). When replaing the irregular waves with a rep-resentative regular waves, Rakha et al. (1997) found a large inrease in thesediment transport �uxes and a onsiderable inrease in the gradient of thetransport �eld. The author does not know of experiments, whih an revealthe e�et of irregular waves versus regular waves for learly dissipative beahstates, i.e Ω ≃ 10 − 20.2.4.2 Hypotheses for Formation of Breaker BarsIn the ontext of lassi�ation, as desribed in �2.2, the formation hypothesisis typially based on the infragravity wave theory. Here, the ross shoreloation of the bars is related to the nodes/antinodes of the standing wavedepending of whether bed load or suspended sediment transport is dominant.This is hypothesised to be due to the two period averaged irulation ells,whih are found on top of eah other, see �gure 2.9A. These irulation ellsare indued by a weak variation in the mean water level. This mean variationis similar to that of standing waves on a horizontal bed, see e.g. Gislasonet al. (2009). The di�erene between horizontal and sloping beds is that,while the wave length and the height of the standing wave are onstant inspae for horizontal beds, the wave height inreases and the wave lengthdereases with dereasing water depth over sloping beds.The rhythmiity of resenti bars is similarly related to the longshorewave length of standing edge waves. The formation proess is thus entirelydesribed by an infragravity foring without any feedbak as shown in �gure2.10(a).The simpliity of this formation proess is striking, and its popularityis summarised niely as: �The notion of a foring template is attrative be-ause the harateristis of the morphologial pattern, in partiular the spa-tial sales, an be predited deterministially based solely on properties of thetemplate� (Coo and Murray, 2007, p. 272).
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Undertow dominatedShoaling/streaming dominatedConvergene pointOnshore transport O�shore transportFigure 2.9: Formation hypotheses. A: Convergene of sediment transport understanding infragravity waves. B: The plunging breaker hypothesis follow-ing Miller (1976). C: Onshore transport due to streaming and shoalingoutside the surf zone and o�shore transport due to undertow in the surfzone (Modi�ed after Fredsøe and Deigaard, 1992, �gure 11.2).Questioning the Infragravity Formation HypothesisAs attrative as it might be, the infragravity hypothesis has been ontra-dited by a ombination of theoretial, experimental and numerial work.These works instead support the muh more omplex feedbak driven hy-pothesis (see �gure 2.10(b)). As pointed out by Dally (1987) the shape ofthe beah pro�le signi�antly in�uenes the analytial solution of the lo-ation of the nodal points for the ross shore standing infragravity wave,



Sediment Transport and Resulting Morphology 27however this modi�ation of the foring template to hanges in beah pro�leis not onsidered in the formation hypothesis, i.e. no feedbak mehanism.PSfrag replaementsInitial pro�leEnvironmental foringNearshore hydrodynamisDynami equilibriumFeedbak Morphologial response
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Dynami equilibriumFeedbak Morphologial responseStanding infragravity wave (b) Feedbak driven morphologialdevelopmentFigure 2.10: Coneptual presentation of formation hypotheses with and withoutfeedbak mehanisms.Dally (1987) onduted laboratory experiments of bar formation underbihromati wave foring, whih favours strong infragravity wave foring.Nevertheless, his results learly favoured the undertow as the dominant pro-ess for breaker bar development. Furthermore, �eld experiments regardingthe spaing and dynamis of resenti bars (van Enkevort et al., 2004; Hol-man et al., 2006) onludes that the irregularity and the non-linear proessessuh as merging and splitting of resenti bars an hardly be explained bythe presene of standing edge waves nor linear stability theory for that mat-ter, beause both of these theories would have resulted in muh more regularspaings. Similarly for beah usps, Masselink et al. (2004) found no exper-imental evidene of a foring template in their �eld study.Linear stability theories, as the name suggests, annot desribe non-linearphenomena suh as merging and splitting. These proesses require e.g. aomplex depth integrated area model as the one by by Reniers et al. (2004).They used it to desribe the development of the beah pro�le under irregulardiretional spread wave �elds. They found that infragravity motion is linkedto the longshore spaing between the irregularly plaed rip hannels. Byremoving the in�uene of infragravity motion on the sediment transportin an otherwise idential simulation, Reniers et al. (2004) showed that theresulting morphology was qualitatively unhanged. The only onsiderabledi�erene being a less smooth bathymetry in the ase of no infragravity



28 Chap. 2. Bakgroundomponent in the sediment transport. This supports that oupling betweenmorphologial features and infragravity waves, whih has been measured inthe �eld, is the e�et rather than the ause. This oupling is disussed byMasselink et al. (2004) in the ase of beah usps, where triad interation‡between the inoming waves and the stationary beah usp an ause agrowth in edge wave energy; this was also pointed out by Bowen (1997).In the latter, however, it is disussed in the ontext of the possibility ofinfragravity waves generating bedforms, i.e. inident waves together withedge waves were hypothesised to ause the emergene of beah usps.The presene of infragravity waves is seen to merely distribute sedimentmore smoothly and might be responsible for the initial perturbations neededby instability theories "(...) but suh an assumption would signi�antly re-due the role of edge waves to just one of the many possible soures of mor-phodynami instability" (van Enkevort et al., 2004).Feedbak Driven HypothesisAs mentioned above, the experiments by Dally (1987) favoured the under-tow for the development of breaker bars. It was disussed in �2.3.4 that theundertow is strongest near the bottom, whereas the return �ow is strongestfarther away from the bed. As suspended sediment is mainly on�ned tothe lower part of the water olumn, the o�shore transport mehanism dis-appears as the undertow separates from the bed and beomes the return�ow. Together with an onshore sediment transport due to streaming e�etsand non-linear waves o�shore the breakpoint (e.g. Fuhrman et al., 2009),sediment onverges and a breaker bar develops (see �gure 2.9C).This proess desribes a di�erent kind of foring template hypothesis,whih is quite opposite that of the infragravity hypothesis. The hypothesisis summarised in �gure 2.10(b). It onsists of a set of environmental foringssuh as wind, waves and urrents and an initial beah pro�le. The induedhydrodynami and sediment transport patterns a�et the morphology, whihin its turn hange the transport patterns. This feedbak proess ontinuesuntil an equilibrium is ahieved or the environmental foring hanges. Ex-perimental evidene on the dependene of the initial pro�le an be found byomparing tests 2 and 3 in Eagleson et al. (1963). Here the equilibrium pro-�les are ompared under the same foring but for 2 di�erent initial pro�les(di�erent plane slope), and they are seen to di�er. The feedbak proessis well desribed by Greenwood and Davidson-Arnott (1975) pp. 143�146(without using the term), where a omplex plan view with inner and outer
‡Triad interation is the exhange of energy between three waves with frequeniesful�lling speial requirements. One of these frequenies an be 0, e.g. a �xed bed featuresuh as beah usps.



Sediment Transport and Resulting Morphology 29resenti bars is desribed. Greenwood and Davidson-Arnott (1975) suggestthat the formation of bars is an aumulative proess rather than a souredone, where shoreward sediment transport apaities are subjet to a rapidderease due to breaking. They do not address the existene of the under-tow and assume that the total shoreward �ux of water to exit through riphannels.Plunging Breaker HypothesisMiller (1976) suggested based on laboratory experiments that the vortiesgenerated by plunging breakers is the key mehanism for reating the bar-trough feature, see �gure 2.9B. This suggestion is based on two test aseswith plunging and spilling breakers, and he noted that the spilling break-ers transported sediment shoreward without reating any prominent features(exept wave orbital ripples). The plunging breakers on the other hand ledto a bar-trough morphology. The large sale vorties are undoubtedly rele-vant in the ase of plunging breakers, where they penetrate to the bottom.However, the onlusion that spilling breakers annot reate bar-trough mor-phology is inorret as seen in e.g. the laboratory experiments by Baldoket al. (2010). An explanation on his results an be found by estimating
Ω ≃ 1.5, whih based on the lassi�ation desribed in �2.2 is an aretivebeah state and almost fully re�etive. This means that no morphologi-al features are supposed to appear and the sediment transport should bedireted shoreward.2.4.3 On- or O�shore Bar MigrationIs Cross-Shore Migration a Cross-Shore E�et?Typially, waves have an oblique angle of inidene relative to the shoreline.As disussed in �2.3.4 this results in a longshore urrent. Additionally, themorphologial feature prior to a storm is likely to be in one of the inter-mediate beah states with longshore rhythmi morphologial features. Suha rhythmi feature has been reported to be migrating in the longshore di-retion with a rate of 20 m/day and 150 m/day respetively (Mason et al.,1984; Ruessink et al., 2000).The ross shore migration pattern has been extensively studied in the�eld over a single ross shore survey line. In interpreting the results alongshore uniformity is impliitly or expliitly assumed, whih yields valuesfor the ross shore migration rates of the breaker bar. However, Ruessinket al. (2000) applied the ARGUS-tehnique and identi�ed the position of thebreaker bars indiretly. Based on these results a 2D horizontal piture of thebreaker bar loations were obtained. The analysis showed that on a short



30 Chap. 2. Bakgroundtime sale, 85% of the ross shore migration of the breaker bar during thatpartiular experiment was aused by the longshore migration of a longshorerhythmi feature. In the study by Mason et al. (1984) 15 ross shore lineswere surveyed. Due to a longshore migration of a resenti bar of 20 m/-day, there was an apparent onshore migration of 18 m/day along one pro�leline and an apparent o�shore migration of 9 m/day along another line. Thismeans that an Eulerian perspetive on beah morphology an result in wrongonlusions as oneptually skethed in �gure 2.11.
PSfrag replaements

Inident waves

Shoreline
II II IIICrest at t0Crest at t1Figure 2.11: Coneptual sketh of the onlusions drawn in an Eulerian perspe-tive, when the bars are migrating with onstant form, while not beinglongshore uniform and parallel. I: O�shore migration. II: Onshoremigration. III: New bar appear.On longer time sales, it is shown from similar experiments at FRF, Duk(Lippmann and Holman, 1990) that the ross shore exhange of sediment isgoverned by ross shore sediment transport, sine 74% of the ross shoremovement of the breaker bar ourred as an o�shore migration of a long-shore uniform feature. Lippmann and Holman (1990) showed that there isa signi�ant orrelation between inident wave height and ross shore mi-gration of the breaker bar. An inrease in wave height preeded an o�shoremigration and a derease in wave height favoured onshore migration.A similar long term analysis is presented by Clarke and Eliot (1988), whofound that over a 10 year period the two most important eigenfuntions froman EOF analysis (empirial orthogonal funtion) explain 70�80% and 5�14%of the variability respetively. The two modes are ross shore transport andhorizontal irulation modes, respetively. It is not surprising that the rossshore transport is so important, sine the beah is enlosed, however, the



Sediment Transport and Resulting Morphology 31importane of the seond eigenmode reveals the 3-dimensionality of the barmigration pattern.This means that on shorter time sales an Eulerian observation of aross shore beah pro�le hange ould be due to a longshore migration of anotherwise unhanged rhythmi feature. On the longer time sale, however,where the aumulated e�et of multiple wave lengths and/or variations inthe longshore urrent diretion reveals itself as an atual ross shore exhangeof sediment.It should be pointed out that the ross shore migration of straight long-shore bars is also experiened in nature, where ross shore migration of thebreaker bar re�ets an atual migration, see e.g. Birkemeier (1984); Aagaardet al. (2004). In these two �eld surveys the trend is o�shore and onshorebar migration respetively. In the �eld study by Aagaard et al. (2004) thebreaker bar weld onto the beahfae and supply sediment to the beah onan otherwise eroding shoreline.Diretion and Rate of MigrationBirkemeier (1984) (his �gure 8) onsiders the o�shore migration of longshoreuniform features at FRF, Duk during large storms. Here o�shore migrationrates of up to 30 m/day is found. This storm indued o�shore migrationannot have any longshore non-uniformity, as the wave foring by far exeedthe one neessary to obtain straight 2D breaker bars (see lassi�ation systemby Lippmann and Holman, 1990). The o�shore migration rate ontrasts theslow onshore migration during fair weather onditions. During a six monthperiod of alm weather the outer bar at FRF, Duk, merely migrated 85 monshore (0.5 m/day).Birkemeier (1984) used empirial orthogonal funtion (EOF) on an inter-annual data set, where the EOF is a deomposition method into unknownbasis funtions, whih are a part of the solution to an eigenvalue problem.Birkemeier (1984) shows that at FRF, the most prominent variability in thebeah pro�le is ontrolled by large storms, whereas the e�et of seasonalvariations are of relative minor importane in reshaping the beah pro�le.The onshore migration ours when the waves are breaking shoreward ofthe bar under onsideration. Oppositely, o�shore bar migration our whenthe surf zone extend farther shoreward than the breaker bar position.Onshore migration rates are tabulated by Sunamura and Irie (1988) to
O(1 − 5) m/day and single migration rates as large as 30 m/day. One ofthese is reported by Sallenger et al. (1985) and is the onshore migration ofparts of a resenti bar.The oneptual model by Plant et al. (2001) reveals that the onshoremigration of breaker bars subjet to small waves an result in an aelerated



32 Chap. 2. Bakgrounddeay in breaker bar height. This happens, beause the parameter H/hc,where hc is the water depth over the bar rest, dereases resulting in furtherdeay in breaker bar height.Does an Equilibrium Bar Position Exist?The dynami equilibrium was investigated by Eagleson et al. (1963), whofound that under some onditions, the beah pro�le reahed an equilibriumposition, and in other experiments the beah pro�le reahed a quasi-steadystate equilibrium. The quasi-steady state exhibits a slow variation due to beinteration between hydro- and morphodynamis. The proess is as follows:Spilling breakers auses slight hanges to a quasi-steady bathymetry, heneinduing a hange from spilling to plunging breakers. The plunging breakerssubsequently reverse the hanges to the bathymetry and the wave breakinghanges to spilling breakers. The bathymetry in the deeper parts of the�ume is invariant to these subtle hanges near the breakpoint.The experiments by Eagleson et al. (1963) were all for Ω between 1.0and 2.0, and the experiments all lasted more than 100 hours using labora-tory waves. This suggests that it might be possible to ahieve a dynamiequilibrium under fair weather onditions, however, the experiments doesnot answer the question with respet to storm onditions, i.e. Ω ≥ 6.0.2.5 Modelling of the Complete System2.5.1 Equilibrium / Behavioural ModellingThe hypothesis on beah stage hanges by Wright and Short (1984) (see�2.2) is adopted by Plant et al. (1999) in a model, whih adjusts the positionof the bar rest based on the environmental foring. The rate of hange inthe bar rest position is modelled to behave in an exponential manner withrespet to the equilibrium position. The equilibrium position is based on theurrent hydrodynami foring. The model takes the formdxcdt = −αc(t) [xc(H(t), t) − xc,eq(H(t), t)] (2.10)where xc is the bar rest position and xc,eq is the orresponding (time de-pendent) equilibrium bar rest position. αc is a time dependent response o-e�ient, whih is assumed to depend on the sediment transport rate, hene
αc(t) ∝ H(t)j , where j ≃ 3. Furthermore, they model xc,eq as proportionalto H. This simple model (when �tted) ompares well with �eld measure-ments of bar rest position over a deade.The adoption of an equilibrium modelling approah is also suggested byHansen et al. (2004). Hansen et al. (2004) use an area modelling onept



Modelling of the Complete System 33based on the MIKE21 framework (see �2.5.3) to ompute the wave �eld,the depth averaged hydrodynamis and the resulting sediment transport.An equilibrium pro�le is parameterised and its shape parameters are �t-ted every morphologial time step obeying the following onstraints: (i) thevolumetri hange of a ross shore pro�le �ts that of the gradients in thelongshore sediment transport and (ii) the bar rest moves toward an equilib-rium position in an exponential manner, i.e. o�shore movement if the wavesbreak o�shore of the bar rest and onshore if the waves pass the bar restwithout breaking. They simulate the rip spaing under onstant hydrody-nami foring and ahieve realisti rip spaings, whih are in the order of5�10 times the width of the surf zone.2.5.2 Pro�le ModellingMany di�erent approahes have been taken over the last 3 deades attempt-ing to model the evolution of a breaker bar pro�le in the vertial plane. Oneof the �rst, if not the �rst, to inlude the e�et of undertow in the beahpro�le development is the work by Dally and Dean (1984). They use ananalytial expression for the undertow pro�le and ombine it with an ex-ponential deay for the distribution of the sediment onentration. Theirmodel does qualitatively predit both aretive and erosional pro�les, how-ever, their preditions ompare poorly with laboratory measurements.Roelvink and Stive (1989) model the wave height distribution using anenergy deay model, and the sediment transport is modelled using the ener-geti formulation by Bailard (1981) extended to inlude the e�et of turbu-lent stirring. Roelvink and Stive (1989) ompare the results with measure-ment and �nd that the lag between prodution and dissipation of turbulentkineti energy has a onsiderable e�et on the undertow and the resultingmorphologial response. They also �nd that removing wave asymmetry inthe sediment transport formulation results in a more seaward loated barrest and the exlusion of long waves yields a less smooth ross shore pro�lewith hardly any hange in the loation of the rest of the breaker bar. Theformer results from a dereased shoreward sediment transport in shoalingwaves with the removal of wave asymmetry (e.g. Fuhrman et al., 2009)In Roelvink and Brøker (1993), 5 di�erent pro�le models for nearshorehydro- and morphodynamis are ompared. All the models exept one relyon energy onsiderations in modelling the wave height distribution in the surfzone. The exeption solves the mild-slope equations. None of the modelsare apable of prediting the wave height variation due to plunging breakers,thus the models an only be expeted to be used under erosive onditions.Qualitatively, the models perform reasonably well, however, it is apparentfrom the results for espeially regular waves that the transition from shoaling



34 Chap. 2. Bakgroundto breaking waves is found as a near disontinuity in the ross shore sedimenttransport distribution. This near-disontinuity has been addressed by severalauthors, and has been handled in di�erent way.Handling the Near-Disontinuity in Sediment FluxIn the formulation by Dally and Dean (1984) the undertow is determineduniquely by the wave breaking, thus the undertow �dissolves� immediatelyat the breakpoint. This results in an abrupt hange in the transport apa-ities. To remedy this, the omputed transport distribution is multiplied bya redistribution funtion, whih is termed transport spreading. Similarly, inDrønen and Deigaard (2007), the sediment �uxes are smoothed using a dif-fusion term, whih are inluded to represent that suh �e�ets an be due tothe gradual development in the breaking proess, hysteresis in the onditionsfor the onset and essation of wave breaking, the gradual adaptation of theundertow to shear stress from surfae rollers, the inertia in the undertow andlag e�ets in the development of suspended sediment onentration pro�les.�They �nd (with their hoie of oe�ients) that this smoothing by far ismore important in modelling a bar shaped feature relative to the inlusionof a lag e�et in the development of the surfae roller ross setional area.Pro�le Modelling using Boussinesq WavesAnother approximation to the intra-wave desription is obtained using theBoussinesq approximation for the modelling of the waves (e.g. Madsen andShä�er, 1998, for a review). The Boussinesq approximation is based onpotential theory, hene the dissipation of wave energy is ommonly desribedby inluding an additional term in the momentum equation (Deigaard, 1989;Shä�er et al., 1993). The latter losure is applied in a range of modelse.g. Rakha et al. (1997); Karambas and Koutitas (2002); Wenneker et al.(2011). They are all similar in terms of the wave modelling, however, thedetermination of the bed shear stress and the modelling of the sedimenttransport reveal a wide range of approahes. In Rakha et al. (1997) the intra-wave determination of the bed shear stress is based on Fredsøe (1984), fromwhih the suspended sediment pro�le is determined deterministially havingassumed an eddy visosity distribution. The opposite model approah is thatof Karambas and Koutitas (2002), where the bed shear stress and sedimenttransport formulations are based on omplex empirial formulations, whihare developed to enompass a wide range of wave-urrent ases.An improvement on this method is found in Wenneker et al. (2011), wherethe exess momentum �ux due to waves is omputed using a Boussinesq ap-proximation and transferred to a 3D hydrostati model (Delft3D), whih is



Modelling of the Complete System 35used to ompute the hydrodynamis. This model has been validated againstprototype laboratory experiments and �eld measurements. Generally, rea-sonable results are found.Regularisation of the Irregular ForingAn important result from Rakha et al. (1997) is that while the ross shorevariation in wave height is well aptured using a regular wave as a repre-sentative for irregular wave foring, the sediment transport, and hene theresulting morphology, is poorly modelled using suh an regularisation. Thisis simply a onsequene of having wave breaking to our at the same lo-ation. The regularisation results in a onsiderable inrease in sedimenttransport rates (see Rakha et al., 1997, their �gure 15). On the other hand,the details in how the irregular waves are generated, e.g. using JONSWAPor Pierson-Moskiwitz spetra, is less important.Pro�le Modelling using Solution to Navier-Stokes EquationsThe modelling of the wave propagation and breaking in the surf zone wasompared with �eld experiments by Torres-Freyermuth et al. (2007). Theyused a VOF method for traking the free surfae elevation with a solution tothe Reynolds Averaged Navier-Stokes equations for the hydrodynamis, anda k − ǫ turbulene model (see e.g. �3.1.1) for representing the turbuleneprodution and dissipation. They found that it is possible to predit thewave spetrum aross the surf zone aurately. The �eld site is subjet tonear-normal inident waves, hene the assumption of two-dimensionality isreasonable.Reently, Ontowirjo and Mano (2009) published results, where a fullsolution to the Navier-Stokes equations with surfae traking and sedimenttransport modelling was used to simulate the development of a breaker bar.The information on the methodology is sare and the onlusions are notsupported by the reported results, however, one �gure showing a omparisonwith experiments is reasonable. Besides the present thesis and Jaobsen andFredsøe (2011), the work of Ontowirjo and Mano (2009) appear to be theonly of the kind published to date.2.5.3 Area ModellingNumerial modelling of the development of oastal morphology, whih is notlimited by an assumption of longshore uniformity, is arried out using areamodels. These are either depth integrated shallow water equations or 3D-hydrostati models. Both of these are oupled with a spetral wave model.



