WAVE INTERACTION WITH LARGE ROUGHNESS ELEMENTS
ON AN IMPERMEABLE SLOPING BED
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The present paper presents the results of an experimentalanerical investigation of the flow between large rougknes
elements on a steep sloping impermeable bed during wavenaclihe setup is designed to resemble a breakwater
structure. The work is part of a study where the focus is ondetails in the porous core flow and the armour layer
flow i.e. the interaction between the two flow domains and tfeceon the armour layer stability. In order to isolate the
processes involved with the flow in the porous core the inyasbns are first carried out with a completely impermeable
bed and successively repeated with a porous bed. In this gepocus is on the impermeable bed. Results are obtained
experimentally for flow and turbulence between the rougbeémments on the sloping bed. Numerical simulations have
reproduced the experimental results with good agreementsan hereby add more details to the understanding of the
fluid-structure interaction.
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INTRODUCTION

The breakwater structure is widely used within coastal aartddur engineering for providing sheltering
against éfshore wave action. Often the breakwater structure is dedigs a porous structure which allows
a water flow through the structure while the wave energy isor&d. The internal porous core can be made
of sand and gravel materials with specific gradations. Ttegtdhese rather fine grained internal layers from
being eroded by the waves one or several layers of largeestae placed on top of the core material. These
are referred to as cover or armour stones.

The scope of the work presented here is to study the stabilttye breakwater armour layers with special
focus on the interaction between the armour and the poraesaterial. The flow in and out of the porous
core contributes to the stability atod instability of the armour layers. In general the flow candbeded
into two domains: (i) porous flow in the core material anddiiinour layer flow just above, and in between,
the armour layers. The theoretical background for the poftow was described in Engelund (1954) for
both laminar and turbulent flows. In Burcharth and Anderd&3956) the porous flow was investigated with
reference to breakwater structures. The armour layer flatyyzically been included via model scale ex-
periments where the entire structure including the porous is constructed in laboratory scale and exposed
to wave action. Recent examples on such experiments arergardet al. (2011) and Burcharth et al. (2006)
where stability and overtopping is investigated. In additio stability and overtopping also the flow through
the porous material of the structure is studied e.g. in tehpgessure distributions through the breakwater.
Recent examples of this are Muttray and Oumeraci (2005) ane&ste and Troch (2012).

The stability is evaluated based on the observed damagegydhe experiments; however the details
on the failure mechanism such as the porous flow and the arlager flow is not investigated in these
types of experiments. Examples of a more detailed appro@cheen in Torum (1994) where forces have
been measured on spherical armour units on a sloping bréakisant in laboratory scale. In Hald (1998)
forces were measured on real armour stone also in laborstaty. These studies focused on the response as
function of the incoming wave condition whereas details elogities and turbulence in the armour layer as
well as the porous flow were not investigated.

Numerically the entire system can be further investigathitivis the case in for example Losada et al.
(2005) and recently in del Jesus et al. (2012) and Lara e2@12); however due to limitations in computa-
tional resources it is still diicult to fully resolve the details of the flow between the armgtones and in the
porous core. In Lai et al. (2010) the flow between actual Sphkstones were resolved in a numerical model
however on a mild sloping beach.

The present work is focused on the details in the porous conedhd the armour layer flow i.e. the
interaction between the two flow domains and tiie& on the armour layer stability. In order to isolate the
processes involved with the flow in the porous core the erpants are first carried out with a completely
impermeable bed and successively repeated with a porousrbikdls paper the focus is on the impermeable
bed experiments with one layer of roughness elements. Wihethodology the complexity of the structure
is increased step by step as the experiments are progre¥¢ivem adding the dierent structural parts to the
experiments one at a time it is possible to see fffiece of the physical processes accounted for by these
structural elements.
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EXPERIMENTAL SETUP AND CONDITIONS
Facility and Setup

All experiments were carried out in a wave flume at the hydecdaboratory at DTU. The flume has a
length at 2%, a width at 0.6m, and a depth at.Bm. The water depth for the present experiments was fixed
at 04m. The flume is equipped with a piston-type wave maker in onefendenerating regular as well as
irregular wave conditions. In the opposite end the flume igsmgeed with a parabolic shaped wave absorber.
At the general testing area the sides of the flume is made owmaw$parent glass which enables a visual
observation of the experiments as well as laser LDA measemésrirom the side. An overview of the entire
flume setup is shown in figure 1.

Wave  Solitary Sl9ping bed Wave
maker wave experimental setup absorber

WG 1 WG 2
CH=14cm | | e
_________________ | : S

Figure 1: Sketch of the experimental setup for the impermeale bed experiments with smooth bed and rough-
ness elements.