36 Chap. 2. BakgroundIn the depth integrated version, the undertow is represented using a quasi-3Dapproximation, whih is the approah used in the MIKE21 framework.Another ommonly used framework is Delft3D; a validation of the hydro-dynamis and sediment transport modelling is found in Lesser et al. (2004).Reniers et al. (2004) used the depth integrated version of Delft3D for themorphologial modelling of rip hannel spaing.The modelling of waves in both models is a spetral wave modellingapproah of whih a third generation approah is desribed in Booij et al.(1999). The numerial approah is implemented in the freely available soft-ware SWAN§.One of the more prominent di�erenes between MIKE21 and Delft3Dis the following: While MIKE21 relies on a loalised approximation of thesuspended sediment transport, an advetion equation is solved in Delft3D.The advetion equation inludes a soure term, whih adapts the solutionto a loal equilibrium onentration. This di�erene will result in a di�erentmorphologial response, when using either of the models in regions withlarge gradients in the bathymetry, e.g. when onsidering a urrent arossa deep hannel, the in�lling will be faster when using MIKE21 due to theloalisation of sediment transport omputations.2.5.4 This ThesisIn the present thesis, the solution to the ombined ontinuity and momentumequations for free surfae �ows are used as a driver for sediment transportsimulations. Based on the divergene in the sediment transport �eld, themorphologial response feeds bak to the hydrodynamis. The model is fullydesribed in �3.Suh an approah has to the author's knowledge only (to some extent)been attempted one by Ontowirjo and Mano (2009) as already disussed in�2.5.2.This thesis is onsidered by the author as an important step toward theapability of modelling nearshore morphodynamis with a signi�ant redu-tion in assumptions ompared to previous modelling frameworks. Further-more, the model an be used to desribe temporal and spatial lag e�etsin the nearshore region and espeially in the region lose to the breakpoint,whih an be inorporated in less sophistiated deterministi models. Theselag e�ets are hardly measured in neither laboratory nor �eld experiments.
§www.swan.tudelft.nl



Chapter 3Model DesriptionThis study is based on the numerial modelling of the physial proessestaking plae in the surf zone, where the key elements to apture are:� An aurate modelling of the wave propagation, wave breaking, andthe related proesses suh as wave setup, streaming and undertow.� The dissipation of organised �uid motion into turbulent kineti energy,
k, and the dissipation of the latter into heat.� The ombination of organised motion and turbulene might result inboth bed load sediment transport and sediment transport arried insuspension, hene these proesses needs to be modelled as well.� Finally the resulting sediment transport indues a bed level hange,whih needs to be modelled through the inorporation of a morpholog-ial module.The basis of this model is the freely available open-soure omputational�uid dynamis toolbox OpenFoam R©, whih is distributed by OpenCFD R©.Neither wave modelling, sediment transport nor the morphologial updatingof the bed level are inluded as a standard in the distribution. Therefore,a part of the present study has been to implement the neessary parts. Adesription of the methodology will be given in the following. In addition tothe o�ial release, the work has also gained signi�antly from the implemen-tations made available through the OpenFoam-Extend ommunity.∗ Version1.5-dev is used throughout this thesis.OpenFoam is disretised using a �nite volume method on unstruturedmeshes, where the omputational ell an have any arbitrary onvex polyhe-dral shape, see Jasak (1996) for a thorough desription of the �nite volume

∗See www.extend-projet.de and http://soureforge.net/projets/openfoam-extend37



38 Chap. 3. Model Desriptiondisretisation and time integration shemes. In the present study it is su�-ient to note that an impliit Euler time integration sheme has been used(Ferziger and Peri, 2002) unless otherwise stated, and numerial shemesbeing seond order in spae are used.3.1 Numerial Modelling of Two-Phase FlowsThe approah for solving the �uid problem is to onsider the two phasessimultaneously using a traking method for the interfae. The �ow �eldsatis�es the inompressible ontinuity equation
∇· u = 0 (3.1)and the Reynolds averaged Navier-Stokes equations

∂ρu

∂t
+ ∇· ρuuT = −∇p + ρg + ∇· [µ∇u + ρτ ] + σT κγ∇γ , (3.2)where u = (u, v, w) is the veloity �eld in Cartesian oordinates, ρ isthe density, p the total pressure, g the aeleration due to gravity, µ is thedynami moleular visosity, and τ = −u′u′T is the spei� Reynolds stresstensor. Supersript T means transpose of a vetor. The turbulene losureis disussed in �3.1.1. ∇ is the gradient operator given as

∇ =

(
∂

∂x
,

∂

∂y
,

∂

∂z

)T

. (3.3)The last term on the right hand side in eq. (3.2) is the e�et of surfaetension, where κγ is the urvature of the interfae, σT is the surfae tensiononstant (0.074 kg/s2 between air and water at 20◦C), see e.g. Ubbink andIssa (1999) for a desription of its handling.The formulation in eq. (3.2) is given in terms of total pressure, thus theintrodution of the exess pressure (see Rushe, 2002, hap 4 for details)
p∗ = p − ρg·x , (3.4)where x = (x, y, z) is the oordinate vetor, eases the boundary onditionformulation for the pressure. Inserting into eq. (3.2) yields

∂ρu

∂t
+ ∇· ρuuT = −∇p∗ − g·x∇ρ + ∇· [µ∇u + ρτ ] + σT κγ∇γ (3.5)The wave problem is inherently transient, so the PISO approah is adoptedto solve the veloity-pressure oupling (Issa, 1986). The atual approah inOpenFoam is desribed in Jasak (1996).



Numerial Modelling of Two-Phase Flows 39The two phases of the �ow are distinguished with a salar quantity, γ,whih represents water, when γ = 1, and air when γ = 0. This is the basisfor the volume of �uid approah (VOF) �rst introdued by Hirt and Nihols(1981). Their approah onsiders the passive advetion of γ under a veloity�eld u

∂γ

∂t
+ ∇· uγ = 0 , (3.6)whih is identi�ed as a hyperboli type equation. Considering the numberof approahes for solving this di�erential equations, there are two funda-mentally di�erent approahes: (i) solving the partial di�erential equationsin some form using ways to stabilise it and avoid di�usion of the interfae or(ii) avoiding the di�erential equation and onsider methods using geometrialapproahes of various kinds.Solving the equations in the di�erential forms o�er some onsiderableadvantages over the geometrial approah, as it an be solved �easily� onarbitrary mesh on�gurations. However, hyperboli problems are notoriouslyhard to solve with issues suh as boundedness of the solution and smearingof the interfae over several ells adjaent to the �real� interfae loation.The former is typially handled using higher order bounded shemes, e.g.van Leer, Minmod or Superbee (see Leveque, 2007, p. 115). The latter ishandled using several di�erent kinds of interfae ompression suh as thosedesribed by Ubbink and Issa (1999) with the use of ompressive numerialshemes or the one by Rushe (2002), where eq. (3.6) is modi�ed to

∂γ

∂t
+ ∇· uγ + ∇· ur,V γ(1 − γ) = 0 . (3.7)Here ur,V is a relative veloity and the additional soure term yields lowinterfae smearing. A similar method is used for the implementation inOpenFoam, whih is adopted in the present study. The derivation of theused methodology is desribed in Berberovi¢ et al. (2009).The methods using geometrial onsiderations for solving eq. (3.6) omitthe partial di�erential equation. One of the methods applied is donatingregions, where a region is de�ned, whih is the soure of �uid over a om-putational fae. Di�erent de�nitions exist, e.g. those in �gure 3.1(a), wherethe gray area in all ases equals the fae �ux times ∆t. The distributionof γ inside the ell an be onstruted in several fashions, where the onedepited in �gure 3.1(b) is based on the surfae normal gradient, ns = ∇γ.The vertially hathed area represents γ = 1 and the ross hathed area isthe amount of γ, whih is eventually adveted over the right hand fae. Onedrawbak of many of these methods, however, is that they too an result inunbounded solutions, and the theoretial desriptions are mainly restritedto Cartesian orthogonal ells in two dimensions.



40 Chap. 3. Model Desription

PSfrag replaements
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(a) Donating regions
PSfrag replaements(i)(ii)(iii)(iv)

ns

(b) Donating regionsFigure 3.1: (a) Di�erent lay-outs of the donating region as disussed in Harvie andFlether (2000) (After Harvie and Flether, 2000, their �gure 17) (b)An example of the omputation of the amount of γ adveted over theright fae. Based on the DDR-sheme by Harvie and Flether (2001).One method not having these limitations is the formulation by Zhangand Liu (2008). It takes arbitrary omputational ell shapes, however, stillonly formulated for two dimensions. The method seems to have a large po-tential for aurate interfae representation, and it is based on a bakwardtranslation in time of the omputational ells in a Lagrangian manner fol-lowed by a forward translation in time of the matter in interest, i.e. γ = 1.This results in a net advetion of γ. The method heavily depends on au-rate interpolation shemes for the veloity �eld and methods for omputingintersetion between onvex and onave polygons. Expanding this to 3-dimensions merely inrease the level of omplexity, and it has been foundunsuitable for the present projet.Having obtained the distribution of γ, the �uid properties an be foundas
Φ = γΦ1 + (1 − γ)Φ0 (3.8)where Φ0 and Φ1 are quantities in the air and water respetively; thesequantities an e.g. be ρ and ν.



Numerial Modelling of Two-Phase Flows 413.1.1 Turbulene ClosureThe proess of wave breaking is also the transformation of organised motioninto turbulene and subsequent heat. This means that the generation, ad-vetion and dissipation of turbulene must be modelled. Several turbulenelosures has been applied in the ase of wave breaking, namely k − ǫ models(Lemos, 1992; Lin and Liu, 1998; Bradford, 2000; Hieu et al., 2004), a mod-i�ed k − ω model (Mayer and Madsen, 2000), and large eddy simulations(LES) (Christensen and Deigaard, 2001; Christensen, 2006).Firstly, LES was under onsideration as the turbulene losure, beausea onsiderable part of the mixing is resolved by the model. However, LESis stritly limited to 3-dimensional domains (Deardor�, 1970), and in theontext of morphologial development the �ow problem must be solved overand over again even though onvergene has been ahieved in the �ow prob-lem. This would require as small as possible omputational domains, thus3-dimensions should be avoided. Furthermore, the stohasti nature of the�ow, when using LES (see Sagaut, 2006, �gure 1.1 and 1.3) re�ets non-linearly onto the sediment transport and results in large spatial gradients,hene the allowable morphologial time step will be lowered onsiderably.Therefore, the k − ω formulation has been hosen for this work, as it isknown to handle adverse pressure gradients better ompared to the k − ǫturbulene losure (Wilox, 2006, 2008). The k − ω formulation is easilyadjusted to rough wall ases through the boundary ondition for ω, andPatel and Yoon (1995) show that the predition of wall shear stresses overrough boundaries is onsistent with the Moody-diagram for a wider range ofhydrauli roughnesses in the ase of k − ω turbulene losure. Additionally,resolving the boundary layer through the visous sublayer is inonsistent withthe formulation for k − ǫ models, as the transport equation for ǫ beomessingular at the wall. The formulation of the k−ω model avoid this singularity,see Menter and Esh (2001).The turbulene losure onsists of two advetion-di�usion equations withthe relevant dissipation and prodution terms for the two variables k and ω.
k
(
= 1

2(u′)T u′
) is the turbulent kineti energy, where u′ is the turbulent�utuating veloity omponents. ω is interpreted in several ways, suh asa harateristi frequeny for the large sale turbulene (Menter and Esh,2001), or simply the ratio between the turbulent kineti energy, k, and thedissipation rate, ǫ (Speziale et al., 1990).



42 Chap. 3. Model DesriptionThe advetion-di�usion equation for k† is given as
∂ρk

∂t
+ ∇· ρuk = Pk − β∗kω + ∇· [(µ + σ∗ρνt)∇k] (3.9)and the one for ω takes the form

∂ρω

∂t
+ ∇· ρuω =Pω − βω2

+
σd

ω
∇k·(∇ω)T + ∇·

[(
µ + σω

k

ω

)
∇ω

] (3.10)where the losure oe�ients in the expressions take the following values
α = 13/25, β = β0fβ, β∗ = 9/100, σω = 1/2, σ∗ = 3/5, σdo = 1/8 and

σd =

{
0 , ∇k·(∇ω)T ≤ 0

σdo , ∇k·(∇ω)T > 0
. (3.11)
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, (3.12)where
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∣∣∣∣∣ for n = x, y, z . (3.13)Here, en is the unit vetor along the axes in artesian oordinates and thestrain rate, S, and rotation, Ω, tensors read
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)
. (3.14)The orretion through fβ has an e�et in the ase of 3D �ows, e.g. jets.Following the isotropi assumption in the RANS formulation, it followsthat

τ = 2νtS− 2

3
kI , (3.15)where I is the identity matrix and νt is the eddy visosity, whih in the k−ωframework is determined as

νt =
k

ω̃
, ω̃ = max

{
ω,Clim

√
2S:S

β∗

} (3.16)
†N.B. The standard implementation in OpenFoam even for 2-phase (inompressible)�ows is without ρ, whih results in an exessive di�usion of turbulene over the interfaeand a resulting dampening of the wave, as νt,0 ≫ νt,1.



Numerial Modelling of Two-Phase Flows 43where : is the double inner produt operator and Clim takes the value 0.875.The prodution term, Pk, in eq. (3.9) is based on S in the standard for-mulation. It was shown by Mayer and Madsen (2000) using linear stabilityanalysis that this formulation generates turbulent kineti energy in a poten-tial �ow solution. This resulted in an inrease in k, and hene νt, duringthe simulation, thus in the end the waves dissipated due to the presene ofunphysial non-zero shear in the potential part of the water olumn outsidethe breakpoint. Mayer and Madsen (2000) suggested that the produtionbased on url of the veloity �eld ould be modelled in the following way
Pk = ρνt(∇× u)·(∇× u)T (3.17)This eliminated the problem with spurious generation of turbulent kinetienergy. Similarly, Pω is given as

Pω = α
ω

k
Pk . (3.18)Two kinds of turbulene losures have been onsidered in the presentwork. The �rst is a low Reynolds number version, whih means that theboundary layer is that well resolved that the moleular visosity has an e�et(for smooth boundaries), and the other is a high Reynolds number version,i.e. the near wall behaviour is presribed analytially.Boundary Conditions for Low-Re Turbulene ClosureIt was suggested by Roulund et al. (2005) that the boundary onditions for

k near a rough boundary should not be set to 0 m2/s2, as experimental dataontradits this hoie (e.g. Sumer et al., 2003; Nezu and Nakagawa, 1993).Instead a zero �ux boundary ondition should be applied, i.e.
ns · ∇k = 0 (3.19)where ns is the unit normal vetor to the boundary. This boundary on-dition has been investigated in detail by Fuhrman et al. (2010), and it wasfound to yield good results and makes the near bed resolution dependenton the roughness height rather than the moleular visosity. This is physi-ally onsistent, as the latter should not in�uene the near bed �ow for largeroughnesses due to Reynolds number independene.The boundary ondition for ω follows Wilox (2006), however as he de-veloped the rough boundary ondition for k = 0, a re-alibration of theonstants was performed by Fuhrman et al. (2010). Inluding their reom-mendations the boundary ondition beomes
ω =

u2
fSR

ν
(3.20)



44 Chap. 3. Model Desriptionwhere
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(3.21)with KS = 200 and KR = 180 being alibration onstants. The valueof KR = 180 di�ers from Wilox (2006) due to the hange in boundaryondition for k. k+
N = kNuf/ν is the wall roughness in wall oordinates,where kN is the Nikuradse' roughness height and uf is the magnitude of thefrition veloity vetor.Boundary Conditions for High-Re Turbulene ClosureUsing a low Reynolds number turbulene losure in the ase of surfae wa-ter waves auses problems, beause the ell dimension perpendiular to theboundary must obey ∆y ≪ kN . As will be disussed in �3.3, the movementof the mesh is restrited to less than the ell disretisation for eah timestep, hene the limitation ∆y ≪ kN results in a huge number of mesh move-ments eah wave period, eah of whih takes approximately the same time asa hydrodynami time step. Therefore, a high Reynolds number turbulenelosure is also tested.The high Reynolds number implementation is inspired by the work ofNihols and Nelson (2004). In the present implementation, however, it hasnot been onsidered to derive a formulation that is transitional in terms ofa generi low-to-high Reynolds number turbulene losure implementation.In this work ∆y/kN = O(1) has been used and the validity adjaent to thisvalue is onsidered.In the �rst ell next to the wall, ω is presribed by (see e.g. Wilox, 2006,p. 160)

ωnw =
uf√

β∗κ∆y
(3.22)and similar

knw =
u2

f√
β∗

. (3.23)Using a large ell size has the drawbak that the numerial evaluation ofthe veloity gradient is erroneous and the near wall momentum di�usion iswrong, if no measures are taken. The method is to ful�l
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δn
(3.24)



Numerial Modelling of Two-Phase Flows 45by setting an arti�ially large eddy visosity. Here δ indiates numerialdi�erentiation and uτ is the veloity omponent tangential to the wall. Themagnitude of the frition veloity, uf , is found by
‖uτ‖2
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1

κ
ln

1
2∆y

z0
(3.25)where z0 is the roughness being put to kN/30 and κ the von Karman' on-stant set to 0.40.It was onsidered to use the integrated momentum formulation in theboundary layer (see Fredsøe, 1984) to evaluate the bed shear stress. The nearwall disretisation in the present projet, however, is muh smaller than theboundary layer thikness, so a momentum formulation would require �global"information, whih does not onform with the loalness in the remaining partof the model formulation.Cox et al. (1996) found experimentally that a logarithmi layer is presentover rough boundaries for almost the entire period both sea- and shorewardof the breakpoint. Their onlusions are based on one single set of waveparameters, roughness height, and bed slope.Other Boundary ConditionsAt the wave inlet and at the upper atmosphere boundary both k and ω areset to small onstant values, however with values suh that

νt ≃
k

ω
≪ ν (3.26)A Neumann ondition is used at the outlet boundary.3.1.2 Wave Generation and AbsorptionWave generation and absorption onsist of two omponents, namely that atthe boundary and that in the interior. These are desribed independently inthe following.Wave Boundary ConditionsMethods for wave generation are not distributed along with the standarddistribution of OpenFoam, thus its implementation is part of the presentstudy.Several wave theories are applied in the present study, namely 1st and2nd order Stokes theories (Dean and Dalrymple, 1991), 1st order noidalwaves (Svendsen, 2006), and stream funtion theory (Rieneker and Fenton,1981) for the ase of monohromati waves. The required information is



46 Chap. 3. Model Desriptionthe potential �ow solution of the hosen wave theory. The wave theory isenfored by speifying up, ηp and ∂pp/∂n, where ηp is the surfae elevationand the index 'p' refers to the potential �ow solution.Firstly, the boundary ondition was implemented using the intuitive ap-proah, where it was evaluated whether or not the boundary fae was wet ordry based on the loation of ηp relative to the entre of the boundary fae,see �gure 3.2 for an example of a boundary fae. This gave rise to a binarybehaviour in the value of γ on the boundary. Consequently, spurious osilla-tions were generated at the inlet, and these propagated into the domain andontaminated both the veloity and pressure distributions.PSfrag replaements Above surfaeBelow surfaeI II
cf,w
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η∗p

Figure 3.2: Sketh of a boundary fae interseted by the surfae, ηp, giving rise toa subdivision into a wet and a dry part. The orresponding wet entre,
cf,w, is of partiular interest. Note that the boundary fae an be anarbitrarily shaped onvex polygon.It was needed to adopt a di�erent approah. The hosen approah isskethed in �gure 3.2. If the boundary fae is interseted by ηp, there will beexatly two intersetion points, as the length sale of the surfae elevation isassumed muh larger than the length sale of the boundary fae. These twointersetion points are omputed, and a wet and a dry part of the boundaryfae is de�ned. Eah of these has an area and a entre. At this intersetedboundary fae, up and ∂pp/∂n are evaluated at the wet entre, cf,w andassigned to the entre for the entire boundary fae, cf . Furthermore, theboundary value for γ is the ratio between the wet area, Af,w, and the totalarea, Af , of the boundary fae.The introdution of this intersetion tehnique resolved the problem withthe spurious osillations previously disussed.Relaxation ZonesIn Ohyama and Nadaoka (1991) the issue of outlet boundaries are onsideredfor the modelling of water waves. Their approah relies on a boundary