The slope used for th@ugh bed experimentswas arranged with an inclination of 1:1.5. The bed was
made out of a plastic PVC plate with a thickness an@0and a length at.bm. The width corresponds to the
width of the flume at Bm. The plate was supported on the top of the flume by a steel @gdnning over
the flume in the transverse direction. Furthermore the platefixated at the bottom of the flume to ensure
that there was no movements of the bed during wave actionirifédace between the flume walls and the
sides of the sloping bed was sealed with silicon filler to easluat no water exchange took place between the
front and the back of the sloping bed. Water where pumpedtodar side of the sloping bed before start of
the experiments. A general sketch of the rigid bed modelasvslin figure 2a. The sloping bed was covered
with an idealized armour layer consisting of spherical fidaslements with a diameter & = 38mm glued
to the bed in a 90 degree arrangement, see figure 2b. Thecigphttres were applied in one layer.

In addition to the above described rough bed experimentsessaf smooth bed experimentdas been
conducted as well. These will only be included briefly in tihegent paper. The setup for the smooth bed ex-
periments was identical to the rough bed experiments oelyp#d being smooth. Hereby the hydrodynamics
accounted for by the sloping bed only can be investigateldouitthe €ect of the roughness elements.

A) Section view

Flume depth=80 cm Spherical element
diameter=3.8 cm

R 0 et
Water depth=40 cm
Slope=1:1.5

B) Plan view

_H_, D=3.8 cm

Wave

Figure 2: Rigid bed model with spherical plastic balls arrarged in a90° pattern.
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Test Conditions

The experiments were performed with a solitary wave whithwad for an idealized investigation of the
dynamics within one wave cycle including approach, runamg run-down. Other studies have previously
applied this methodology in order to study the run-up anddawn processes. Examples are Grilli et al.
(1994) where solitary wave breaking induced by a breakwates investigated, Sumer et al. (2011) who
studied flow and sediment transport due to a plunging sylitaave, and Lara et al. (2012) who applied a
solitary wave for investigating wave interaction with adkevater both experimentally and numerically.

The dfshore water depth was = 40 cm for all experiments and the height of the solitary waes w
H = 14 cm. The undisturbedishore surface elevation is given by the small-amplitudigesglwave theory
as:

1 = Hsech?(wt) 1)

whereH is the hight of the solitary wave measured from the still wigeel, t is time, andw is given as:

W=\ S0HT @

whereg is the acceleration due to gravity. Similar to sinusoidav@ga time scale can be defined by:

21 /4
T—;—Zﬂ 3@J—Hh (3

which can be interpreted as the time scale characterizimgvitith of the surface elevation time series as
described in Sumer et al. (2011). This quantity Was: 2.48 s in all experiments. The experiments were
performed at a Keulegan-Carpenter numbéf@t= 45(= U, T,,/D) whereUy, is the maximum bed parallel
velocity, and a corresponding Reynolds numbeRet 4 x 10%(= DU, /v).

The sampling frequency of the measurements was 120 Hz. Thbenof runs for each measuring point
(for ensemble averaging) was 30 for the impermeable roudgtrekperiments. A sensitivity analysis carried
out indicated that the statistical quantities, the meaneshand the standard deviations, converged to constant
values for these sample sizes as shown in figure 3. Here thismmaxensemble averaged RMS value of the
fluctuating component of the velocity is depicted againstrthmber of repetitions applied for the ensemble
averaging. The left panel shows the error in terms of thelats®&MS value normalised by the mean value
of the ensemble averages for 25-30 repetitions. The rightlghows the absolute RMS values.
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Figure 3: Sensitivity analysis for convergence of RMS valugas function of sample size.

The RMS values shown in figure 3 is also applied to quantifyttineulence level in terms of the RMS
value of the fluctuating component of the velocity= u — U. This is found as:

— 1 & 1/2
g - {N—_l GO U(t)}z} )
=1
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whereN is number of repetitions.

The waves were found to be reproducible. Twenty arbitralgcsed time series of the surface elevation
at the toe of the sloping bed were plotted together. Here & sen that they collapsed on a single curve,
which confirmed the repeatability of the generated wave.

Regarding the characteristics of the solitary wave thelbngecriterion given in Grilli et al. (1997) can
be applied. Here the breaking is defined based on the slopepterS,, defined by:

S
So = 1.521 NEYG (5)

The breaking types are characterized in Grilli et al. (12¥¥pilling So < 0.025), plunging (025 <
So < 0.30), and surging (80 < Sp < 0.37). For the present experimental conditions the slopenpeter
takes the valu&y = 1.71 which falls outside the defined breaking criterion thusngj a reflecting wave.
This is due to the steep sloping bed. As will be seen later akimg borghydraulic jump forms during the
run-down.

It is noted that two processes in ordinary oscillating waaesmissing in the present idealized solitary
wave case, namely the process controlling the wave setughengrocess controlling the water table in
the porous core of the structure. The latter is of no impaeafior the present experiments as the bed is
impermeable.

Instrumentation and Measurements

Two types of measurements were performed: velocity measemes and surface elevation measure-
ments. Measurements of velocities and turbulence weremeed with Laser Doppler Anemometry (LDA).
A DANTEC two-component LDA system was applied in back-srathtode where the two velocity compo-
nents, horizontal and vertical, were measured simultaslgolihe arrangement of the LDA system is shown
in figure 4 for the rigid bed setup with one layer of spheridaheents. The velocity is measured in the pore
between the flume wall and the two neighbouring spheres aithesvertical. Hence the velocity does not
represent that measured in a regular pore. However flaet®f the wall has been investigated by repeating
a reference experiment with measurement at a larger distmom the wall. This showed no walffect
compared to the pore measurements near the wall. The wallipahosen as it gives a greater flexibility in
term of positioning the LDA measuring point.

Horizontal plane Vertical section (a-a)

_H_,

Wave
(a) (a)
L A
Vertical Rigid bed
glass wall

LDA optics

Figure 4: Arrangement of LDA measurements for the rigid bed nmodel with one layer of spherical plastic
balls. Measuring points are indicated with dots.

The surface elevation measurements were performed at batidas: at the ffshore location and at the
toe of the sloping bed as shown in figure 1, WG1 and WG2 resmdgtiConventional resistance type wave
gauges were used in the measurements. The LDA measuremetiseasurface elevation measurements
were synchronized. In addition to the above, synchronized fisualization were performed using a digital
video recorder applying 250 fps. From here the detailed mbtiens are drawn of the entire process of
run-up, run-down, breaking and trailing waves.

EXPERIMENTAL RESULTS

The experiments cover three types of measurements: LDAciglmeasurements, surface elevation
measurements and video visualization. In the followingrttaén results of the experimental investigations
are presented. First, a description of the run-up and ramadxycle is given based on visualisations of the
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experiments. Here theftierent flow regimes are outlined. Second, the details of thve iBdnvestigated in
terms of velocities and turbulence based on the LDA measemém

Wave Run-up and Run-down Cycle

The complete cycle of run-up and run-down is visually desgicind described based on high-speed video
recordings. Here the surface elevation is schematicallgqarted for a number of relevant time steps during
the process. The entire cycle is divided into the followiagrfregimes. i) approach, ii) run-up, iii) run-down
and, iv) secondary run-up.

Figure 5 shows the entire sequence of run-up, run-down ailthfy wave with secondary run-up. The
wave has already been characterised as being reflectivaa.éreaking takes place during the run-up. In
Grilliet al. (1997) and Jensen et al. (2003) the run-up plisighvided into several types of flow regimes
depending on either the steepness of the sloping bed or thktade of the wave. At the lower part of the
slope the thickness of the run-up wedge may be several tilmestighness of the armour layer. Here the flow
has similarities with a rough bottom channel flow. At the uppeat of the slope the run-up wedge thickness
is less than the roughness, which may resemble flow arourtdaés as also described in Andersen et al.
(2011). The €&ect of the roughness elements on the bed is clearly seen #&tothteof the upper surface
wedge. This shows a highly disturbed and turbulent flow dudaéoflow around the roughness elements.
Furthermore the front part of the flow generates an aeratioe avhere a large amount of air is trapped and
released from in-between the roughness elements as tlesdirdnt moves up along the slope.

B) Surface flow around
roughness elements
S\é/L
Stirring zone with
air intrainment Section II
Section |
&)
SWL

1.74 s

Secondary run-up g
air intrainment

Figure 5: Visualisation of surface elevation on rough bed dting A) run-up, B) run-down, and C) trailing
wave.

Following maximum run-up the flow reverses and initiatesrinredown phase. The upper part of the
slope experiences a flow where the relatively low water dépthaintained. A hydraulic jump is seen at
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the transition between the upper part of the flow (low watetlkdevith supercritical flow) and the lower part
(higher water depth with subcritical flow). At the end of thanrdown phase the downwards directed flow
interacts with the volume of water above the lower part of stope and generates a breaking bore. The
breaking process on the run-down is also described in Jaris#n(2003) and is shown numerically and
experimentally in Pedersen and Gjevik (1983).