Numerial Modelling of Two-Phase Flows 47element methods for surfae water waves in terms of the veloity potential,
φ. Firstly, they disuss the possibility of applying the Sommerfeldt boundaryondition for the potential in the form

∂φ

∂t
± C

∂φ

∂x
= 0 (3.27)where C is the long wave approximation to the wave elerity, √gh with hbeing the water depth. This approah, however, is shown to give onsiderablere�etion, when the assumption of long waves is not valid (Ohyama andNadaoka, 1991). Therefore, they turn to the onept of sponge layers andapply a damping funtion in their formulation for φ. This yields reasonableresults, however they show through mathematial analysis that the methodhas a omplex behaviour based on the magnitude of the damping and thewidth of the sponge layer. This omplex behaviour needs alibration forindividual model setups.Another method has been adopted in this work, namely the use of blend-ing funtions, whih an modify an inoming wave �eld to any desired targetfuntion. This also extends the appliability of the sponge layer to inletboundaries, as the target funtion ould be that of the generated wave train.In the following the term sponge layers will be replaed by relaxation zones,as it is a more general term. The method is similar to the one used in Mayeret al. (1998) and the blending funtion is taken from Fuhrman et al. (2006).
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Wave inlet Wave outletFigure 3.3: A sketh of the variation of the blending funtion, αR, in both inlet andoutlet relaxation zones.The relaxation zone works as a blend between a target solution, e.g. up,and the omputed solution. The blend is applied expliitly eah time steponto u and γ in the following way
u = (1 − αR)utarget + αRumodel

γ = (1 − αR)γtarget + αRγmodel

(3.28)



48 Chap. 3. Model Desriptionwhere the blending funtion, αR is given as
αR = 1 − exp(χ3.5

R ) − 1

exp(1) − 1
(3.29)

χR ∈ [0; 1] is a distane funtion de�ned linearly aross the relaxation zonein suh a way, that αR = 0 at the boundaries and hene yield an exat mathbetween the boundary ondition and the value in the relaxation zone, see�gure 3.3.
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Figure 3.4: A sketh of a omputational ell interseted by a given surfae (ηp). Inthe implementation the omputational ell an have any onvex polyhe-dral shape.Engsig-Karup (2006) disusses the funtional form of the relaxation fun-tion, αR. In the ontext of Disontinuous Galerkin methods it needs to ful�lthe requirements αR(0) = 1 and α
(n)
R (0) = 0 for n = 1, . . .. This is in thepresent ase ful�lled up to α

(3)
R (0) and it seems to be su�ient. The de-gree to whih the requirement is ful�lled an be ontrolled by modifying theexponent in eq. (3.29).The general idea is similar to the one applied for the wave boundaryondition, see �3.1.2, where boundary faes interseted by the surfae areut into two. For the relaxation zone, the intersetion plane through aomputational ell is found, see �gure 3.4. The orresponding wet entre,

cV,w is found together with the wet volume, Vw. From these it follows that
utarget = up(cV,w, t) and γtarget = Vw/V , where V is the volume of the entireomputational volume.The implementation into OpenFoam is made independent of the atualwave theory, let it be regular or irregular waves. This means that the fun-



Sediment Transport Modelling 49tionalities with respet to intersetions between ηp and faes or omputa-tional volumes is made generi. Extensions to other wave theories is easilyarried out, and it only requires knowledge of up, ηp, and ∇pp.The desription and validation of the boundary onditions and relaxationzone tehnique in addition to a general validation of the use of OpenFoamfor wave simulation is also given in Jaobsen et al. (In print).The boundary ondition at the shoreline is a no-slip ondition.3.2 Sediment Transport ModellingThe sediment transport is handled in the standard way using a splitting intobed load and suspended sediment transport. The approah for the two typesof sediment transport is detailed below. The sediment transport formulationis limited to uniform sand.3.2.1 Bed Load TransportBed load transport is the part of the sediment transport taking plae in on-juntion with the bed, hene the omputational mesh is the bottom bound-ary. A separate mesh for omputing the bed load is onstruted, see �gure3.5; a mesh that is also used as part of the morphologial updating routine.This mesh is using the �nite volume methodology implemented for generalurved surfaes in 3-dimensional spae. The method is alled the �nite areamethod (FAM). Besides the soure ode it is only doumented in Tukovi¢(2005), hap. 5‡. The FAM makes it possible to solve partial di�erentialequations, whih are only formulated on urve planes in the 3 dimensionalspae, whih is the ase for the Exner equation, see �3.3.The hosen bed load formulation is the one detailed in Roulund et al.(2005), whih is an extension of Engelund and Fredsøe (1976) to 3-dimensionalspae on arbitrary sloping beds, see �gure 3.6§. The bed load is undertakenwith a mean transport diretion, ub whih di�ers in diretion from the nearwall tangential veloity, unw,τ , due to the ation of gravity¶. unw,τ may betaken as auf following Engelund and Fredsøe (1976), where a is a onstant
O(10) and

uf = uf
unw,τ

‖unw,τ‖2
(3.30)

‡In Croatian.
§The formulation is kept in vetorial form, whih bear resemblane to the formulationby Kovas and Parker (1994), and as will be seen, this hoie redues the problem from 4to 3 non-linear oupled algebrai equations.
¶Note that ub ·N = uτ ·N = 0, where N is the bed normal vetor, see e.g. �gure 3.6
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PSfrag replaementsFluid meshBed load meshSuspended meshExner mesh / morphology,, ,, ,Figure 3.5: A sketh of the oupling of the three meshes for the (i) Navier-Stokesequations, (ii) bed load and morphologial omputations and (iii) thesuspended sediment transport. Variables de�ned throughout ��3.1-3.3is the frition veloity vetor of magnitude uf . unw,τ is found as followsbased on the near wall veloity, unw, and the bed normal vetor, N,

unw,τ =
1

‖N‖2
2

[N × (unw × N)] . (3.31)(The same method will be used throughout for the projetion of some vetor,
φnw, onto the bed to yield φnw,τ ).The rate of bed load is given as

qb =
1

6
πd pEFub (3.32)where pEF is the probability of moving partiles near the bed. This is givenby

pEF =


1 +

(
1
6πµd

θ′ − θ′c

)4


−1/4

. (3.33)
d is the median grain diameter, θ′ is the Shields parameter due to skin fritionde�ned as

θ′ =
u2

f

(s − 1)gd
(3.34)



Sediment Transport Modelling 51where g = ‖g‖2, s is the density of the sediment relative to the densityof water, and θ′c is the ritial Shields parameter above whih sediment isbrought into motion. µd(= 0.60) is the dynami frition oe�ient. Follow-ing Roulund et al. (2005) θ′c is omputed as
θ′c = θ′c0


cos β

√
1 − sin2 α tan2 β

µ2
s

− cos α sin β

µs


 , (3.35)and the expression inludes inludes the e�et of the bed slope onto themagnitude of the bed load transport. The angles, α and β are de�ned in�gure 3.6, θ′c0 = 0.05, and µs is the stati frition oe�ient taken as 0.65,whih equals an angle of repose of φr = 33◦.PSfrag replaements
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Figure 3.6: Agitating and stabilising fores on a sand grain on a sloping bed. Onlythe gravity fore on the sand grain, w, is non-perpendiular to the bednormal, N. (Modi�ed from Roulund et al., 2005)The gravity fore, w, ating on the sand grain is given as
w =

π

6
ρ(s − 1)d3g . (3.36)Due to the sloping bed, it is deomposed into a destabilising fore in thediretion of the steepest slope, namely

wτ =
1

‖N‖2
2

[N × (w × N)] (3.37)



52 Chap. 3. Model Desriptionand a frition fore, whih is working in the opposite diretion of sand grainmotion
ff = − 1

‖N‖2
|w·N|µd

ub

‖ub‖2
. (3.38)The sand grain is further agitated by a ombination of lift and drag dueto its motion relative to the surrounding water. The fore is given as

fD =
1

2
ρcs

π

4
d2‖ur‖2ur (3.39)where the relative veloity is given as

ur = uτ − ub . (3.40)Here cs is a onstant, whih aounts for the drag and the redution in thesubmerged weight due to lift on the partile. Following the experiments byFernandez Luque (1974), cs is written as
cs =

4µd

3a2 1
2θ′c0

(3.41)(Based on disussion in Engelund and Fredsøe, 1976, p. 298).Assuming that the sand grain undertakes steady motion, the transportveloity, ub, an be found by solving
0 = fD + wτ + ff (3.42)Substitution of eqs. (3.37), (3.38), (3.39) and (3.40) into (3.42) yields 3 non-linear equations, whih an be solved for the three omponents in ub and thebed load transport (eq. (3.32)) is readily evaluated. In the formulation byRoulund et al. (2005), 4 non-linear oupled equations needed to be solved inthe general ase.Eq. (3.42) is solved in every omputational ell in the FAM-mesh, henethe method takes the presene of ripples into aount, if they are resolved inthe model.3.2.2 Suspended Sediment TransportThe onservation equation for suspended sediment is modelled using anadvetion-di�usion type equation

∂c

∂t
+ ∇· [(γu + ws(x))c] = ∇· [γ(ν + ν̃t)∇c] (3.43)where c is the volumetri suspended sediment onentration and ws is thesediment fall veloity vetor. The latter points toward the bed for s > 1.
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ν̃t is the sediment di�usivity oe�ient given as νt/σc with σc being in theorder of 1. In the rest of this work σc = 1. The modelling of the spatialvariation in ws is disussed below.Please note that the rate of hange and the term inluding ws in eq.(3.43) are not multiplied by γ. This ensures that sediment, whih aiden-tially is left in the air phase, drops out immediately after entering it.Eq. (3.43) is solved fully impliit using the impliit Euler time integra-tion. As the fall veloity signi�antly inreases the vertial veloity �eld nearthe bed, the Courant number will exeed 1 if the time step from the solutionto the Navier-Stokes equation is used. Instead of using smaller time stepsthroughout, eq. (3.43) is solved using a sub-time stepping method; e.g. eq.3.43 adopts ∆t/10 and it is solved ten times per global time step.The bed boundary onditions for suspended sediment transport is spe-i�ed at some distane from the bed, irrespetively of the approah, i.e. cb-onepts as desribed by Engelund and Fredsøe (1976); Zyserman and Fred-søe (1994); van Rijn (1984) or entrainment/pikup funtion suh as desribedby Nielsen (2009).To handle this an additional mesh is introdued on whih the suspendedsediment transport is omputed, see �gure 3.5. This additional mesh isonformal to the mesh on whih the Navier-Stokes equations are solved,however, the ells within a distane δb from the bottom are omitted. Theneessary variables are mapped from the �uid mesh and the FAM mesh.The erosion and deposition due to suspended sediment transport are easilyomputed on this trunated mesh, as the bed boundary is well de�ned.Spatial Variation of the Fall VeloityFirstly it was onsidered to adopt the lassial weighting in VOF-methods(eq. (3.8)) between the fall veloity in the air, ws,0, and that in the water,
ws,1, to obtain the spatial variation, i.e.

ws = γws,1 + (1 − γ)ws,0 (3.44)However, as an be seen in �gure 3.7, this linear dependeny auses largehanges in ws in the water even for small hanges in γ, e.g. ws = 2ws,1 for
γ = 0.99. Hene, instead it is deided to ompute ws as

ws(x) = ws(ρ(γ(x)), ν1) . (3.45)Note, that the kinemati moleular visosity in water is used throughout, asthe variation in ν(x) auses an unwanted spatial variation in ws (Dashedline in �gure 3.7). ws is determined using a drag oe�ient for natural sand,see Fredsøe and Deigaard (1992), pp. 198�199.
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Figure 3.7: The variation of ws as a funtion of γ (ρ). Full: Eq. (3.45). Dashed:Eq. (3.45) but with varying ν following eq. (3.8). Dotted: Eq. (3.44).Boundary Condition using cb-ConeptSeveral formulations are given for the variation of cb with the skin frition
θ′. The formulations by Einstein (1950) and Engelund and Fredsøe (1976)are based on theoretial onsiderations, whereas the formulation by Zyser-man and Fredsøe (1994) make a �t to experimental values of the suspendedsediment transport thereby estimating cb(θ

′). The formulation by Engelundand Fredsøe (1976) has been adopted in the present work.It is given as
cb =

c0

(1 + 1/λb)3
(3.46)where

λ2
b =

κ2α2
1

0.013sθ′

(
θ′ − θc −

π

6
µdpEF

) (3.47)where λb is the so-alled linear onentration and c0 the maximum attainablevolumetri onentration, see Fredsøe and Deigaard (1992). Further, pEF isthe propability given in eq. (3.33) and α1(= 2) is the multiple of d above thebed, where the veloity gradient in this deterministi approah is evaluated.For a full desription, please refer to the original paper Engelund and Fredsøe(1976) or the summary given in Fredsøe and Deigaard (1992) pp 217�219.This formulation, however, ontains issues related to a sudden derease in
cb. The extreme of this ase is a settling tank, where the water is onsidered



Morphologial Updating Routine 55still (negleting the vertial �ux of water due to the settling partiles) with anon-zero onentration pro�le in the water olumn. As θ′ = 0, it follows that
cb = 0, and in the numerial model there will be a build-up of sediment inthe lowermost omputational ell. The solution to this problem is suggestedby Justesen et al. (1986), where

cb = max
[
cb(θ

′), c(δb + ws∆t, t − ∆t)
]

. (3.48)Hene, if the onentration lose to the bed exeeds cb, cb takes the value of
c in the water olumn. Due to a time step limited by a Courant number lessthan 1, the value is, in pratie, taken from the ell adjaent to the boundary.Boundary Condition at the Free SurfaeFor �ows using a rigid lid approximation, the vertial balane between up-ward di�usion and downward settling must be enfored, whih is formulatedas

((ν + νt)∇c + wsc)· ns = 0 (3.49)where ns is the surfae normal vetor.In the ase of multiphase �ows, however, this approah annot be ap-plied, as no well de�ned boundary exists at the surfae. The ondition isnearly satis�ed through the large di�erene in ws(x) over the interfae. Sus-pended sediment are allowed to leave the omputational domain through theatmospheri boundary, whereas �in�ux� of sediment ours with c = 0.3.2.3 Inlusion of Exess Turbulene in Sediment TransportModellingIt has been onsidered whether or not it is feasible to inlude the e�et ofexess turbulene on the modelling of sediment transport. It was shown ex-perimentally by Sumer et al. (2003) that the e�et is onsiderable, howevertheir experiments are limited to pure urrent and small θ′. The latter limi-tation requires exessive extrapolation to allow to inorporate the results inthe present study, where θ′ beome as large as 3.0.More knowledge is needed on the e�et of exess turbulene, however,the urrent experimental evidene does not allow for an inorporation intothis numerial model.3.3 Morphologial Updating RoutineMorphologial hanges to a given bathymetry our, when there is an inequi-librium between deposited and eroded material in that region. If the amount



56 Chap. 3. Model Desriptionof deposited material exeeds the amount of eroded material, it leads to aninrease in bed level and vie versa. This mehanism is desribed by theontinuity equation for sediment (see e.g. Fredsøe and Deigaard, 1992, p.265)
∂h

∂t
= − 1

1 − ed
[∇· qb + E + D] (3.50)The morphologial hange is split into ontributions from the bed load trans-port (qb) and suspended sediment transport (E and D), where E and D areerosion and deposition respetively. Inorporating the porosity, ed, in theontributing terms yield the Exners equation.In eq. (3.50) E and D has been used to determine the net hange due tosuspended sediment transport. This is idential to the lassial formulation(obtained by onsidering a ontrol volume in 2D)

∇·

∫ h

2d
qs · exdy +

∂

∂t

∫ h

2d
cdy (3.51)where qs(= cu) is the suspended sediment �ux, y a vertial oordinate and

x a horizontal one. The evaluation of eq. (3.51) is problemati on generalunstrutured meshes, hene the near bed treatment is preferable.Eq. 3.50 is the instantaneous response to an instantaneous sedimenttransport rate. In the present work a time averaged bed level hange, h̄, isadopted instead, namely
1

Tm

∫ t+Tm

t

∂h

∂t
dt =

∂h̄

∂t
= − 1

1 − ed

1

Tm

∫ t+Tm

t
[∇· qb + E + D]dt

= − 1

1 − ed

[
∇· q̄b + Ē + D̄

]
.

(3.52)Here
{h̄, q̄b, Ē, D̄} =

1

Tm

∫ t+Tm

t
{h,qb, E,D}dt . (3.53)It is assumed that the interhange of the operators on the left hand side ineq. 3.52 is allowed. Here Tm is some harateristi morphologial time sale,whih for regular waves is naturally taken as the wave period, T .3.3.1 Evaluation of Contributing TermsThe ontributions from eah of the terms in eq. (3.50) are desribed below.



Morphologial Updating Routine 57Contribution Due to Bed LoadThe bed load, qb, is omputed in the entre of the omputational fae on theFAM-mesh. The evaluation of ∇·qb is arried out through an adoption of theGauss theorem, i.e interpolating qb to the edges of the fae and integratingalong the boundary of the fae, see also �3.3.3. The evaluation of this withinthe FAM framework yields a hange in the normal diretion to the fae,however, the morphologial updating is along the vertial axis, eg, hene aprojetion is needed.PSfrag replaements
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∆hb = − 1

1 − ed

∇· qb

|n·eg|
∆t (3.54)where n is the fae unit normal. The area of the fae is ‖N‖2, where n‖N.Erosion/Deposition using cb-ConeptIn �gure 3.9(a) the balane between erosion and deposition over an arbitrarilyoriented boundary fae is skethed. The erosion, Ev, is given as‖

Ev = (ν + νt)
∂c

∂n
‖N‖2 = (ν + νt)N· ∇c with ∂c

∂n
≤ 0 (3.55)where n is a loal oordinate normal to the boundary fae. The ontributionto the deposition, Dv, only omes from the projetion of ws + u onto thefae normal vetor, i.e.

Dv = cb|(ws + u)·N| , (3.56)
‖Note that ∂c/∂n annot beome positive due to eq. (3.48)



58 Chap. 3. Model Desriptionwhereas the tangential projetion, ws,τ (= ‖n × ((ws + u) × n)‖2), does notontribute. Here Ev and Dv are the erosion and deposition rates in terms ofm3/s.PSfrag replaements
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Figure 3.9: (a) Diretion of di�usion and settling of suspended sediment over aboundary fae. (b) Resulting bed level hange, ∆hs, due to ombinederosion/deposition. ‖N‖2 equals the area of the boundary fae.The veloity over the boundary must be taken into onsideration, asthe omputational mesh for suspended sediment transport does not oinidewith the boundary for the omputational mesh, whih is used for solving theNavier-Stokes equations (see �gure 3.5).Bed Level Change Due to Erosion/DepositionThe bed level hange due to erosion and deposition, ∆hs, is skethed in�gure 3.9(b). The volume of the empty retangle equals the net deposition,i.e.
Vempty =

1

1 − ed
(Dv − Ev)∆t = |eg · N|∆hs (3.57)where the last equality is the volume of the gray trapeze in the same �gure.From this, the bed level hange is easily evaluated.Sand Slide MehanismIt has been found neessary to inlude a sand slide mehanism to limit thebed slope to below the angle of repose, see an example in �C.2. The methoddesribed in Niemann et al. (2011) (a method similar to that of Marieu et al.



Morphologial Updating Routine 59(2008)) is used in this work. It should be noted that another method wasderived, whih has better numerial performane in terms of omputationaltime, however, the implementation was not entirely robust, thus the robust-ness of the method by Niemann et al. (2011) was preferred. The derivedmethod is desribed in �C.1. Neither approah is easily appliable to 3 di-mensions.3.3.2 Numerial ApproahTime IntegrationThe new bed level, h̄i+1, as suh is not of interest, but rather the hange,
∆h̄i+1. This is omputed using the third order Adam-Bashforth expliit timeintegration sheme (see Ferziger and Peri, 2002, p. 139), whih reads

∆h̄i+1

∆Tm
=

1

12

[
23F̄ i − 16F̄ i−1 + 5F̄ i−2

] (3.58)where
F̄ = − 1

1 − ed

[
∇· q̄b + Ē + D̄

]
=

∆h̄b + ∆h̄s

∆Tm
. (3.59)and i is the index of the present disrete time step.This time integration sheme has been hosen based on its suessfuladoption in the simulation of river dunes in Niemann et al. (2011). Anexpliit time integration sheme is needed, as no way of solving eq. (3.50)impliitly over Tm is omputational feasible, if at all possible.Stability of the Exner EquationThe evaluation of eq. (3.50) has the same properties of a hyperboli equation,as the bed level hange due to suspension is evaluated independently of thebed load, i.e. �rstly

∂h

∂t
= − 1

1 − ed

∇· qb(x, h, t)

|n·eg|
(3.60)is omputed. The stability of this type of partial di�erential equationshas attrated signi�ant attention, and spei�ally in the framework of theExner equation, it has been disussed by e.g. Johnson and Zyserman (2002);Callaghan et al. (2006); Long et al. (2008).Two di�erent approahes illustrate the stability issues, namely by on-sidering non-linear sediment transport as a funtion of h (Johnson and Zy-serman, 2002) and by onsidering the trunated version of eq. (3.60) tonumerial auray (Callaghan et al., 2006). Both approahes prove that



60 Chap. 3. Model Desriptionmeasures need to be taken to avoid numerial instabilities, however, in thelatter ase only for divergene shemes of order higher than 1. The measuresonsidered an be put into two ategories:� Numerial �ltering as a post-proessing step� Adoption of numerial shemes, whih suppress spurious osillationsThese two approahes will be disussed separately.Numerially �ltering has been widely used to ensure stability in workssuh as Jensen et al. (1999); Niemann et al. (2011) where the �lter is appliedonto h or in Andersen and Fredsøe (1999), where the sediment transport is�ltered. Both of these approahes are used in Roelvink and Brøker (1993).The �lter must be hosen arefully, as it might either �lter a too large wavelength or not be e�ient enough. The preditor-orretor �lter proposed byJensen et al. (1999) is an example of a �lter, whih an be tuned to �ltershorter and shorter wave lengths based on the number of orretions. Ananalysis of the �lter performane is given by Johnson and Zyserman (2002).Methods to avoid the numerial �lter have also been onsidered on thegrounds that the e�et of the numerial �lter might not be easy to on-trol. This has lead to the adoption of modi�ed numerial sheme, whihshould avoid the introdution of spurious osillations. One suh sheme isWENO (Weighted Essentially Non-Osillatory, originally suggested by Liuet al., 1994), whih in the work by Long et al. (2008) is seen to have goodshok apturing properties in test ases for non-linear advetion equationsusing expliit Euler time integration. They apply the method for phase-resolved morphologial development, and the method is seen to be stable.The method needs large stenils, whih is inappropriate for unstruturedomputational meshes. The method, however, is not applied suessfullyfor all types of morphology, as Marieu (2007) experiened stability problemsnear the rest of wave generated ripples in a simulation of phase-resolvedmorphologial development.Another method, whih is onsidered by both Callaghan et al. (2006)and Marieu et al. (2008) in various forms, is the NOCS (Non-OsillatoryCentred Sheme). These methods use �ux limiters to prevent over-shooting.Callaghan et al. (2006) uses the version by Jiang et al. (1998), where themorphologial hange is solved on a staggered grid arrangement and subse-quently mapped bak onto the original grid. The method is somewhat moredi�usive than on a true staggered grid version, however, it avoids the use ofa harateristi veloity in the evaluation, whih is problemati as disussedbelow. The method by Marieu et al. (2008) on the other hand uses the



Morphologial Updating Routine 61harateristi veloity of the bed form loally estimated as
∂qb

∂h
(3.61)in one dimension. This is notoriously hard to evaluate robustly around min-ima, maxima or horizontal strethes of the bathymetry. At these loationsMarieu et al. (2008) used a polynomial �t based on neighbouring values,whih are easily evaluated. In the present work with long strethes of �atbed this method will not be robust, and further Marieu (2009) ommentthat for small sediment �ux gradients, the numerial di�usion is so largethat morphologially unstable perturbations are diminished in size after amorphologial time step.Until now, only the inlusion of the bed load transport has been onsid-ered. Adding the soure terms E and D hanges the situation somewhat as

E + D ontains osillations with wave lengths of 2 omputational ells (i.e.the Nyquist frequeny), thus in the present work the �ltering approah hasbeen hosen for both bed load and suspended load under one. The approahby Jensen et al. (1999) is adopted.The �lter onsists of a preditor step yielding h̄∗,i+1. It is obtained byan interpolation of h̄i+1 to the edges of the omputational faes and anadditional interpolation bak to the fae entres. For equidistant meshesthis reads for the j'th fae
h̄∗,i+1

j = 0.25
(
h̄i+1

j−1 + h̄i+1
j+1

)
+ 0.5h̄i+1

j (3.62)The orretor steps are applied onto δh̄i+1 = h̄∗,i+1 − h̄i+1 with the samedouble interpolation routine yielding δh̄∗,i+1. The orreted bed level hangethen reads
h̄∗∗,i+1 = h̄∗,i+1 + δh̄∗,i+1 (3.63)The preditor step is performed Nouter times and per eah outer loop, theorretor step is performed Ninner times. As Ninner inreases, the �lteringe�et approahes zero, see the analysis by Johnson and Zyserman (2002).The �lter is found to be mass onserving.Soforth ripples are present in the model, but only resolved by 5�10 om-putational ells, the outlined smoothing algorithm will a�et the ripple for-mation.Morphologial Time StepThe morphologial time step needs to be hosen as a onstant in this modelformulation. This is a onsequene of the period averaging of the resulting



62 Chap. 3. Model Desriptionbed level hange. Hene, hoosing a varying time step results in a non-onservative formulation. This an e.g. be realized by onsidering a asewith bihromati waves. The smaller waves in the wave group breaks lose tothe shoreline and leads to rapid erosion (and suspension) and afterwards thesuspended sediment settles more slowly (while the large wave break farthero�shore). If the time step had been based on a Courant riterion, wherethe harateristi veloity is either the erosion- or deposition rates, then thisexample would result in a net deposition.The morphologial time step is multiplied by a fator, fm, to speed upthe morphologial development. The aeleration fator leads to an apparentlak of sediment onservation, as net-erosion from the bed is not balanedby an equal inrease in suspended sediment.Coupling Between Hydrodynami and Morphologial ModulesThe transient nature of the wave breaking requires a omplete oupling be-tween the hydrodynamis and the morphologial response. This is ahievedby both updating the morphology and omputing the hydrodynamis eahand every time step. The omputational mesh for the �uid part (see �gure3.5) is moved aording to
∇· [γm∇um] = 0 , (3.64)where um is the veloity of the mesh verties and γm is a mesh di�usionparameter. γm an be interpreted as a loal sti�ness of the omputationalmesh. At the bed, where the height of the ell is small, a large sti�nessis needed to maintain the boundary layer resolution and avoid poor meshquality, whereas the larger ells away from the bed an be allowed to movemore freely. In the present ase

γm ∝ 1

λ2
m

(3.65)with λm being the shortest distane from the bottom boundary to the om-putational ell. The method adopted here is desribed in Jasak and Tukovi¢(2006).The inter-oupling means that an additional stability riterion must beintrodued, namely that the spatial movement of the mesh should loally beless than the dimensions of the omputational ell. As the bed level hangeeah wave period exeeds the near bed resolution, the bed response is appliedover several time steps for a period not exeeding ∆Tup < Tm.∗∗
∗∗If the morphologial updating requires smaller time steps than that based on theveloity �eld, the former is hosen, and the morphologial hange takes ∆Tup. On theother hand, if the veloity �eld dominates the Courant riterion, the morphologial hangean be ompleted over a time interval smaller than ∆Tup.



Morphologial Updating Routine 63The boundary ondition for um is a slip ondition on the vertial wallsand the atmosphere is kept �xed, i.e. um = 0. At the bottom, the boundaryondition is given as
um =

̟∆h̄∗∗,i+1

∆t
eg (3.66)where ̟ is hosen suh that the mesh Courant number is less than 1 andsuh that the aumulated movement equals ∆h̄∗∗,i+1.The movement of the mesh verties is mapped to the other omputationalmeshes, see �gure 3.5, thus onformity is ensured at eah time step. Furtherthe additional �ux due to the mesh movement is omputed as in Jasak andTukovi¢ (2006).3.3.3 Limitations of the Morphologial ModuleA number of limitations are present in the implementation of the morpholog-ial module. These will be disussed here. Furthermore, the list of limitationan also be onsidered as a suggestion to future improvements on the mor-phologial module.Curvature E�etsThe FAM performs all of the omputations on a urved grid, hene someissues related to the urvature e�ets are addressed in the following. In�gure 3.10 a ouple of faes on the �nite area mesh are depited. The linearinterpolation of the bed load vetor onto the edge, e, is given as

qb,e =
1

∆N + ∆P
(qb,N∆P + qb,P ∆N) (3.67)PSfrag replaements
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Figure 3.10: Sketh of the FAM mesh and the bed load and normal vetors.



64 Chap. 3. Model DesriptionFurthermore, the evaluation of the divergene ∇· qb is given as
∇· qb ≃

∑

e

qb,e ·Ne , (3.68)where Ne is the normal vetor to the edge, tangential to the bed, and havinga magnitude equal to the length of the edge.As qb,e and Ne are not neessarily parallel, an error is ommitted due tothe urvature e�ets.A simple estimate is arried out in 2D (whih allows the use of the �̂operator). It is assumed that qb,P = 0 and
Ne = −1

2
(n̂N + n̂P ) (3.69)Sine qb,P = 0, qb,e ∝ −n̂N . So without any urvature e�et, the �ux overthe edge should be proportional to ‖Ne‖2 = 1. However, the true �ux is

Ne · qb,e ∝
1

2
(n̂N + n̂P )· n̂N =

1

2
(1 + n̂N · n̂P ) (3.70)and the resulting error is thus

ǫC =
1

2
− 1

2
n̂N · n̂P (3.71)From this, it is seen that the error due to urvature e�ets is only impliitlyontrolled by the spatial disretisation. The impliit ontrol omes as �nerdisretisation typially yields smoother beds and more parallel normal ve-tors. However, for two faes both at the angle of repose, but with oppositeslope, the normal vetors are

n̂N =
1√

1 + tan2 φr

(
1

tan φr

)

n̂P =
1√

1 + tan2 φr

(
1

− tan φr

) (3.72)and the error is large (ǫC = 0.265), thus under these assumptions there isan error of 26.5% of the bed load transport over the edge. Note that theurvature e�et is only present in the bed load formulation. Thus loally,the error an be large but under the assumption of qb,P = 0 it is only of thesame order of magnitude as the redution due to the interpolation sheme.Math between Morphologial Module and Wave RelaxationThe ombination of wave generation in relaxation zones, sediment transportand morphologial hange needs speial handling. The relaxation zone re-quires that the bed is kept plane, otherwise the generated waves are not



Morphologial Updating Routine 65stritly valid, and the veloity �eld imposed below bed level, in ase of ero-sion, ause pressure �utuations in the solution. Thus, no morphologialhange is allowed for in the relaxation zone, however, large gradients arepresent as there is a signi�ant spatial variation in the bed shear stress inthe relaxation zone. This spatial variation is present as the boundary layerat the inlet is of zero thikness, and it beome inreasingly thiker throughthe relaxation zone. This results in a derease in the bed shear stress throughthe relaxation zone away from the inlet.The way to handle this is to apply a weight of 0 to the morphologialhange in the relaxation zone and let it inrease smoothly to 1 outside theomputational domain. The transition funtion is given as a sine.This brute fore method an be improved upon, if a starving bed meh-anism is implemented, as it will avoid the below-bed-level issue and reduedor remove the gradients in the sediment transport.Parallelisation of the Morphologial ModuleDue to a bug in the mesh motion routine in OpenFoam-1.5-dev, it is notpossible to run the morphologial updating routine in parallel. As a onse-quene, the morphologial alulations will be limited in size ompared toomputations of sediment transport over �xed beds, i.e. stati meshes.This an be solved by a migration of the omputational framework toOpenFoam 1.6-ext.
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Chapter 4Model ValidationIn the present hapter a validation of the model desribed in �3 will be un-dertaken. The appliability of OpenFoam in modelling non-breaking wavesis onsidered in �4.1. In this setion the implemented method for wavegeneration and relaxation is also addressed. The validation of the appliedturbulene models for wave boundary layers in single phase �ows are ad-dressed in �4.2. The ability of modelling breaking waves is desribed in �4.3.The hapter is ompleted by validating the modelling of suspended sedimenttransport in both losed hannels and below breaking and broken waves.The numerial parameters for the disretisation in both spae and timean be found in table 4.1.4.1 Validation of Non-Breaking Wave ModellingThe present setion onsiders 5 di�erent test ases with non-breaking wave inboth 2 and 3 dimensions. All test ases have laminar wave boundary layers,as the Reynolds number is less than 105 (Jensen et al., 1989). Furthermore,due to the fat that the omputational domains are short relative to the wavelength, the energy dissipation is assumed negligible and a slip onditionis applied at the bed (see Fredsøe and Deigaard, 1992, pp. 50�51 for adisussion).The test ases over the physial proesses of fully re�eting walls, waveshoaling, triad wave-wave interation, release of higher bound harmonis anddi�ration around a surfae piering obstale.4.1.1 Determination of the Loation of the SurfaeThe loation of the interfae has to be determined in a onsistent manner.The interfae is between two points, if γ = 1 and γ = 0 in these two pointsrespetively. The obvious hoie is to de�ne the interfae at γ = 0.5, however,67
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Table4.1:Numerialdisretisationparametersforfreesurfaevalidationases.

Case Setion ∆x / ∆z ∆y at y = 0 Co. No. AR No. of ells[m℄ [m℄ [ - ℄ [ - ℄ ·103Re�etion oe�ient 4.1.3 0.030 0.0033 0.25 9.0 126-168Triad interation 4.1.4 0.030 0.0033 0.25 9.0 117Standing wave 4.1.5 0.0092 0.0001 0.25 92.0 132Shoaling over bar 4.1.6 0.01 0.0027 0.20 3.8 221Linear di�ration 4.1.7 0.015 0.00047 0.20 32.0 2290Wave breaking 4.3 Varying 0.25 1.0 / 2.0 107.2 / 53.6



Validation of Non-Breaking Wave Modelling 69the interfae in the VOF-method an beome smeared leading to severalneighbouring ells having γ ∈ ]0, 1[. It is hosen to de�ne the loation of thesurfae, η, suh that
η =

∫ yγ=0

yγ=1

γdy − yγ=1 (4.1)Here, the integration limits are vertial oordinates being above and belowthe interfae. This approah yields a onsistent value of the loation of theinterfae, given as the height of the water olumn above the level yγ=1.4.1.2 Harmoni AnalysisIn the validation ases, the amplitude of the higher harmonis is used foromparison. One approah is to evaluate the amplitude based on a powerspetrum omputed using a Fourier Transform. This approah is inappro-priate for monohromati waves, as the energy is limited to disrete frequen-ies, however omputing the Fourier Transform will yield a broadening ofthe spetrum.For a monohromati input, the frequenies in the domain an only bean integer times the �rst order frequeny, σ, hene the expression
ηi ≃ a0 +

N∑

j=1

aj cos(jσti) + bj sin(jσti) (4.2)for
ti = t0, t0 + ∆t, . . . , t0 + (M − 1)∆t (4.3)desribes the surfae elevation in a given loation based on a set of oe�ients

aj and bj up to a given order N . While 2N + 1 < M , the system is over-determined and the system of equation is solved in a least-square sense,where ∑i(ηi − η̃i)
2 is minimised. Here η̃i is the omputed surfae elevationbased on the trunated series in eq. (4.2) and ηi is the modelled surfaeelevation. Note that the hoie of N is limited by

2 ≤ 2π

σ∆t

1

2N
(4.4)stating that the highest frequeny must be resolved with at least 2 points toavoid aliasing.This approah is suitable for monohromati, unidiretional propagatingwaves, however evaluating the frequenies in e.g. standing wave patternsdoes not yield the orret amplitude. Therefore, an extension of (4.2) isneeded. The present extension is limited to bound harmonis of non-linear



70 Chap. 4. Model Validationre�eted waves, where kj = jk with k being the wave number for the �rstorder harmoni wave. Under these assumptions (4.2) is extended to
ηi,1 = a0 +

N∑

j=1

aI
j cos(jθ−1 ) + bI

j sin(jθ−1 ) + aR
j cos(jθ+

1 ) + bR
j sin(jθ+

1 )

ηi,2 = a0 +
N∑

j=1

aI
j cos(jθ−2 ) + bI

j sin(jθ−2 ) + aR
j cos(jθ+

2 ) + bR
j sin(jθ+

2 )

(4.5)for (4.3), where θ±l = σti ± kxl. Furthermore, the distane |x2 − x1| isso small that it is assumed that the amplitudes are not a�eted by energyexhange between the harmonis, see �4.1.4 for a disussion. In this manner,the diretion of wave energy propagation an be quanti�ed. The methodin eq. (4.5) bears resemblane to that desribed by Liu and Yue (1998).The main di�erene is that they �lter the surfae elevation signal to leadingorder before omputing the leading order harmoni oe�ients, whereas thepresent method �ts the oe�ient to the un�ltered signal.4.1.3 Re�etion from an Outlet Relaxation ZoneIn the present work, the relaxation zone is an important feature, hene thee�ieny of the relaxation zone to absorb wave energy is analysed in thissetion. The setup is skethed in �gure 4.1. The waves are allowed topropagate over a distane of 21 m followed by a relaxation zone of varyingwidth, λ. It is analysed how the magnitude of the re�etion oe�ient
R =

∥∥(aR
1 ; bR

1

)∥∥
2
/
∥∥(aI

1; bI
1

)∥∥
2

(4.6)varies with λ. The oe�ients in eq. (4.6) are found using eq. (4.5) with
x1 = 20.0 m and x2 = 20.1 m.PSfrag replaements
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Figure 4.1: Sketh of the setup of the numerial system for testing numerial re�e-tion from outlet relaxation zone.



Validation of Non-Breaking Wave Modelling 71The tests are arried out for 6 di�erent widths of the relaxation zone,namely kλ/(2π) = 0.50, 0.75, 1.00, 1.25, 1.50, 2.00, where T = 3.5 s. In addi-tion to this, a set of height-to-depth ratios has been onsidered. The wavesare generated based on stream funtion theory of order 32, whih will avoidthe generation of spurious waves (see �4.1.4). The wave numbers for theharmonis are given as kj = jk assuming that no bound waves are releaseddue to re�etion.
R is depited in �gure 4.2 both as a funtion of λ/L (L is the wavelength (= 2π/k)) and λh/(LH). The latter approah is found to ombinethe urves onto one ommon trend with dereasing R for inreasing length ofthe relaxation zone. As a rule of thumb O(R) < 1% is ahieved for λ/L > 1.
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λh/(LH)Figure 4.2: The re�etion oe�ient as a funtion of the length of the outlet relax-ation zone for T = 3.5 s and 4 di�erent values of H/h.Simulations without relaxation on γ has been arried out, however, thisleads to signi�ant re�etion and must be avoided. The reason is that themomentum is relaxed, but the elevation is kept unhanged and only modi�eddue to the missing momentum, thus a pressure gradient is present, whih re-aelerates the water and a signi�ant amount of momentum is re�eted bakto the omputational domain.From the present test, it is expeted that the adopted relaxation teh-



72 Chap. 4. Model Validationnique is appliable in or near the shallow water limit. Experiments similar tothose by Clément (1996) for a wide range of frequenies from deep to shallowwater would be useful to unover the full range of appliability.4.1.4 Triad Wave-Wave Interations on a Flat BedIn the previous setion the waves were generated using stream funtion the-ory yielding a wave propagation with onstant form. In this setion theexperimental study by Chapalain et al. (1992) is used to validate the abilityof the numerial model to predit triad wave-wave interations. When for-ing any given boundary with linear wave theory, wave-wave interation willresult in the generation of a bound seond order harmoni at the bound-ary. This is diretly realised by taking the linear signal and evaluatingthe response from the onvetive terms in the Navier-Stokes equations, i.e.
cos σt → 1/2(cos 2σt + 1).
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Figure 4.3: Comparison between the experimental results from Chapalain et al.(1992) and the orresponding results obtained with the present numeri-al model. Results using stream funtion theory are inluded.At the boundary, however, the boundary ondition still needs to be ful-�lled, hene a free wave with a seond order frequeny is reated with thesame amplitude as the bound harmoni but with opposite phase. Sine itis a free wave it has its own wave number kfree 6= kbound. Non-linear inter-ations between these modes reate an energy transfer between the di�erent