Velocity and Turbulence

Figure 7 shows the bed-parallel-velocity time series. Ttw flirection above the spheres is calculated
based on the measured parallel and normal velocitiesydv and are shown in the top panel of figure 7.
Here the flow reversal from run-up to run-down is clearly seBme definition of the flow direction is given
in figure 6. Fluctuations appear in the run-up phase (B in &g)rand throughout the entire wave cycle as
a result of locally generated turbulence around the sphé&kese to the bed just above and in between the
spherical plastic elements the velocity is highffeeted by the presence of the spheres which is also seen in
terms of a high level of fluctuations throughout the wave eydihe free stream fluctuations as well as the
fluctuations around the spheres indicates one or severaltmaions to the turbulence during the run-up and
partly the run-down phase which can be accounted for by thghoess elements. However the additional
turbulence due to the breaking bore during run-down is asm ¢A in figure 7). Also turbulence generated
due to the turbulent boundary layer on the impermeable bédavpresent however this may beftult to
distinguish from the turbulence generated due to the roegghalements. Later in this paper a comparison is
given to smooth bed experiments where tifea of the roughness is removed.

Figure 6: Definitions sketch of flow angle,, calculated based on parallel and normal velocitiesy and v.
Angle of the sloping bed i3 = 34°.

The turbulence levels presented in figure 8 further show fifeeteof the roughness elements as already
mentioned. Again, the flow direction is shown in the top paared follow the definition in figure 6. The
turbulence production is initiated from the beginning af tin-up phase and grows gradually until the point
where the breaking bore during the run-down phase genexgtesk increase in the turbulence level. During
run-up fluctuations are seen both in the free stream as wéll ¢ee pores. These may originate from two
different processes namely the boundary layer turbulence #iveughness elements and wake turbulence
formed locally in-between the roughness elements.

Above the roughness elements the run-up turbulence devébop smaller level than in-between the
roughness. At this point (B in figure 8) the turbulence is nyagenerated by boundary layer turbulence
above the roughness elements as well as lee wake turbulemeén-between the roughness elements which
is diffused up into the upper layers. A large increase is seen wieenithdown breaking occurs (A in figure
8). Above the roughness elements this process is seenrg¢hdiein-between the roughness. Below the top
of the roughness but above the center of the roughness a tarbalence level is seen (C in figure 8). Here
the dfect of lee wake turbulence from the roughness elements is $&lgo it is clear how the turbulence
levels drop momentarily at the point of flow reversal from-umto run-down.
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Figure 7: Time series for velocities parallel to the bed for slitary wave at measuring section | on rough bed
with one layer of spheres. The flow direction in the free strem point above the spheres is shown as a reference
signal in the top panel. Notation A, B and C refers to the discasion in the text.
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Figure 8: Time variation of the RMS values of the fluctuating @mponent of the velocity component parallel
to the bed at measuring section | on rough bed with one layer apheres. The flow direction in the free stream
point above the spheres is shown as a reference signal in theptpanel. Notation A, B, C and D refers to the
discussion in the text.

Finally a brief comparison is given with the correspondiagedperformed with the smooth sloping bed
setup. When the results from the rough bed experiments anpa@d to identical smooth bed experiments
the dfect of the surface roughness can be seen. The comparisomisasised in figure 9. Here it is seen
how the bed parallel velocities experiences very littletfiations during run-up and most of the run-down
phase for the smooth bed experiments. At the end of the rum-gdase fluctuations are initiated first due
to boundary layer turbulence and immediately after furthereased due to the breaking bore which is very
pronounced for the smooth bed experiments. Compared tootighrbed experiments it is seen how the
turbulent fluctuations starts to develop during the run-bpse caused by locally generated turbulence in-
between the spherical elements. Again a large peak in thedltions are found at the end of the run-down
phase where the breaking bore transports turbulence dotre tmeasuring section. Furthermore it is seen
how the flow reverses from run-down to secondary run-up ataliee stage for the rough bed compared to
smooth bed.
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Figure 9: Time series for velocities and RMS values paralleio the bed for solitary wave at measuring section
I. Comparison of smooth bed and rough bed with one layer of spéres. The flow direction in the free stream
point above the spheres is shown as a reference signal in theptpanel.