Validation of Non-Breaking Wave Modelling 73harmonis. This interation an be identi�ed as beat lengths in the harmoniamplitudes, see e.g. Madsen and Sørensen (1993).In the experiment by Chapalain et al. (1992), the water depth is 0.4 m,the wave period is 3.5 s and the wave height is 0.084 m. The numerial �umeis idential to the one used for the re�etion analysis in the previous setion,see �gure 4.1, with the only di�erene that the relaxation zone is plaed 26m from the inlet. In �gure 4.3 a omparison between the experimentallyobtained spatial variation of the amplitude of the harmonis is ompared tothose obtained numerially. It is seen that the omparison is lose to perfet.Further the numerial results obtained using stream funtion waves areshown in �gure 4.3. It is seen that the �rst four harmonis are onstantin spae, hene the model orretly aptures the propagation with onstantform (over O(4) wave lengths).4.1.5 Standing Waves in Front of a Fully Re�eting Sea-WallIn �4.1.3 the relaxation zone tehnique was shown to be useful for absorbingwaves at the outlet. In the numerial simulations of breaking waves, seeamong others ��4.3, 5, and 6, re�etion our from the beah and the pres-ene of an undertow will interat with the inlet boundary, as disussed byBradford (2000). This will pollute the �nal results, thus the appliability ofthe relaxation zone to remove re�eted waves in front of the inlet is testedthrough the ability to model standing waves. Without a relaxation zoneat the inlet boundary, the standing wave pattern will extend to the inletboundary and a disontinuity will develop in γ, whih eventually leads to abreak-down of the numerial model.PSfrag replaements
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74 Chap. 4. Model Validationation zone. A fully re�eting wall is modelled at the right hand side of theomputational domain using a slip ondition. The re�eted wave is weightedin the relaxation zone and in this fashion removed at the inlet boundary.In �gure 4.5 a omparison is shown between the analytial standing wave(e.g. see Dean and Dalrymple, 1991, p. 57) and the orresponding numer-ial simulation. From the omparison it is found that the relaxation zoneis able to absorb most of the energy and simulate a standing wave patternin the non-relaxed part of the omputational domain. The amplitude of thestanding wave is slightly larger in the omputational domain relative to theanalytial expression. This is attributed to the fat that the relaxation zoneis slightly re�etive (see �4.1.3). Further the transition from a propagatingto a standing wave is easily identi�ed.
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x/L, [-℄Figure 4.5: Comparison between the modelled and analytial solution to the standingwave problem. The relaxation zone is also shown. Both solutions areplotted at intervals of T/20.4.1.6 Wave Transformation over a Submerged BarThe experimental study by Luth et al. (1994) has beome a standard benh-mark test for surfae wave problems. It is used to validate Boussinesq models(e.g. Engsig-Karup et al., 2006) and VOF-solvers (e.g. Morgan et al., 2010).The test ase onsists of 2nd order Stokes waves generated at the inlet, see�gure 4.6. The wave �eld propagates along a hannel with a submerged bar6 m from the inlet. The wave period is 2.02 s, the wave height is 0.02 m,and the water depth at the inlet is 0.4 m.As the waves reah the bar they begin to shoal, a proess whih inreasesthe non-linearity of the waves, i.e. all the harmonis onstituting the waves
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Figure 4.7: Comparison between the experimental results and numerial simulationusing either impliit Euler or Crank-Niholson for time integration ofthe momentum equation.4.1.7 Wave Di�ration Through a Breakwater GapThe theoretial linear solution to the di�ration problem through a gap of�nite width in an otherwise in�nite breakwater is presented by Penney andPrie (1952) for onstant water depth and normal inident waves. The nu-merial setup for validation is shown by the plan view layout as seen in �gure4.9. The water depth is 0.125 m. The waves are generated using 1st orderStokes theory with a wave height of 0.005 and a wave period of 0.67 s; 25wave periods have been simulated. The symmetry around the mid pointof the gap has been utilised and a symmetry boundary ondition has beenapplied along the axis of wave propagation through this point. Relaxationzones have been used for the inlet and outlet boundaries.
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Validation of the Turbulene Models 794.2 Validation of the Turbulene ModelsThe omputation of wave boundary layers is part of the validation of theturbulene model. A omparison with test 13 by Jensen et al. (1989) isdepited in �gure 4.11, where results using low Reynolds number losuresare inluded. It is seen that the turbulene losure aptures the magnitudeand the phaselag of the variation in the frition veloity, uf . For a morethorough disussion see �A.
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Figure 4.11: Comparison of the frition veloity in a rough turbulent osillatoryboundary layer. (Dots) Experimental data from Jensen et al. (1989),test 13 (Full line) Simulation using the low Reynolds number turbu-lene model.4.3 Validation of the Modelling of Breaking WavesThe appliability of OpenFoam for simulating wave breaking has been testedagainst the laboratory experiment by Ting and Kirby (1994) in the ase ofspilling breakers. Waves are generated on a horizontal bed, where the stillwater depth is 0.4 m, see �gure 4.12. The waves are 0.125 m high and have aperiod of 2 s; stream funtion waves have been used. At the inlet a relaxationzone 4 m in length is used to allow for long simulation time (Bradford, 2000).As seen in �gure 4.12 a ut-o� is applied, where the swash zone was supposedto be. This is neessary, as the oupling between the VOF-method and themomentum equation is not robust at the surfae/wall intersetion, when the



80 Chap. 4. Model Validationomputational ells have a large aspet ratio. This is needed at the wallboundary in order to resolve the boundary layer. h′ = 0.01 m.It is found that the turbulene losure oe�ient α (see eq. (3.18)) shouldtake the value 0.4. The deviation from standard turbulene losure is due tothe hange in prodution term.PSfrag replaements
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Figure 4.12: Layout of the omputational domain for omputing spilling breakingwaves. The dashed gray line is the layout of the original physial ex-periment. The horizontal distane from origo to the toe is 0.7 m.This test ase has been onsidered by several other authors suh as (Linand Liu, 1998; Bradford, 2000; Mayer and Madsen, 2000; Hieu et al., 2004;Christensen, 2006) to name a few with varying suess. The results by Hieuet al. (2004) are generally highly enouraging, however, their simulation timeis limited to 25 s warm-up (i.e. t/T = 12.5) and the subsequent averagingwas limited to 5 wave periods. This limited simulation time is ommon forthe ited papers and the reported results are at best quasi-steady. Contraryto the other ited papers, Hieu et al. (2004) applies the De�ned DonatingRegion method (DDR by Harvie and Flether (2001)) for the interfae trak-ing, whih is thought to have some interesting properties with respet to thebreaking desription. It must be noted, however, that they perform a meshsensitivity analysis (see Hieu et al., 2004, �gure 16), and despite onsider-able hanges with inreasing resolution, no better resolved simulation arepresented than that, whih mathes the experimental data niely.The roughness is not expliitly stated in Ting and Kirby (1994), howeverit is assumed smooth and kN = 0.1 mm is used together with the highReynolds number turbulene losure. The omputational ells outside theboundary layer do all have the same aspet ratio and aspet ratios (AR) of1 and 2 are onsidered. The averaging of the hydrodynami properties isperformed over 50 wave periods from t/T = 80 to t/T = 130. This hoie isbased on �gure 4.13, whih depits the volume of water in the omputationaldomain (Vγ =
∑

domain V γ) as a funtion of time. Vγ exhibits a transientbehaviour whih indiretly desribes the build up of the set-up. The resultsare at least a�eted by this transient behaviour up to t/T = 40. A problem
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Figure 4.15: Measured (Dots: Ting and Kirby, 1994) and simulated surfae eleva-tion in the surf zone in the ase of spilling breakers. AR = 2.This premature breaking is thought to be explained by the nature of theVOF-method. If the γ-ontent is larger than 0, there will be a �ux of γ overthe ell faes irrespetively of the atual loation of the water. Consider aomputational ell with large (> 1) aspet ratio, then as soon as water entersfrom the left there will be a �ux of γ aross the right fae. This will lead toa premature steepening of the surfae elevation and hene lead to prematurewave breaking. This should not happen in the DDR method, as it onsidersa reonstrution of the γ-distribution.The resulting undertow pro�le is depited in �gure 4.16 and the ompari-son is generally favourable for AR = 1. The onsiderable disrepany for themeasuring positions F, G and H is explained by the too rapid surfae eleva-tion deay in the inner surf zone, whih auses a steeper wave setup. In thease of AR = 2, it is seen that the undertow pro�les di�er from those with
AR = 1 and the signature of the undertow with large �ow veloities at thebed is found farther o�shore. This is a diret onsequene of the prematurewave breaking. The two solutions are nevertheless still omparable.Ting and Kirby (1994) also measured the turbulene in the surf zone. In�gure 4.17 a omparison with the modelled results in shown. Two quantitiesare shown, namely k̄k, whih is the average value of the turbulene basedsolely on k omputed from eq. 3.9 and k̄k + k̄u (see below). As onsiderablestohasti motion is identi�ed in the surf zone, the terms ũ′2 and ṽ′2 areevaluated. These terms are the period average of the ensemble averagedturbulent quantities relative to the ombine wave orbital and mean �ow.The ontribution to the turbulene is de�ned similarly to Ting and Kirby
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2.0

(
ũ′2 + ṽ′2

)
. (4.7)This formulation is used, beause the transverse veloity omponent is notmodelled.The omparison shows that similar to other authors (Bradford, 2000;Christensen, 2006), the turbulene is overestimated within the inner part ofthe surf zone, hene more researh in adequate turbulene models for thiskind of �ows is needed.The modelling of breaking waves has been onduted on �ner meshes, onwhih the same dependeny of AR is also found. Furthermore, it has beenevaluated with noidal wave theory, but no onsiderable di�erene is foundbetween this and stream funtion waves.



Validation of Suspended Sediment Transport Model 854.4 Validation of Suspended Sediment TransportModel4.4.1 Equilibrium Conentration Pro�leThe lassial equilibrium solution to the suspended sediment onentrationpro�le in a pure urrent is alled the Vanoni distribution (see Fredsøe andDeigaard, 1992, pp. 227�229), and it is given as
c = cb

(
D − y

y

δb

D − δb

) ws
κuf

, (4.8)where δb is the distane from the bed to the bed level at whih the refereneonentration, cb, is valid (see �gure 3.5); D is the water depth. The param-eter ws/(κuf ) is alled the Rouse parameter, in short Z. The onentrationpro�le in eq. (4.8) is based on the assumption that the eddy visosity followsthe paraboli distribution
νt = κufy (1 − y/D) . (4.9)Eq. 4.9, however, is not desriptive for the true distribution, as νt remain�nite at y = D. van Rijn (1984) suggests an alternative distribution for νtgiven as

νt =

{
κufy (1 − y/D) for y ≤ D

2
1
4κufD2 for y > D

2

. (4.10)This orretion leads to a distribution of the suspended sediment, whih forthe lower half equals that of the Vanoni distribution, whih also provides theboundary ondition at y = D/2 for the upper distribution. The orreteddistribution is
c =





cb

(
D−y

y
δb

D−δb

) ws
κuf for y ≤ D

2

cb

(
δb

D−δb

) ws
κuf exp

[
−4
D2

ws

κuf

(
y − D

2

)] for y > D
2

. (4.11)This distribution di�ers from that in van Rijn (1984), as the latter inludesthe e�et of hindered settling and suppression of turbulene due to the sus-pension of sediment. Both of these e�ets are disregarded in the Vanonidistribution (eq. 4.8) and in the urrent numerial model.The omparison between the two theoretial distributions and a simu-lated one is depited in �gure 4.18 for Z = 0.25 and Z = 2.0. It is seen thatthe simulated results �t well with both theoretial distributions. The resultsalso support the onlusion by van Rijn (1984), namely that the orreteddistribution is important for the net sediment transport for small values of
Z, as the onstant value of νt for y > D/2 an sustain onsiderably largervolume onentrations.
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Figure 4.18: Comparison between the two theoretial distributions of suspended sed-iment (eqs. (4.8) and (4.11)) and the results obtained by simulation.(top) Z = 2.0. (bottom) Z = 0.25.4.4.2 Spatial Development of Conentration Pro�leThe alongstream development of the suspended sediment onentration hasbeen onsidered theoretially by Hjelmfelt and Lenau (1970), where learwater enters over a loose sediment bed. The e�et of sour at the inletis initially disregarded in their analysis. Hjelmfelt and Lenau (1970) alsoassume a paraboli eddy visosity distribution. For a value of Z = 0.5 theiranalytial expressions takes a simple form.As disussed in �4.4.1, the distribution of c(x) di�ers between the solu-tions for a paraboli distribution of νt and the numerial solution to the samequantity. This is espeially true for small values of Z, where non-negligiblevolume onentrations must be antiipated above y = D/2. Therefore, thepresent setion will onsider the preditive ability of the numerial shemerather than disussing the outome of di�erent distributions of νt.The solution of the spatial distribution of c is simulated using eq. (4.9)and a uniform veloity pro�le. For uf = 0.055 m/s, ‖ws‖2 = 0.011 m/sand a water depth of D = 1 m, the numerial and analytial solutions areplotted in �gure 4.19(a) using upwind sheme and in �gure 4.19(b) usingentral di�erene. Not surprisingly, the predited distribution is best for alinear sheme, however, the numerial solution is reasonable for the upwind
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(b) Central di�erene shemeFigure 4.19: Analytial (Hjelmfelt and Lenau, 1970) and numerial solution to thespatial distribution of relative suspended sediment onentration (c/cb)for lear water entering over loose bed.sheme as well.The small deviation between the linear and upwind shemes supportthat upwind an be used throughout. This is also needed in the ontext of



88 Chap. 4. Model Validationresolved wave boundary layers, sine the eddy visosity is so small duringpart of the wave period that the loal Pélet number beomes larger than2 at the boundary, whih, ombined with large gradients in c, results innumerial instabilities (e.g. Ferziger and Peri, 2002).4.4.3 Suspension of Sediment under Breaking WavesSuspended sediment onentrations have been measured under breaking reg-ular waves in the CRIEPI wave �ume, Japan (Shimizu and Ikeno, 1996). Themeasurements are onduted over a loose sediment bed after 8 hours of waveexposure by waves of T = 5 s and H = 1 m (test L1). The initial bed pro�leis a plane slope of 1:20. The developed beah pro�le is plotted in �gure4.20 together with the pro�le used in the numerial simulation, whih has aut-o� above y = −0.10 m. The bed onsists of sand with a median graindiameter of 1.0 mm and a grain size distribution ranging from 0.2 mm to1.3 mm (d16 = 0.4 mm, d84 = 1.2 mm, and σg =
√

d84/d16 = 1.73, wherethe latter is the geometri standard deviation). The median value is usedinitially.
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Figure 4.20: Initial and �nal pro�le (after 8 hours) under regular wave foring(Shimizu and Ikeno, 1996) test L1. The pro�le used in the numer-ial simulation is also inluded.The measured undertow pro�le is ompared with the omputed one in�gure 4.21 and the omparison is good. Espeially onsidering the temporalevolution of the free surfae inside the surf zone, see �gure 4.22. Fromthis �gure it is quite lear that the numerial model has a problem withdissipating the wave energy, as the instantaneous surfae is in some senseboiling. Suh a behaviour has not been seen in the ase of spilling breakers.The breaking is learly plunging (�gure 4.22()). The behaviour is explained
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Figure 4.21: A omparison between the omputed and measured undertow pro�le,
ū, from test L1 in the CRIEPI experiment (Shimizu and Ikeno, 1996).Dashed lines are the ensemble averaged maximum and minimum sur-fae elevation in the numerial model.by the generation of large sale vortial motion in the initial breaking proess,whih, due to the two dimensionality of the simulation, annot properlydeay into sales, where the turbulene model an dissipate the remainingenergy. The presene of this organised and violent motion will onsiderablye�et the eddy visosity and hene all di�usion proesses.A omparison between measured and modelled suspended sediment on-entrations are shown in �gure 4.23. Using the median diameter, the om-parison is quite poor at the three measuring loations. One explanation isthe behaviour of the water motion in the surf zone, whih de�nitely anause too large suspended sediment onentrations, i.e. for x = 68 m and

x = 78 m. Outside the surf zone (x = 88 m) the predited onentrationsare orders of magnitude smaller than the measured, however, no informa-tion on the grain distribution at the spei� levels are given in Shimizu andIkeno (1996). Therefore, the sediment grains in suspension might be onsid-erably smaller than the median diameter. As seen in �4.4.1 a small hangein Z ause an order of magnitude hange in c. Suh a hange in Z is notunrealisti beause of the wide range of sediment diameters.The measurements are onduted after 8 hours of wave foring, thus aertain degree of ross shore sorting of the sediment must be antiipated,however, this is not addressed by Shimizu and Ikeno (1996). This sorting
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(a) t/T = 0.00

(b) t/T = 0.24
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(d) t/T = 0.72

(e) t/T = 1.00Figure 4.22: Five snapshots of the surfae traking during breaking. Dark is waterand light is air.
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d = 1.3 mm. The result is plotted in �gure 4.23 and they ompare well withthe measured onentrations. Atual simulations with graded sediment isurrently not possible with this numerial model.The larger sediment diameter does improve on the preditions, however, aomparison with an experimental study, where the waves are spilling and thesediment is nearly uniform would be important for the further validation ofthe model. The former requirement is to avoid the behaviour as seen in �gure4.22, and the latter to have fewer unertainties with respet to the degreeof sorting and the e�et of a gradation of the sediment over the vertial.The results presented in this setion, however, are enouraging with respetto the validity of the suspended sediment transport model under breakingwaves.
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Chapter 5Bed of Constant SlopeThe hydrodynamis and sediment transport patterns over a bed of onstantslope are onsidered in this hapter. In all, 9 test ases are simulated, wheretwo planar bed slopes of 1:50 and 1:35 are used. The 9 test ases vary inthe Irribaren number, ζ0, from spilling to plunging breakers. The test aseparameters are summarised in table 5.1. There is an overlap of two Irribarennumber between the two slopes in order to quantify the signi�ane of thelatter.Table 5.1: Wave parameters for simulations on a onstant sloping bed. Naming:(A): Slope (= tanβ) is 1:50. (B): Slope is 1:35. (S) is spilling and (P)is plunging breakers based on table 2.1. H0 is based on linear shoaling(Dean and Dalrymple, 1991). ζ0 = tanβ
√

H0/L0, see �2.3.2, Ω =

HB/(wsT ), see �2.2, and ΩHK = H0/(wsT ) tanβ, see �5.2Test tan β Hh H0 T h ζ0 Ω ΩHK Type[-℄ [m℄ [m℄ [s℄ [m℄ [-℄ [-℄ [-℄FA1 1:50 3.000 3.234 6.0 6.0 0.083 27.7 0.52 (S)FA2 1:50 2.000 2.156 6.0 6.0 0.102 19.7 0.35 (S)FA3 1:50 1.500 1.482 8.5 6.0 0.174 13.0 0.17 (S)FA4 1:50 0.800 0.682 12.5 6.0 0.378 6.9 0.05 (S)FB1 1:35 1.000 1.074 5.0 4.0 0.172 12.6 0.30 (S)FB2 1:35 1.000 0.860 10.0 4.0 0.385 8.4 0.12 (S)FB3 1:35 1.000 0.718 15.0 4.0 0.632 5.9 0.07 (P)FB4 1:35 0.750 0.501 17.5 4.0 0.882 3.8 0.04 (P)FB5 1:35 0.650 0.408 20.0 4.0 1.118 3.1 0.03 (P)The grain diameter is kept onstant at d = 0.2 mm, whih orrespondsto a bed roughness of kN = 0.5 mm. The omputational mesh has an aspet93



94 Chap. 5. Bed of Constant Sloperatio of 1 in the upper part of the omputational domain. The lowermostell has a height of d, and a vertial strething is applied to math the outervertial mesh disretisation, see the desription in �B. An example of theomputational mesh is shown in �gure 5.1. Similarly to the argumentationin �4.3, a ut-o� at y = −0.1 m is applied, where the swash zone should havebeen.
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Figure 5.1: Example of the omputational mesh for the simulations with a bed ofonstant slope. Note that only every 30th vertial mesh line are pre-served in the plot.The results presented in the following are disussed using di�erent sta-tistial quantities. The quantities are the period averaged value de�ned as

φ̄ =
1

mT

∫ t0+mT

t0

φ(t′)dt′ , (5.1)the ensemble averaged value de�ned as
φ̃

(
t − t0

T

)
=

1

m

m∑

i=1

φ(t + iT ) , t ∈ [t0, t0 + T [ , (5.2)and the r.m.s. values de�ned as
φrms =

√
1

mT

∫ t0+mT

t0

(
φ(t′) − φ̄

)2 dt′ . (5.3)Here t0 is some o�set ensuring steady state onditions, m is an integer, and
φ any quantity. Furthermore, the ross shore integrated suspended sediment�ux is onsidered, whih reads

Q̄s =

∫ h tan β

0
q̄s(x)dx (5.4)



Instantaneous Veloity Field 95where
qs =

∫ η

−h
sign(ns · ex)ns · [(u + ws)c − (ν + νt)∇c] dy . (5.5)

qs is the �ux of suspended sediment transport over vertial mesh lines, wherethe �ux is due to both advetion and di�usion proesses. The term �sign(ns·

ex)� is inluded to aount for hanging diretions of ns. qs is positive inthe o�shore diretion. In the following qb ≡ qb · ex.5.1 Instantaneous Veloity FieldThe veloity �eld indued by the breaking proess is depited as a seriesof snap shots in the �gures 5.2�5.3 for test ase FB5. This test ase islearly breaking as a plunging breaker. Eah frame is separated by 0.2 s(0.01T ), and it is seen that in the beginning of the breaking proess, theoverturning part of the breaker initially bounes o� the water surfae andreate a set of suessive vortial strutures. These vortial strutures are notpropagating, but are being adveted by the veloity �eld, e.g. onsider thestruture generated for t/T = 49.84 at x = 35.5 m. It moves shoreward muhslower than the propagation speed of the broken wave. The third tongueof water penetrates through the water surfae and reates a large vortialstruture, whih reahes the bottom (t/T = 49.89 − 49.93). As in �4.4.3,however, important 3-dimensional e�ets might have been omitted in the�ow desription, as it is likely that this vortial struture and the water/airinteration would disperse di�erently in 3D. It should, however, be mentionedthat bottom penetrating plunging breakers are found in experiments (e.g. seephotographs in Peregrine, 1983).The interation between vortial strutures and the bed is re�eted inthe bed shear stress distribution also depited in the �gures∗. The bed shearstress is learly due to that of the propagating wave in the beginning. The�nal vortial struture (see �gure 5.3, t/T = 49.90), on the other hand, in-�uenes the bed to suh an extent that the bed shear stress beomes diretedin the seaward diretion. This �ow piture resembles that reported by Miller(1976), on whih he suggests his bar forming hypothesis, see �2.4.2.In �D similar snapshots are depited for the two test ases FA1 and FB2.FB2 also exhibits some plunging breaking type properties, thus the abovedesription also apply to FB2. FA1 on the other hand is more a spillingbreaker type and the interation between the top and bottom of the waterolumn is muh less pronouned.
∗Reall that a negative bed shear stress is direted onshore.
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Figure 5.2: Snapshots of veloity �eld from FB5 (ζ0 = 1.118, T = 20 s). Full lineis 50uf |uf | depited relative to the bed. Vetors plotted for γ > 0.9.
uf |uf | > 0.0 when direted o�shore.
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98 Chap. 5. Bed of Constant Slope5.2 Period Averaged ResultsWave Height, Breaking, and SetupThe simulated distribution of the wave height aross the surf zone is depitedin �gure 5.4 for the FA runs. It is seen that the break point moves shorewardwith an inrease in ζ0. This is governed by the neessary derease in Hh withinreasing ζ0
†. The variation is similar in the FB runs. The setup, η̄, is alsodepited in �gure 5.4, and it is learly seen that there exists a spatial lagbetween the maximum wave height and the onset of setup. This mehanismis already disussed in �2.3.4, and it is due to a rotational momentum �ux,whih annot be estimated based on potential theory.The ratio of wave height to water depth at breaking, (H/h)B , variesfor the results depited in �gure 5.4. (H/h)B deviates from the typiallysaturation values for random wave of 0.6�0.8 as reported by Battjes and Stive(1985) or as low as 0.3 (Aagaard and Masselink, 1999, p. 77). As a validation,the numerial results are ompared with those from the laboratory studiesfor regular waves on slopes of 1:50 (Iversen, 1952) and 1:35 (Svendsen andHansen, 1976). The omparison is shown in �gure 5.5, where the wave lengthat breaking is estimated using Stokes theory. The omparison is good andthe large values for (H/h)B in the ase of plunging type breakers are wellaptured.Sediment Transport

q̄s and q̄b are plotted aross the surf zone for 4 di�erent values of ζ0 in �gure5.6. First of all, it is seen that the suspended sediment transport load isdominating in this ase. Furthermore, it is seen that the maximum trans-port �uxes derease with a derease in the breaker height, H̄B . Again, thesame pattern is found for the FB series, however, with less drasti hanges,whih merely re�et the smaller interval of Hh in the latter test series. Thedominane of suspended sediment transport load over bed load is learly aonsequene of the hoie of d = 0.2 mm. The variation in the dominat-ing transport type with the grain diameter under onstant environmentalforing has not been onsidered over beds of onstant slope. The e�et ofgrain diameter is onsidered in terms of the morphologial response, see �6,and it is seen that the importane of bed load relative to that of suspendedsediment load inreases, when the grain diameter beome larger.The loation of the maximum wave height is indiated in �gure 5.6. It isseen that
†The derease in Hh is needed, as the range in ζ0 would otherwise be more narrow forreasonable value of T . Reasonable values are needed to allow for feasible simulation times.
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Figure 5.4: The wave height distribution in the surf zone as a funtion of ζ0.

tanβ = 1 : 50.� the maximum sediment �uxes are found shoreward of this point asexpeted due to exess turbulene and the e�et of the undertow, whihdepends on gradients in η̄,� the shape of the sediment transport �ux resembles those from labora-tory measurements (e.g. Baldok et al., 2010),� there is a onsiderable spatial lag between the maximum �ux and thepoint of maximum H̄,� and the transport �uxes are shoreward o�shore of the breakpoint (even
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Figure 5.5: Comparison between laboratory data for wave height at breaking andsimulated results in a prototype sale numerial model. Iversen (1952):
tan β = 1 : 50. Svendsen and Hansen (1976): tan β = 1 : 35.though it annot be seen from the �gure, as the quantities are quitesmall).The spatial lag will be disussed in more detail below. The rest of thebreaker bar in an initial state of development would be shoreward of thebreakpoint, as also seen in laboratory experiments (e.g. Nadaoka and Kon-doh, 1982; Dally, 1987; Baldok et al., 2010).Integrated Cross Shore Sediment FluxThe integrated ross shore �ux of suspended sediment, Q̄s, is depited in�gure 5.7A as a funtion of ζ0 for both test series. For omparison, Q̄s hasbeen non-dimensionalised by H̄2

B

√
ghB , a hoie following from the similardependeny for the longshore sediment �ux in the CERC formulae. It isseen that Q̄s onsistently dereases with inreasing ζ0, however, with no�universal� urve for the two data sets. The derease in Q̄s is onsistent withthe notion of storm and mild weather onditions, where the beah pro�leis aretive in the latter ase. There seems to be a better overlay for thetwo bed slopes, when Q̄s is plotted against Dean's parameter, Ω, as in �gure5.7B.Hattori and Kawamata (1980) suggested another saling parameter, na-mely ΩHK = H0/(wsT ) tan β, i.e. taking the width of the surf zone intoonsideration. They suggested a limit for ΩHK of C/(2π) below whih, thesediment transport is shoreward. Based on ombined laboratory and �eldexperiments they gave C = 0.5 ± 0.2. The integrated ross shore sediment�ux is plotted against this parameter in �gure 5.7C, and it is seen to give aa better luttering of the simulated results around Q̄s = 0.0. Furthermore,
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λBs is made non-dimensional with an estimate of the wave length at break-
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√

ghB . The data oinide on a ommon line and show that thenon-dimensional spatial lag generally dereases with inreasing ζ0 and de-reasing Ω. Thus, the more the plunging breaking type the smaller the non-dimensional distane between the breakpoint and the orresponding max-imum o�shore sediment transport �ux. For the simulated range in ζ0, itseems that the spatial lag levels o� around 0.25 for large ζ0. For large Ω,
λBs/(T

√
ghB) levels o� around 1.25, thus [0.25, 1.25] is a good estimate ofthe range for regular waves. It has been investigated, whether sensible resultsare found by making λBs non-dimensional with hB or HB, however, it onlyprodued sattered results. No visual improvement is found by replaing Ωwith ΩHK .

0 0.25 0.5 0.75 1 1.25 1.5
0

0.5

1

1.5

 

 

0 5 10 15 20 25 30
0

0.5

1

1.5

PSfrag replaements ζ0, [-℄

λ
B

s
/(

T
√

g
h

B
),[-℄

λ
B

s
/(

T
√

g
h

B
),[-℄ FA-seriesFB-series

Ω, [-℄

A.

B.
Storm onditions

Storm onditions
Figure 5.8: The spatial lag, λBs, between the loation of max H̄ and max q̄s as afuntion of ζ0 (A) and Ω (B). λBs is made non-dimensional with anestimate of the wave length at breaking, T

√
ghB.The spatial lag is of ourse related to both the magnitude of the bedshear stress and the strength of the undertow, all of whih are disussed in��5.3 and 5.4. Another feature in ausing this phase lag ould be found inthe detailed desription of the advetion and di�usion of k. As desribed



104 Chap. 5. Bed of Constant Slopein Lin and Liu (1998) for spilling breakers, the downward di�usion of k isto some extend ounterated by the vertial upward advetion of the samequantity. This upward �ow is a ombination of the wave orbital motion andthat of the period averaged irulation in the surf zone, see �gure 2.7. Inplunging breakers on the other hand, the vertial downward advetion ispronouned just after the point of breaking as seen from the veloity �eldsdepited in �gure 5.2�5.3. Thus the spreading of turbulene and the abilityto sustain large amounts of sediment in suspension is more rapid relative tothe loation of the breakpoint.Comparison with Experimental ResultsBased on the analysis in �gure 5.7 it is suggested that either Ω or ΩHK are thebest saling parameter for the integrated ross shore �ux. In the experimentby Baldok et al. (2010), the ross shore sediment transport an be omputedfor a ase with regular waves, where Ω = 6.5 and ΩHK = 0.70. In the former,test ase FB3 have a similar value for Ω and in the latter, the largest valuepresent in these simulations is found in FA1, namely ΩHK = 0.52.The breaker height is not reported by Baldok et al. (2010), but using�gure 5.5, it is estimated to be (H/h)B = 0.9, where hB = 0.18 m. Thisyields Q̄s/(H
2
B

√
ghB) = 3.0 · 10−4. A omparison with �gure 5.7B,C showsthat the orresponding value based on Ω is 5.0 · 10−4, whereas it is an orderof magnitude larger, when estimated based on ΩHK .5.3 Bed Shear Stresses under Breaking WavesThe period averaged bed shear stress, uf |uf |, and the skewness of the fri-tion veloity, u3

f , is plotted in �gure 5.9. It is seen that uf |uf | is diretedshoreward outside the surf zone and seaward inside. The shoreward diretedbed shear stress suggests that the streaming omponent is resolved. On thesame �gure the orresponding value of θ′ is indiated and values larger than1 are found in the interior of the surf zone. d = 0.2 mm in the omputationof θ′. The quantity u3
f is a proxy for the bed load transport, e.g. similarto an energetis approah for bed load sediment transport. It an be notedthat the zero-rossing of u3

f oinide with a hange in diretion of q̄b. Thetemporal variation of ũf is onsidered in spae-time plots in �5.5, and valuesas large as θ′ = 3.0 are found in these simulations.Phase Lead in Bed Shear Stresses over Surfae ElevationIn �gure 5.10, the phase lead of the maximum shoreward frition veloityover the wave rest, φrest, and that of the maximum seaward frition velo-



Bed Shear Stresses under Breaking Waves 105
uf |uf |, [m2/s2℄ / θ′, [-℄ u3

f , [m3/s3℄
0 2 4 6

0

2

4

6
x 10

−3

0.00

0.62

1.24

1.85

0 2 4 6
−5

0

5
x 10

−4

0 2 4 6

0

2

4

6
x 10

−3

0.00

0.62

1.24

1.85

0 2 4 6
−5

0

5
x 10

−4

0 2 4 6

0

2

4

6
x 10

−3

0.00

0.62

1.24

1.85

0 2 4 6
−5

0

5
x 10

−4

0 2 4 6

0

2

4

6
x 10

−3

0.00

0.62

1.24

1.85

0 2 4 6
−5

0

5
x 10

−4

PSfrag replaements

x tan β, [m℄x tan β, [m℄

, [m/s℄, [m /s ℄
Onshore

max H̄

FA1FA1
FA2FA2
FA3FA3
FA4FA4

Figure 5.9: The variation of the frition veloity aross the surf zone for the FA-series. (Left): uf |uf | on the left axis and θ′ on the right axis. d = 0.2mm in the omputation of θ′. (Right): u3
f .ity over the wave trough, φtrough is depited. Outside the surf zone, φrestis approximately 10◦, whih orrespond to the value for a fully turbulentboundary layer as given by Fredsøe (1984). In the outer part of the surfzone, the phase lead is noisy, however, it does beome negative and in theinner surf zone, the phase lead levels out around 5◦. The latter value is also



106 Chap. 5. Bed of Constant Slopereported in Fredsøe et al. (2003), where the e�et of external turbulene onan osillatory boundary layers is onsidered experimentally. The dereasein phase lead is due to an inreased vertial momentum exhange. In sinu-soidal waves, φrest = φtrough, whih is not seen in these simulations, where
φrest < φtrough. Throughout the omputational domain, φtrough varies be-tween 15◦ − 50◦, and suh values are also found in simulations of osillatory�ows with a veloity skewness (see Fuhrman et al., 2009, their �gure 7).
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Undertow and Return Flow 107between this quantity and the frition veloity an be assumed. φtrough hasbeen estimated to 20.5◦ in the surf zone and to 26◦ ± 7◦ at the point ofbreaking. The values orrespond to those from the present numerial model.Similar results are obtained by Hansen (2009), who studied laboratorysale plunging breakers over a smooth PVC bed installed with a slope of 1:14(his �gure 4.80). Outside the breakpoint the phase lead of the measured bedshear stress over the maximum free stream veloity is 17◦, and it drops to
0◦ followed by an inrease to 20◦ in the shoreward diretion. His highervalues are probably due to the smoothness of the bed in ombination withlaboratory sale waves, thus the boundary layer is not fully turbulent.5.4 Undertow and Return FlowThe undertow and return �ow have, as already seen in �4.3, two di�erentveloity distributions. The undertow is strongest near the bed, while thereturn �ow is strongest at a larger distane from the bed. In the following,two related quantities are onsidered based on period averaged veloity pro-�les. The �rst quantity is the average undertow/return �ow veloity, whihis given as

ūr(x) =
1

∆hu(x)

∫

∆hu

ū(x)dy (5.6)integrated over the o�shore direted �ow veloities. Here the height of theundertow is de�ned as ∆hu being the di�erene between the maximum andminimum vertial elevation of the undertow pro�le. The seond quantity isthe relative entroid position of the undertow pro�le, whih is de�ned as
yu(x) =

1

∆hu(x)

∫
∆hu

ū(x)(y(x) − ybed(x))dy∫
∆hu

ū(x)dy (5.7)again integrated over the undertow pro�le, where ybed is the loal bed level.These quantities are plotted in �gure 5.11, where it is seen that theundertow is strongest inside the surf zone, and it has a fast deay toward thebreakpoint after whih the remaining part, namely the return �ow, dereasesslowly. Furthermore, it an be seen that yu is almost onstantly found at
yu = 0.37 in the surf zone. This ratio inreases to 0.6 just shoreward ofthe point of breaking. This maximum in the undertow shoreward of thebreakpoint has also been identi�ed in the �eld (Masselink and Blak, 1995).The separation of the undertow is explained in the following manner. Thesetup ends shoreward of the breakpoint, and it turns into a small setdown,i.e. a weak adverse pressure gradient. In ombination with the diverginggeometry, the undertow annot stay attahed to the wall and it separates.



108 Chap. 5. Bed of Constant SlopeThe variation in 5.11 �ts with the variation in q̄s and uf |uf | in �gures 5.6and 5.9.
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Figure 5.11: (Left): Variation in average undertow and return �ow veloity, ūr.(Right): Position of the entroid relative to the undertow height, yu.The steep gradients in ūr also re�et the irulation in the surf zone (see�gure 2.7), where there is a vertial upward �ux around the breakpoint anda orresponding downward �ux in the interior of the surf zone. The height ofthe undertow inreases in the seaward diretion, however, with a smaller rate



Temporal Sediment Transport Patterns under Breaking Waves 109than the derease in ūr. From x tan β = 3.84 to 4.78 in ase FA1 it resultsin a derease in the o�shore direted �ux of water of 0.72 m2/s. The rangein x tan β orresponds to 47 m. The derease in horizontal �ux results in anaveraged vertial veloity of 0.015 m/s at the top of the undertow pro�le.This order of magnitude di�erene between the undertow strength and thevertial veloities in the ross shore irulation ells is measured by Nadaokaand Kondoh (1982) in a small sale laboratory experiment.5.5 Temporal Sediment Transport Patterns underBreaking WavesContour plots of η̃, ũf and q̃s for the test ases FA1, FB2 and FB5 areshown in the �gures 5.12�5.14. These �gures reveal the omplex spatial andtemporal variations in the hydrodynamis and sediment transport patternsfound in the surf zone. The spatial and temporal lags disussed in ��5.2 and5.3 are readily identi�ed.Besides the easy identi�ation of lag e�ets, the following an also beseen from the �gures:� The more the plunging type breaking, (inreasing ζ0) the shorter thedistane between the maximum (o�shore) and minimum (onshore) val-ues of ũf . The onshore value is found around the breakpoint and theo�shore value inside the surf zone ourring due to the ombination oforbital wave motion in the trough and the undertow.� For inreasing values of ζ0, there is a derease in the spatial extend,where the o�shore suspended sediment �ux is onsiderable. This spa-tial extend is onsidered relative to the wave length.For small ζ0 this spatial extend is in the order of 2 wave lengths, andit dereases to less than half a wave length for the largest value of ζ0.� A omparison between 5.6 and 5.12 learly shows the order of magni-tude di�erene between the instantaneous suspended sediment �uxesand the residual e�et. The morphologial response depends on thelatter, and underline the di�ulties in modelling ross shore sedimenttransport and ross shore breaker bar migration.The e�et of a re�eted wave an be identi�ed in �gure 5.14 both in ũfand q̃s. The interation between a breaking wave and this re�eted wave at
{x tan β, t/T} = {0.6, 0.5} yields a peak in the o�shore direted sedimenttransport. ũf exhibits a lear onvexity of the trajetory of the re�etedwave relative to x, whih re�ets the spatial variation in propagation speed.
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Chapter 6Morphodynami DesriptionThe morphologial development of breakers bars will be onsidered in thepresent hapter. The development is onsidered for both laboratory salewaves (�6.1) and for prototype waves (�6.2). Preliminary results of the formersimulations are also presented in Jaobsen and Fredsøe (2011).A ut-o� is applied around the swash zone to avoid numerial prob-lems in both the laboratory and prototype sale simulations, see �4.3. Themorphologial development with or without suh a ut-o� is onsidered ex-perimentally by Barnet and Wang (1988), where a sea wall is installed atthe shoreline. They found no onsiderable morphologial di�erene, henethe approah is reasonable in these numerial simulations.The ell aspet ratio is kept larger than 1.0, as the omputational timewould otherwise be so large as to make the proposed simulations infeasible.The e�et of this hoie is a disrepany between the modelled and atualloation of the breakpoint, i.e. a horizontal displaement. The physialproesses are also subjet to a orresponding horizontal displaement due toan inrease in the surf zone width. Nevertheless, these proesses are apturedorretly in their new loation, whih is seen in �4.3.An additional time sale is introdued in the following, namely tm = fmt.This is the morphologial time, whih is used to distinguish between hydro-dynami and morphodynami times. fm is the morphologial aelerationfator also disussed in �3.3.2.6.1 Laboratory SaleThe laboratory sale layout is based on that shown in �gure 4.12, and the bedis made of loose sediment with d = 0.1 mm, whih orresponds to a roughnessheight of kN = 0.25 mm. Two sets of environmental foring are used, namelyregular waves with H = 0.125 m and T = 2.0 s and a bihromati wavehaving Hrms = 0.125 and T = 1.67, 2.00 s. These two periods yield a113



114 Chap. 6. Morphodynami Desriptionrepeat period of 10 s. The morphologial development for the two beahpro�les is depited in �gure 6.1 at tm = 2864 s. From this omparisonit an be noted that the outer bar is farther o�shore for the bihromatiase. This ours, as the superimposed wave height in the bihromati aseis larger than for regular waves, hene it breaks farther o�shore. This isalso seen in the laboratory experiment by Baldok et al. (2011). The pro�lebetween the outermost trough and the shoreline has a smaller response underbihromati foring than for regular waves, in whih two breaker bars havedeveloped. The swash area exhibits large morphologial hanges in the aseof bihromati waves, whih are not seen in the ase of regular waves. Theswash erosion is aused by the smaller waves in the wave group, whih anpass unhindered over the outer bar and subsequently break at the shoreline.
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Figure 6.1: Comparison of the morphologial development under regular waves(fm = 4.0) and bihromati waves (fm = 2.5). Comparison is made at

tm = 2864 s.Temporal DevelopmentThe temporal development of the ross shore pro�le under the two di�erentforings is depited in �gure 6.2. It is seen that the regular wave foringprodues a muh faster growth of the breaker bar, and it reahes its maximumrest level, while it is migrating seaward. The simulation has not reahed anequilibrium rest elevation in the ase of bihromati waves, however, it isseen to migrate o�shore as well.An inner bar is developed under regular wave foring at x = 9 m. Thisbar appears late in the morphologial development, and it is found to oinide



Laboratory Sale 115with the essation of wave breaking in the trough. The waves reover to astate of non-breaking waves in the trough, merely to break farther shorewardand initiate the development of the inner bar. The migration of the outerbreaker bar in �gure 6.2A slows down with time. This is onsidered in moredetail below.
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Figure 6.2: The temporal morphologial development of the laboratory sale testases. There are ∆tm = 100T between eah line, where T = 2 s isused in the bihromati ase. A: Regular waves, fm = 4.0. B: Bihro-mati waves, fm = 2.5.A detailed analysis of the temporal variation of the x and y loations ofthe rest of the outer bars shows that while the regular wave developmenthanges without any periodiity in the signal, a similar analysis shows aperiod of 10 s for bihromati waves. This suggests a oupling between thisperiod and the repeat period of the bihromati waves. The rest dereasesin height under the small waves in the wave group, and it inreases in heightunder the larger waves. In the ase of bihromati waves it is also realisedthat the growth in the rest level is preeded by an erosion of the trough.As a onsequene of the period averaging over 2 s, it is not possible to stateanything about the magnitude of the phase-lag.



116 Chap. 6. Morphodynami DesriptionBed Shear Stress on the Crest of the Breaker BarThe temporal variation of the bed shear stress (τ̃b/ρ1 = ũf |uf |) and theShields parameter (θ′) on the bar rest is depited in �gure 6.3. The restis de�ned as the loation, where ∂h/∂x = 0. It is seen that for both regularand bihromati waves, the bed shear stress is initially direted o�shore mostof the time. As the bar inreases in height, the onshore direted omponentbeomes inreasingly larger, however, still smaller than the o�shore ompo-nent. This inrease in the bed shear stress is expeted due to the dereasein the water depth. As the bar rest reahes the steady level, the envelopeof the bed shear stress levels o� at an approximately onstant value. Thislevelling o� is not seen for bihromati waves in �gure 6.3B, beause the barhas not reahed a steady level.Note that for the �nal shape of the pro�les, it is reasonable to assumethat no ripples an exist on the rest, beause θ′ > 1.0 for a part of the waveperiod (Nielsen, 2009).
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Laboratory Sale 117Migration Speed of the Breaker BarThe migration speed for the three bars in �gure 6.2A,B is depited in �gure6.4. It is omputed as a running average over ∆tm = 60T . It shows that themigration speed is a dereasing funtion with time, however, the migrationspeed is more onstant for the bihromati wave, probably beause it has notreah a steady rest level yet. The derease in migration speed is explainedby
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118 Chap. 6. Morphodynami DesriptionFrom the laboratory experiments by Dally (1987) and Baldok et al. (2010)the migration speed of a breaker bar has been estimated to O(5 · 10−5) m/s,whih is only 2�3 times smaller than the migration speed of the mature outerbar for the regular waves, i.e. �gure 6.4 for tm/T > 2000.6.2 Prototype SaleThe morphologial development of breaker bars under prototype sale wavesis onsidered in this setion. The investigated ombinations of grain dia-meters and environmental foring are listed in table 6.1. All of the simu-lations are arried out using regular waves desribed by stream funtiontheory. Some simulations are arried out with bed load as the only transportmehanism and others with a ombination of bed load and suspended load.In addition to these runs, a series of runs is onsidered, where the outerbreaker bar is subjet to a net shoreward urrent. This shoreward urrentmimis the presene of a rip irulation system, see �gure 2.2.Table 6.1: The parameters used in the simulations of breaker bar development. uc,his the urrent strength at the inlet, where the water depth is 7.0 m. (*)Initial pro�le is taken from A02SB at t = 609.6 s (tm/T = 769). Thepro�le is partly frozen for these omputations.Test Name d Hh T Transport uc,h fm[mm℄ [m℄ [s℄ mehanism [m/s℄ [-℄Bed Load TransportA02B 0.2 1.3 4.8 B � 12.5A05B 0.5 1.3 4.8 B � 20.0Combined Sediment TransportS02SB 0.2 3.0 6.0 S+B � 8.0S05SB 0.5 3.0 6.0 S+B � 15.0A02SB 0.2 1.3 4.8 S+B � 6.25A05SB 0.5 1.3 4.8 S+B � 15.0Combined Sediment Transport - Net Shoreward CurrentA02SBC0 ∗ 0.2 1.3 4.8 S+B 0.000 6.25A02SBC1 ∗ 0.2 1.3 4.8 S+B 0.018 6.25A02SBC2 ∗ 0.2 1.3 4.8 S+B 0.054 6.25A02SBC3 ∗ 0.2 1.3 4.8 S+B 0.090 6.25The initial pro�le is that of Dean (e.g. Cowell et al., 1999, p. 59), namely
h = Ax2/3 , (6.1)



Prototype Sale 119where the parameter A = 0.067(100ws)
0.44 depends on the grain diameter.Two values of d is used, thus the average value of the two is applied for thedetermination of A(= 0.1304) m1/3. The pro�le has an upper ut-o� at 0.10m and beome horizontal at 7.0 m. The roughness height, kN , is set to 2.5d.The two applied environmental forings are a storm situation on theDanish West Coast and an average event. O�shore measurements of waveheight and period are obtained from the Danish Coastal Authorities (DCA),see �gure 6.5.
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d = 0.5 mm. This holds for both the yearly average and the stormevent.� The outermost breaker bar has larger dimensions for the storm ondi-tions relative to the yearly average, and the breaker bar is found fartherseaward.� In �gure 6.7A,B the rest level of the bars loated around x = 25− 35m is larger in the ase of d = 0.5 mm than for d = 0.2 mm. Thebreaker bar attains a onstant level in both ases. This suggests thatthe sediment grain mobility is of importane for the steady rest level.
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122 Chap. 6. Morphodynami Desription� The bars are steeper on the shoreward side than on the seaward side,whih is in aordane with experimental evidene.� The inner bars begin to form one the outermost trough beomes suf-�iently deep to allow for the waves to reover in the trough. Thisallows for the propagating of non-breaking waves, whih an sues-sively break farther shoreward.� Consider the breaker bar positions in �gure 6.7A and assume thatthe �nal state is measured e.g. in the �eld. This pro�le learly hasthree breaker bars, where the distane between them inreases with thedistane to the shore. This is in line with the infragravity hypothesis,however, as the o�shore waves are regular, it does not make senseto onsider infragravity waves. Therefore, the inrease in breaker barspaing is also ahieved in systems, whih have a zero infragravity waveenergy.∗Bed Shear Stress on the Crest of the Breaker BarThe bed shear stress at the outer bar rest is depited in �gure 6.8. It is seenthat the bed shear stress qualitatively follow the same pattern as is foundfor laboratory waves (�6.1), however, with onsiderably larger orrespondingShields parameters. None of the plots shows a tendeny to a levelling o� inthe envelope of the bed shear stress. This is explained with the fat thatnone of the simulations has reahed a steady rest level, see �6.1.Migration Speed of the Breaker BarThe migration speed for A02SB and S02SB is depited in �gure 6.9. Themigration speed is onsiderably larger than those measured in the �eld, seee.g. �2.4.3. This disrepany will partly be due to (i) the fat that theyhave not reahed a stable height, and thus migrates faster as also seen in�gure 6.2 and (ii) the e�et of irregular waves will smooth the sedimenttransport �uxes in the ross shore diretion and diretly a�et the migrationspeed. The e�et of irregular waves is disussed in �2.4.1, and the dereasein migration speed is due to a spreading of the sediment transport proessesaross the surf zone, and therefore a orresponding derease in the spatialgradients in the transport �eld.
∗It was tested, whih infragravity frequenies ould have generated the �measured�pattern. One distint period, TIG, was found per breaker bar. The range in TIG is 11.0s�17.0 s. These estimates are based on the expressions given in Dally (1987).
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Figure 6.9: The magnitude of the o�shore migration speed for the outer bars in testase A02SB and S02SB.6.2.3 Morphologial Development with a Net CurrentSome of the beah states disussed in �2.2 feedbak to the hydrodynamisin suh a way that irulation ells in the horizontal plane are reated. Inthese irulation ells, there is a net shoreward urrent over the breakerbar and a net seaward urrent in the rip hannels. The present setiononsiders the part of the pro�le, whih is subjet to a net onshore urrent.All the simulations are initiated on a partly developed pro�le based on A02SBextrated at tm/T = 769. At this time in the morphologial development,the outer bar is still building up to reah its maximum rest height. Thepro�le is plotted in �gure 6.12A.The net ross shore urrent at the inlet, uc,h, orresponds to an averagenet urrent over the initial rest level of 0.06, 0.19 and 0.32 m/s. Theseveloities are onsiderable ompared to the magnitude of the undertow of0.6 m/s, see �gure 6.11, but not unrealisti. Garnier et al. (2010) foundurrent speeds over a resenti bar of approximately 0.2 m/s for inidentwaves of H = 1 m and T = 6 s in a numerial model. As they used a depthintegrated model, the undertow strength is not resolved in their model.The magnitude of the shoreward veloity has been tried veri�ed using�eld data, however, the strength of the seaward urrent in the rip hannel isreported rather than the shoreward veloity over the bars. Values of 0.5�1.0m/s are ommonly experiened (e.g. Aagaard and Masselink, 1999, p. 92),and extreme values as large as 2 m/s are reported (MaMahan et al., 2004).Those values an be used to give an order of magnitude approximation for



Prototype Sale 125the urrent speed over the breaker bars. Based on the dimensions of the riphannel and breaker bar systems in Holman et al. (2006), it is reasonableto assume that the length of the breaker bar is 5 times the width of the riphannel, and that the rip hannel is deeper than the depth over the bar, saywith a fator of two. This yields a net urrent over the bars in the range of0.2�0.8 m/s for the above reported urrent speeds in the rip hannels.Numerial Handling of Net CurrentThe urrent is inluded into the numerial model by simulating a drain inthe surf zone. Firstly, it was tested to have the drain just shoreward of theouter bar for x ∈ [55, 65] m. This did prove to ause unphysial feedbakonto the morphology in terms of a loal souring. This souring has a muhshorter time sale than the time sale of the breaker bar development andmigration, why the results beame ontaminated by the souring. Therefore,the drain is plaed shoreward of the inner bar for x ∈ [19, 24.5] with thetop of the drain at y = −1.0 m, i.e. below the trough level of the wave. Thebathymetry for the morphologial simulations is kept rigid for x ∈ [−10, 35]m. This means that these simulations only re�et the morphologial responseof the outer bar.Hydrodynamis with a Frozen BedAs an intermediate step toward the fully oupled hydro- and morphodynamidevelopment of the breaker bar as a funtion of uc,h, the hydrodynamisover a frozen bed is onsidered. The frozen bed is desribed by the initialbarred pro�le. The results are summarised into the two �gures 6.10 and 6.11,where the former onsiders the temporal variation in τ̃b/ρ1 in the troughand on the rest. The latter �gure depits the period averaged veloity�eld in the bar-trough region together with the undertow pro�les in thetrough and over the rest. All of these are depited for the four values of
uc,h(= {0.000, 0.018, 0.054, 0.090} m/s).Firstly, the bed shear stress in the trough is onsidered (�gure 6.10A), andit is realised that τ̃b beome more o�shore direted with an inreasing onshoreurrent. For uc,h = 0.0 m/s, τ̃b is zero over part of a wave period, however,the bed shear stress beome exlusive o�shore direted for inreasing valuesof uc,h. This an be explained by the veloity �eld in the trough, whih isdisussed below.The bed shear stress over the rest on the other hand beomes more andmore onshore direted with an inrease in uc,h, i.e. opposite to the variationin the trough. For uc,h = 0.0 m/s the largest absolute τ̃b our in the o�shorediretion, and this is hanged to our in the onshore diretion for uc,h = 0.09
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τ̃b/ρ1 = ũf |uf |, for the four di�erent urrent magnitudes. Ensembleaverage taken over 30 periods. A: The bed shear stress in the troughat x = 80.0 m. B: The bed shear stress at the rest at x = 90.0 m.m/s. In the proess max |τ̃b| is lowered form 0.0053 to 0.0034, i.e. nearlya 40% redution. This hange from o�shore to onshore direted bed shearstresses is due to the derease in the o�shore direted near bed veloity. Asthe near bed veloity beome less o�shore direted, the o�set in τb/ρ1 fromzero, whih equals τ̄b/ρ1, is equally lowered.The veloity �eld and undertow pro�les are depited in �gure 6.11. Theundertow pro�le over the rest (�gure 6.11F) reveals that with inreasing

uc,h, the net o�shore �ux near the bed is suppressed and replaed by ashoreward urrent over the entire vertial pro�le (outside the �gure a shore-Figure 6.11 (faing page): A-D: The period averaged veloity �eld over the outer baras a funtion of net shoreward urrent. The ontour shows sign(ū)‖ū‖,where a positive value is in the o�shore diretion. E: Period averaged�ow over y at x = 80 m. F: Period averaged �ow over y at x = 90 m.
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128 Chap. 6. Morphodynami Desriptionward �ux between the wave trough and the wave rest is dominating for all
uc,h). The transition in pro�le shape from uc,h = 0.00 m/s to uc,h = 0.09m/s suggests that the net shoreward urrent is almost uniformly distributedover the depth, e.g. a logarithmi veloity pro�le.The undertow in the trough given in �gure 6.11E inreases in magni-tude with inreasing uc,h, but the o�shore omponent ours over a smallervertial distane. Simultaneously, the undertow over the rest dereasesand eventually vanishes, whih reveals that there must be a pronouned ir-ulation in the trough region and pronouned vertial aelerations on theshoreward side of the bar rest. This an be identi�ed in the �gures 6.11A-D.This in ombination explains the inrease of τ̃b in the trough with inreasingvalues of uc,h.The ombination of undertow pro�les, temporal variation in the bed shearstress and the period averaged veloity �eld suggests that the loal o�shoredireted sediment transport over the rest will be smaller for inreasing uc,h,whereas the opposite will happen in the trough. This will result in smallerspatial gradients in the sediment transport and thus smaller bed level hangeswith inreasing uc,h.Morphodynami Development with a Live BedThe bed is now allowed to develop around the outer bar. The result isdepited in �gure 6.12. It is seen that the morphologial development for a�nite value of uc,h auses a slower migration speed relative to the one in thereferene simulation (uc,h = 0.0 m/s). In the referene solution, the bed isalso frozen for x ≤ 35 m. The migration speed is seen to derease with aninrease in uc,h, whih is expeted from the analysis on a frozen bed.The bar development under the strongest urrent atually shows a ten-deny to have an almost stationary rest loation throughout the simulation,and the shoreward side of the bar merely steepens. It attains the angle ofrepose over a large portion of the shoreward side of the breaker bar.The simulated average ross shore sediment transport has been estimatedthrough a onvolution of the Exner equation. This takes the form

qt(x, t0, tm) = −(1 − ed)

∫ x

x0

h (tm, x′) − h (t0, x
′)

tm − t0
dx′ , (6.2)where x0 is an o�shore limit, t0 is the time for the initial pro�le, and tmis the urrent morphologial time step. It is assumed that qt = 0 is zeroat this o�shore boundary. qt attains a �nite value at this o�shore limit,however, it is several orders of magnitude smaller than that in the surf zoneand therefore omitted.
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130 Chap. 6. Morphodynami Desriptionthe shoreward side of the breaker bar is divided into two parts migratingwith di�erent speeds, thus the lower part �attens, whereas the upper partontinue to migrate seaward persistently with a slope around the angle ofrepose. This is thought to be a part of the essation of trough erosion, whihis disussed previously in �6.1.Unfortunately, none of the simulations with a net shoreward urrent hasattained a steady rest level. Furthermore, even A02SBC3 (uc,h = 0.09m/s) has a slight o�shore migration of the rest of the breaker bar. Theombination of these two results poses some questions:� What happens when the breaker bar attains a steady rest level? Thisis an interesting question, as it will result in an inreased urrent speedover the rest, but will it be large enough to result in an onshore breakerbar migration or a stationary rest?� The magnitude of the urrents are reasonable ompared to those re-ported from �eld measurement, see above. Therefore, whih magnitudeof the urrent speed is needed to ause an onshore migration under reg-ular wave foring?� The use of irregular waves would ause an inrease in the importaneof the ross shore urrent, when ompared to the orresponding regularwave ase. At what magnitude of the urrent speed would a shorewardmigration be identi�ed under irregular waves?These questions will be left unanswered here, however, the answers areimportant for the estimation of the longterm ross shore exhange of sedi-ment and hene the overall erosion/aretion patterns of the omplete near-shore area.



Chapter 7DisussionThe following disussion will be divided into three parts. The �rst part willplae the present work into a broader perspetive, the seond is devoted to adisussion of numerial topis, and in the third part topis of physial originare disussed. The two last parts also ontain elements regarding suggestionsto future work.7.1 Advanes Relative to Previous WorksIn this work, a new approah to the modelling of the omplex hydro- andmorphodynami system in the surf zone is presented; an approah whihan help researhers to gain more insight into the proesses responsible forthe ross shore sediment exhange and the resulting morphologial features.The model builds on a omplete interoupling of the proesses, where thenear �eld of the breakpoint is modelled with only few presribed assumption.This approah has not to date been desribed, implemented, and utilised asomprehensively as done in this work. The advanes of this model approahover previous approahes are disussed below.Expanding to Three DimensionsIn this work the model has only been applied in two dimensions, however,due to the way the model is formulated, there are only a few additional stepstoward a full three dimensional model of the surf zone proesses and the or-responding morphodynami feedbak. The modelling funtionalities, whihare not derived for three dimensions, are the sand slide routine (�3.3.1) andthe morphologial �ltering routine (�3.3.2). The other modelling funtionali-ties with respet to hydrodynamis, sediment transport and bed level hangeare given without onstraints on neither the number of spatial dimensions northe atual geometry under onsideration, e.g. the model ould potentially131



132 Chap. 7. Disussionalso be used for oasts with longshore non-uniformity, sour omputations,or river morphology.The previous work, whih is losest to the above proposed three dimen-sional modelling, is the work by Christensen (2006), however, he only on-sidered the hydrodynamis under breaking waves in three dimensions.Approahes Taken on the Modelling of Wave BreakingThe small step laking toward a general three dimensional model for thedesription of the surf zone proesses is in stark ontrast to the generallyapplied methodology up to present. Firstly, the wave breaking was initiallydesribed through an energy onservation approah (�2.5.2). However, sinethe work of Rakha et al. (1997), the use of a Boussinesq wave formulationwith an additional momentum term has been state of the art, when simu-lating ombined hydro- and morphodynamis. This approah has essentiallybeen left unhanged sine then. More advaned models have, nevertheless,been used for the hydrodynami desription and sediment transport simula-tions (Lin and Liu, 1998; Bradford, 2000; Christensen, 2006; Ontowirjo andMano, 2008).The approah, whih relies on Boussinesq waves, has the limitation thatthe e�et of wave breaking on the hydrodynamis, in terms of the spatialdistribution and temporal behaviour of the additional momentum term, ispresribed in the model (see �2.5.2). The present model, on the other hand,adapts the wave breaking, so it responds to the inident waves and the shapeof the ross shore pro�le in an impliit manner.The Modelling of the Mean FlowThe mean �ow in the surf zone is of ritial importane for the magnitudeand diretion of the sediment transport, whih is seen in �5.2. It was alsofound that the undertow, and its subsequent separation, follows a hara-teristi pattern (�5.4). This, with the exeption of Wenneker et al. (2011),is not inluded in previous models, where the undertow is instead desribedusing a loal ful�lment of a presribed variation in the vertial shear stressdistribution as a funtion of loal wave parameters (Rakha et al., 1997) orusing expliit expressions (Karambas and Koutitas, 2002). These approahesomit the inertia of the undertow, whereby introduing the need of a smooth-ing of the sediment transport �eld, see e.g. the models by Dally and Dean(1984); Drønen and Deigaard (2007). This requirement for smoothing isfound to be irumvented (�5) through the inlusion of the more auratephysial desription in the present model, whih does not rely on presribedbehavioural patterns.



Advanes Relative to Previous Works 133The model by Wenneker et al. (2011) does solve the �ow �eld in a non-loal approah, however, the �ow model (Delft3D) is based on a hydrostatiassumption. This assumption an hardly be expeted to resolve the periodaveraged irulation ell, whih is disussed in ��2.3.4 and 5.4. It is even lesslikely that the model will be able to predit the �ow �eld desribed in 6.2.3,where onsiderable vertial aelerations are enountered.The Modelling of Turbulent PropertiesAn important property for the modelling of suspended sediment transportis the magnitude and distribution of the eddy visosity. As with the otherhydrodynami properties, the modelling of the turbulene, and thus also theeddy visosity, relies expliitly on an empirial formulation of the produtionof turbulene, however, also impliitly on the presribed wave deay, beausethe prodution of turbulene is related to the dissipation of wave energy(Rakha et al., 1997). Other models simply omit the dependeny of the eddyvisosity on the suspended sediment transport, and the latter is desribedby empirial formulae (Wenneker et al., 2011).The prodution, advetion and dissipation of turbulent kineti energyis an inherent part of the present model desription and rely to a lesserextend on behavioural assumptions. The main assumption in this work isthat the turbulene is isotropi. This is known from experiments (Nadaokaet al., 1989; Sott et al., 2005) not to be the ase, however, numerial modeltests with anisotropi turbulene models (Lin and Liu, 1998) does not showadvantages over isotropi models (Bradford, 2000).Impliations on Sediment TransportThe individual omponents in the nearshore �ow all have an e�et on thesediment transport patterns in the surf zone. The modelling of the wavedeay has a diret in�uene on the near bed (freestream) veloity, whihontrols the boundary layer development (Fredsøe, 1984). The e�et of theeddy visosity is easily omprehended by onsidering �3.2.2.Another impat originates from the irulation ell in the ross shore di-retion. The vertial veloities predited in ��5.4 and 6.2.3 are a large fra-tion of the sediment fall veloity, and thereby they have a diret in�uene onthe vertial distribution of suspended sediment and the sediment transport�uxes. The vertial veloities are omputed in Wenneker et al. (2011), butthey an only be arti�ial, beause of the hydrostati assumption. They,however, does not solve the onservation equation for suspended sediment,but rely on empirial formulae for the suspended sediment transport �ux.As seen in the desription of bed load (�3.2.1) and suspended sediment



134 Chap. 7. Disussiontransport (�3.2.2) both depends non-linearly on the hydrodynami foring,thus small errors in the hydrodynamis are enhaned when omputing thesediment transport, whih �nally a�et the morphologial response. The useof the present model limits the number of assumptions in the hydrodynamibehaviour, whih thereby produes a more realisti and smoother result forthe sediment transport and resulting morphology.7.2 Disussion of Topis of Numerial NatureThe Inlusion of Air in the Hydrodynami ModellingThe simulations presented in this thesis are based on a two-phase solver,where the interplay between water and air is modelled. It was suggested byChristensen (2006) that the presene of air in the simulations would improveon the predition of the distribution of turbulent kineti energy. This is,however, not observed (�4.3); at least not to the adopted level of resolutionin the present work, where individual bubbles are not resolved.On the other hand, the presene of the air auses large veloities, as thewave is essentially experiened as a fast moving wall by the air, wherebyinduing large veloities. These large veloities limits the time step dueto the Courant riterion, and they make the omputations less feasible. Itwas suggested by Liu and Garia (2008) to set u = 0 m/s in the air phaseeah time step, however, this results in a dissipation of 35% of the waveenergy over a distane of merely 3 wave lengths∗. The approah by Liu andGaria (2008) was tested using the omputational settings in �4.1.4. Animprovement to the present model would be the development of a surfaetraking method, where the air phase is removed as in Nielsen (2003). Thiswould furthermore ease the appliation of boundary onditions for k, ω and
c on the water surfae.The Aspet Ratio Limitations in the VOF-ImplementationThe limitations in the VOF method with respet to the ell aspet ratio (�4.3)are problemati, beause it makes longterm simulations infeasible. Simplydisretising the omputational domain with AR = 1 for the morphologialsimulations would be so omputationally time onsuming that the results in�6 ould not have been ahieved within a reasonable time. The present resultsare ompleted in omputational times ounted in months, where AR = 3 isused. Adopting AR = 1 would inrease the simulation time by at least a

∗This dissipation takes plae beause of the introdution of a shear fore along thesurfae of the water due to the bounding of the veloities in the air to 0 m/s.



Disussion of Topis of Physial Nature 135fator of 9†. This alls for other methods for solving the surfae traking asdisussed in ��3.1 and 4.3.In pratial terms, the simulations in �6.2 are arried out with AR = 3,and this hoie has aused an inrease of the surf zone width of 25%.Additionally, a pratial onsideration is that it ould prove di�ult topreserve an aspet ratio of 1.0, simply beause the mesh is deforming due tothe morphologial response.The Veloity Field Indued by the Mesh MovementThe tight oupling between the hydro- and morphodynamis indues a velo-ity �eld due to the movement of the bed. The magnitude of this movementomes from a period averaged evaluation of the Exner equation. The max-imum veloity perpendiular to the bed is approximately 0.25 m/s for thesimulations in �6.2. From the results of the instantaneous sediment �uxespresented in �5.5, the instantaneous rate of bed level hange is estimatedusing
∂h

∂t
≃ − 1

1 − ed

∂q̃s

∂x
(7.1)of whih the maximum absolute value is 1.0�2.0 m/s (fm = 1.0). Thestorage term and ontribution from the bed load transport is omitted forsimpliity in eq. (7.1). The instantaneous rate of bed level hange is thusfound to be substantially larger than the period average rate of hange, andit an be onluded that the indued veloities from the bed movement donot attain unphysily large values.7.3 Disussion of Topis of Physial NatureThe E�et of a Third DimensionThe simulations of the hydro- and morphodynamis under breaking wavesare restrited to two dimensions in the present thesis. As disussed in ��4.4.3and 5.1, the behaviour of the surfae in the ase of plunging breaking, andto a smaller extend for spilling breakers (�D), ould be due to the lak of athird dimensions, in whih the vortial strutures are allowed to be strethed.The disussion is left inonlusive in this thesis, however, the validity of theassumption of two-dimensionality ought to be tested in future works.

†Three times the number of omputational ells and a resulting neessary dereasein fm is seen to be a fator of 9. On top of this, a small derease in the time stepwill be experiened. The time step will not derease by a fator of 3.0, as it is mostlyontrolled by the vertial disretisation. The use of parallel omputations would a�etthese onsiderations (�3.3.3)



136 Chap. 7. DisussionAnother mehanism, whih is omitted by assuming 2-dimensionality, isthe obliquely desending eddies as already disussed in �2.3.2. Nadaoka et al.(1988b) �nd that the obliquely desending eddies an bring large amountsof sediment in suspension. In terms of nearshore sediment transport, thisould (i) hange the phase lags already identi�ed in the model and (ii) hangethe magnitude of the suspended sediment �uxes. The obliquely desendingeddies are loal features, whih are not a�eting the entire bed eah waveperiod, e.g. Nadaoka et al. (1988b) only identi�ed the hydrodynami �nger-print on a �xed loation in 1/10 of the measured wave periods. Therefore, toattribute an equivalent amount to the sediment transport as e.g. undertowombined with exess turbulene due to wave breaking, the importane ofthe obliquely desending eddies should be an order of magnitude larger thanthe more permanent proesses.This order of magnitude inrease in volumetri onentrations are notsupported by the measurements by Nadaoka et al. (1988b), and it is thereforereasonable to exlude this e�et in the present study.The Saling of the Cross Shore ProessesThe disussion of the saling of the integrated ross shore sediment �ux, Q̄s,in �5.2, and the attempt of omparing between laboratory sale experimentsand prototype sale simulations are left inonlusive. The numerial modelis nevertheless a powerful tool in further pursuing some de�nite answers.First, the model needs to be further tested against experimental results,whih is not part of the present work simply due to time onstraints. Havingvalidated the numerial approah, it is suggested that a more omprehensiveparametri study than that in �5 is undertaken, whih as a minimum inves-tigate the parameters HB, T , tan β, ws, and the shape of the ross shorepro�le. This would yield a set of integrated ross shore sediment �uxes,whih an be analysed as a funtion of ζ0, Ω and ΩHK . The values for theseparameters should be hosen intelligently, suh that 2�3 of the ombinationsyield the same value of the dependent variable. If Q̄s, in non-dimensionalform, then takes the same value, it would strengthen the onlusion on theappropriate form of the dependent variable.The fous in �5 was on the dependeny of ζ0, however, in hindsight itis less likely that this is the appropriate saling parameter for Q̄s, beauseit does not take the sediment properties into onsideration. ζ0 ould never-theless be important for the hydrodynami response, whih only to a smallextend depends on the grain diameter through the value of the roughnessheight (assuming �at bed). The dependeny between ζ0 and λBs in �gure5.8, where the latter is related to sediment transport, is explained by the fatthat the peak in q̄s is oiniding with the peak in the undertow veloity, ūr,



Disussion of Topis of Physial Nature 137whih is a purely hydrodynami property. This is identi�ed by omparingthe �gures 5.6 and 5.11. This means that �gure 5.8 also desribe the spa-tial lag between wave breaking and the maximum in the depth integratedundertow veloity.The E�et of Irregular WavesThis thesis has foused mostly on regular wave foring, beause previousmodelling attempts, where suh wave foring is used, have shown that smooth-ing is needed in the rate of bed level hange (�2.5.2). It was already notedby Roelvink and Brøker (1993) that using irregular waves would �remove�this problem beause of the ross shore smearing of the surf zone proesses.This approah, however, is merely a resort to irumvent a known problem.It is proved in this work that the high level of omplexity in the presentmodel removes the requirement of smoothing of the ross shore sedimentdistribution, before it is used for morphologial updating. This means thatthe issue must originate from an inomplete model formulation of the hydro-dynamis, whih is already disussed in �7.1.The sediment transport pattern under irregular waves are of onsiderableimportane for engineering purposes. Some of the unanswered questions are:� The saling analysis proposed above should initially onentrate onregular waves, however, irregular waves would ause a hange in theross shore sediment �ux. It is hypothesised that for large Ω, e.g. largerthan 10.0, the e�et of irregular waves would result in a derease ofthe o�shore direted ross shore �ux (Rakha et al., 1997). On theother hand, the experiments by Baldok et al. (2011) show that for
Ω in the intermediate range (Ω ≃ 1.0 − 6.0), the opposite behaviouris seen, namely inreasing sediment �uxes with the introdution ofirregular waves. Therefore, what is the e�et of irregular waves on theintegrated ross shore sediment �ux? How does this behaviour relateto the behaviour under regular wave foring?� Is it possible to �nd a onsistent regularisation of the irregular wavesbased on statistial properties of the wave spetrum? For instane sim-ilar to that done for the suspended sediment transport �ux in ombinedwave-urrent boundary layers (Zyserman and Fredsøe, 1988)?� Is there a di�erene in the steady level of the breaker bar rest due toirregular waves, when it is ompared to a regular wave referene ase?Or is the time sale in the development merely di�erent? (Assum-ing that it is known, how the orresponding referene solution underregular wave foring is to be de�ned).



138 Chap. 7. Disussion� What is the e�et of the irregular waves on the migration speed? Thisis partly answered in �6.1, though not for a breaker bar, whih hasattained a steady rest level.� Of the many unanswered questions with respet to a net shorewardurrent (�6.2.3), the knowledge of whih urrent speed auses a hangein diretion of the bar migration is of pratial importane, beausethis would aid in the evaluation of longterm beah response and in thedesription of the fate of nourished sand on or lose to breaker bars.



Chapter 8ConlusionA omplex model used to study the hydro- and morphodynamis in the surfzone is presented in this thesis. It is shown that it is possible to apply Open-Foam as a tool for the modelling of wave breaking under some onstraintson the ell aspet ratio (�4.3).The emphasis in this thesis has been on the surf zone proesses, and it isshown that the inreased omplexity in the model formulation allows for thesimulation of a smooth distribution of the sediment transport �uxes arossthe breakpoint (�5.2). This has not been ahieved in the previous modelapproahes using regular waves (�7.1).The simulations, where the morphologial response is turned o�, revealseveral spatial and temporal lag-e�ets in the surf zone. A valuable resultis the variation in the non-dimensional spatial lag between the breakpointand the maximum undertow strength with the surf similarity parameter. Arange for the former quantity of [0.25, 1.25] is suggested (�5.2), and it an beused as input in less sophistiated modelling tools, whih rely on empirialrelations.In the simulations with a full oupling (�6), it is seen that by using amodelling framework with this level of omplexity, it is possible:� To model the morphologial development of breaker bars due to thebreaking of regular waves without any smoothing of the proesses (ex-ept on the level of Nyquist frequenies due to a numerial instabilityof the Exner equation, �3.3.2).� It has been shown that the development of a breaker bar is due to anerosional proess in the trough. The development in the breaker barslows down as the erosion in the trough eases, whih happens, whenthe trough beomes too wide and too deep to allow for any furthererosion. 139



140 Chap. 8. Conlusion� To predit a steady rest of level of the breaker bar both for the innerand the outer ones (��6.1 and 6.2).� To model a quasi-steady solution to the breaker bar, whih is found in�6.1, where the migration speed of the outer bar beomes small.Furthermore, it is desribed how an onshore direted urrent, whih mim-is the presene of a horizontal irulation system, a�et the hydro- andmorphodynamis of a breaker bar. A pronouned irulation is found inthe trough, beause the period averaged �ow over rest beomes shorewarddireted, whih inhibits the o�shore direted �ow in the trough to esapeseaward. It is found that the o�shore migration speed dereases with in-reasing urrent strength of the breaker bar. This result an also be derivedqualitatively from the presented analysis of the hydrodynamis over a frozenand barred ross shore pro�le.These aomplishments are attributed to the fat that the near �elddesription of the hydrodynamis in the surf zone inludes a high level ofomplexity. Espeially around the breakpoint, whih is the natural transi-tion point for two di�erent prevailing transport mehanisms and their orre-sponding transport diretions.
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Appendix AModelling of Wave BoundaryLayers
A.1 Low Reynolds Number ClosureThe simulation of turbulent wave boundary layers has been veri�ed againstthe experimental data of Jensen et al. (1989), where the frition veloity,
uf = ‖uf‖2, is determined over a rough boundary using a log-�t method.The experiments are onduted in an osillatory tunnel with a height of0.28 m. The period is T = 9.72 s, the maximum nearbed orbital veloityis um = 2.0 m/s, and the bed is made rough by glueing sand paper with aroughness height of 0.85 mm onto the bed.In �gure A.1 the experimental data is ompared with the simulated fri-tion veloity using the low Reynolds number losure. It is seen that themagnitude and temporal variation of the bed shear stress is well predited.The near bed boundary ondition for k at rough boundaries was sug-gested (Roulund et al., 2005) to be set to ns∇k = 0, where ns is the unitnormal vetor to the boundary. This is based on physial onsiderationsand measurements of the distribution of the turbulent kineti energy loseto rough boundaries, where the turbulene does not go to zero, but ratherapproah a �nite value, see e.g. the experimental data reported by Nezuand Nakagawa (1993); Sumer et al. (2003). These arguments were onsid-ered in detail by Fuhrman et al. (2010) for the onvergene properties asa funtion of near bed resolution for a urrent. Preliminary estimates sug-gest that a reasonable auray an be ahieved for a near bed resolution of
∆y/kN < 0.01, where ∆y is the near bed resolution.The same approah is used in unsteady motion, where the rate of on-vergene in the maximum frition veloity, uf,m, as a funtion of ∆y and
k+

N,m = kNuf,m/ν is onsidered. This is depited in �gure A.2. The results157
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Figure A.1: Comparison of the frition veloity in a rough turbulent osillatoryboundary layer. (Dots): Experimental data from Jensen et al. (1989),test 13 (Full line): Simulation using the low Reynolds number losuremodel.learly show that the method reported by Fuhrman et al. (2010) is also appli-able to unsteady �ows and on�rm the rule of thumb of kN/∆y = O(100)for a near wall disretisation.A similar omparison is depited for knw in �gure A.3, and the sameonlusions an be drawn on the existene of a unique onvergene urve fora large range of roughness heights.A.2 High Reynolds Number ClosureThe high Reynolds number losure has been tested against the low Reynoldsnumber losure model, see �A.1. Three wave boundary layers are onsidered,all of whih are turbulent (Jensen et al., 1989, �gure 8). The period andfree stream veloity amplitude are (i) T = 9.72 s and um = 2 m/s, (ii)
T = 1.0 s and um = 2 m/s, and (iii) T = 0.1 s and um = 20 m/s. Thehigh Reynolds number losure is solved for di�erent near wall disretisation,namely ∆y/kN = {0.5, 1.0, 1.5, 2.5, 3.0}. The results from this analysis isdepited in �gure A.4.It is seen that both the amplitude and the phase-lag is well apturedby the high Reynolds number model. For dereasing wave period, however,larger and larger disrepanies are found between the high and low losure
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Figure A.2: Convergene of uf,m as a funtion of (a) ∆y/kN and (b) ∆y+ =

uf,m∆y/ν for 4 values of k+

N,m.models around zero-rossing. This disrepany is almost non-existing for T =

9.72 s, whereas it is pronouned for T = 0.1 s. In order to maintain the fullyturbulent assumption, the simulations needed to be run with unrealistiallylarge values of um, hene around zero-rossing the aeleration beomes moreand more important relative to the magnitude of u in the determinationof the frition veloity. The importane of the aeleration term suggeststhat an improvement of the method ould be obtained by using a log-linearpro�le (e.g. Fredsøe and Justesen, 1986) instead of the logarithmi pro�leassumption. Nevertheless, suh large aeleration seem unrealisti in thepresent study near the boundary. The maximum aeleration for T = 1 s isapproximately 1.3‖g‖2. Suh aelerations are experiened in the surf zone,however, they are found at the rest of the wave in the initial part of thewave breaking proess (Peregrine, 1983).
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Appendix BMesh Generation
The mesh generation for the wave breaking simulations follows the samebasi proedure. The mesh onsists of three horizontal layers, see �gure B.1,denoted I, II and III. Additionally the lower, yL, and upper bounds, yU , needto be de�ned.PSfrag replaements
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Figure B.1: Sketh of the 3 horizontal layers used in the mesh generation.Layer I is equidistantly disretised and it onsists of ells being order
d in height. This layer is introdued to be able to ontrol the near bedmesh, so a mesh line is plaed exatly δb from the bed as disussed in �3.2.In the outer layer, III, the mesh is also equidistantly disretised over thevertial, however, ∆yI ≪ ∆yIII. To onnet these two layers, layer II isnon-uniformly disretised with a vertial strething. Eah layer onsists of a161



162 Chap. B. Mesh Generationnumber of prede�ned ells, NI , NII , and NIII . The disretisation must ful�l
yU − yL = ∆yINI +

NII∑

i

G(i−1)∆yI + NIII∆yIII (B.1)in addition to
GNII−1∆yI = ∆yIII . (B.2)The latter produes a smooth transition over the vertial between layer IIand III. In the horizontal diretion, the spaing between the vertial meshlines is ontrolled by keeping the aspet ratio, AR = ∆xIII/∆yIII , onstant.



Appendix CThe Sand Slide MehanismC.1 Sand Slide RoutineThe sand slide routine in Niemann et al. (2011) onsiders eah fae of theomputational boundary individually and ful�l the sand slide riterion onthese faes loally by adjusting the vertial oordinate of the nodes (a similarmethod is used by Marieu et al. (2008)). This loalised approah mightlead to an exeedane of the angle of repose on the faes to either side ofthe urrent fae. The orretion of their slope, however, might result inan exeedane of the angle of repose of the original fae. This reursivesliding approah results in an O(M3) numerial �e�ieny�. Fortunately, Mis typially small, say O(10), so the omputational burden is generally smallompared to e.g. the solution to the pressure equation.The method desribed below was tested and it is found to sale as O(M).The pratial part of the implementation, however, turned out to be unsta-ble, thus the present work is based on the method by Niemann et al. (2011)as time was too limited to investigate the soure of this instability, hene themore robust and slower algorithm was preferred∗. Nevertheless, the methodis outlined below.Similarly to the method of Niemann et al. (2011), the proposed methodonsiders a geometrial redistribution of the sediment. First, onsider thepoint B in �gure C.1. The fae to its left will be subjet to a slide failure,hene a lowering of point B. This ould suessively lead to sliding to theright of B. The two points A and B holds between them a onneted set offaes, whih exeeds the angle of repose, thus after the sliding mehanism isompleted, they should all have a slope of tan βstable.The lines, ℓA and ℓB, are the bounds of extreme limits to the stableslope, neither of whih are the atual stable solution due to the requirement
∗The stated numerial e�ienies are derived based on pratial experiene.163
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βstableFigure C.1: Sketh of the sand slide mehanism. The grey line is the original bedand the blak line adjust to the onstraints given by the line ℓMof sediment mass onservation. They are merely lower and upper bounds,respetively. The points A' and B' are the points just outside these bounds,hene unhanged during and after the sliding.Any line, ℓM, between the two bounds desribes a possible stable solution.

ℓM adjusts the pro�le suh that all points between A and B (these inluded)are moved vertially to lie on ℓM. The points between A' and A and B and B'are either moved to ℓM or maintain their original position depending on theirposition relative to the line, see �gure C.1. The line, whih yields the �nalstable solution, is the one, whih result in mass onservation. The solutionis in pratial terms found using a bisetion routine.C.2 Example of the Exeedane of Angle of ReposeThe sliding mehanism has been turned on in �6. This is needed, as thebreaking of regular waves result in a onstant foring in the same plae,whih an maintain a unidiretional �ow (see �gure C.3) over a ompletewave period. This unidiretional �ow an sustain extremely large bed slopesin the order of O(40◦-50◦), see �gure C.2(a). The mehanism in the modelresponsible for these large slopes and the mehanisms, whih are responsiblefor the subsequent break-down of the model, are disussed here, exempli�edby test run A02SB without sand slide; see table 6.1 for the environmentalparameters. The analysis will be restrited to two dimensions, where α = 0◦for down-slope �ow and α = 180◦ for up-slope �ow.



Example of the Exeedane of Angle of Repose 165Eq. (3.35) for the ritial Shields parameter reads
θ′c = θ′c0


cos β

√
1 − sin2 α tan2 β

µ2
s

− cos α sin β

µs


 .For α = 180◦, θ′c is stritly positive for all values of β ∈ [0, 90◦], thuse�etively inreasing the ritial Shields parameter relative to that on a�at bed. Suppose that β beome larger than the angle of repose and the�ow diretion hanges (α = 0◦), then it is easily identi�ed that θ′c beomenegative, whih physially does not make sense and is not handled by theurrent implementation (numerial break-down).This happens in test ase A02SB. The bed level evolution is depited in�gure C.2(a), and it is evident that the bed slope by far exeed the angleof repose on the shoreward side on the inner breaker bar (x = 25 m). Fur-thermore, it an be seen that the inrease in slope our rapidly, whih isdue to the generation of a vortex on the shoreward side of the bar. The bedshear stress below this vortex is onstant in the o�shore diretion duringthis period. The rapid inrease in the shoreward slope is expliitly depitedin �gure C.2(b), where the maximum and minimum slopes along the entirepro�le are shown.The �ow �eld on the shoreward side of the inner breaker bar is depited in�gure C.3 for 5 snapshots over one wave period. In the top panel a breakingwave rush over the bar rest, but due to the steepness of the shoreward side ofthe bar, the �ow separates. The resulting o�shore direted nearbed veloitiesare maintained over an entire wave period. The diretion is �rstly maintainedbeause of �ow separation while the surfae roller passes the shoreward slope,and afterwards it is the ombination of undertow and o�shore direted orbitalmotion in the trough.Figure C.3 also depits the intrawave desription of the bed level hange.It is seen that the shoreward side of the bar is more or less rotated around thebar rest leading to a steepening of the rest pro�le. The o�shore movementof the shoreward side is onsistent with the loal hydrodynami foring.
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Appendix DVeloity Field in BreakingWavesThe veloity �eld is depited for test ases FA1 and FB2 around the breakingpoint in the �gures D.1�D.4. See �5.1 for a disussion of the results.
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Figure D.2: As in �gure D.1
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