NUMERICAL MODEL AND SETUP

The experimental setup has been further investigated byerioat simulations. The open source CFD
library OpenFOAMR has been applied including Large Eddy Simulation (LES)ulebce modelling. A
detailed model has been setup where the roughness elemettie gloping bed are resolved directly in
a periodic domain. The measured free stream flow from theigdlysxperiments is applied as boundary
conditions hereby enabling a direct comparison of the satedl and measured results. The numerical model
and the model setup is described in the following.

Numerical Model

The numerical model is based on a finite volume discretisadiothe Navier-Stokes equations on a
collocated grid arrangement. The Navier-Stokes equationsists of the continuity and momentum equation
as follows:

Continuity equation:

ou;
— =0 6
7 (6)
Momentum equations:
oy oy op 0 [0y 0y
— +pUj— = —— + —ul— + — 7
Pt TPx a>q+ax,-“(ax,-+a>q "

wherep is the density of the fluidy; is the velocity vectou; = (u,v,w), p is the pressurey is the
dynamical viscosityt is the time, andck is the spatial variable.

For high Reynolds number flows the turbulent fluctuations matybe resolved directly by the compu-
tational grid. Therefore a turbulence model must be intoeduto account for thefiects of the turbulent
fluctuations. For the present simulations a Large Eddy Sitiarl (LES) model has been applied that allows
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for a direct simulation of the large scale turbulent flucimrag while the LES model adds thffect of the small
scale turbulent fluctuations. LES modelling includes thieatisimulation of turbulent fluctuations larger than
the selected filter scale however this also sets some stgjainements to the grid resolution. In general a finer
grid resolution is required compared to RANS turbulence efmtowever some applications of LES within
coastal engineering has been seen e.g. Christensen arebiie{(g001) and Christensen (2006) applied LES
modelling for investigation of spilling and plunging break.

The LES model is based on a spatial filtering of the Naviek&aequations. A top-hat filter is applied
where the computational grid is used as the filter. The filt&tavier-Stokes equation reads:
I auiuj ap a [(ou Iy
il — - =+ = 8
Pt TPax T ax T ox'\ax T ax ®

where overbar denotes a filtered quantity. In equation 8ehersd term on the left hand side is split up
into two terms as:

OGT, G +{6(Tuj—ﬁiﬁj)] o

(9Xj B (9Xj 6Xj

The first term on the right hand side is simulated directlylevtiie second term is moved to the right
hand side of equation 8 and must be modelled. This term israfsored to as the sub-grid scale Reynolds
stress:

TijS = —p(TUj—Uin) (10)

Equation 10 is called the closure problem for which a modedtrba applied. This model will be referred
to as a sub-grid scale model (sgs model). For the presentagions the Smagorinsky sgs model is applied.
The sub-grid scale stresses given in equation 10 are mddwdle

1 — .
TijS= §Tkk55ij = 2uSi},

s _L(om .
v 2 (9Xj 0%
Herey, is the eddy viscosity which is found as:
pe = p(CsA)?S| (12)

whereA is the filter length scale ar{8| = (2S;;Si;)Y/2. Cs is the Smagorinsky constant that is generally
in the order of 0.065 to 0.2. For the present simulations $eisto 0.1 however the optimal value can vary
from case to case.

Model Setup

The model has been setup to reproduce the experimentatsehihined for one layer of spherical
roughness elements on the sloping impermeable bed. Clyrtéetfocus has been on the detailed flow
around the spherical elements. Therefore a model has bagm that includes the local area around the
spheres. Only one spherical elements has been resolvectandip boundary conditions has been applied
in order to add theféect of multiple elements. With this approach the oscillgfilow around the roughness
element is modelled; however the free surface is not indudghis leaves out somefects such as wave
breaking as will be seen later.

Figure 10 presents the setup in terms of geometry and apptieddary conditions. The domain has
horizontal dimensions corresponding to the diameter ofsphereD = 38mmand a hight at B.
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>
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Figure 10: Numerical model setup. One spherical element in periodic domain.

At the bottom below the sphere a wall boundary condition igliad whereu = 0 at the boundary.
The surface of the sphere is modelled with a wall boundarylitiom as well. A slip boundary condition is
applied at the top of the model while a periodic boundary domdis applied on the vertical sides of the
model. Hereby any quantity transported out of the domaingagthe right hand boundary will at the same
time be moved into the domain via the left hand boundary. Wilsreate the &ect of an infinite number of
spheres placed next to each other.

The flow is driven by a forcing term in the momentum equatiaat th based on the experimental mea-
surements. Here the velocity measurement from the frearstregion above the spheres (one run-up and
run-down cycle) are used as input. The momentum equatias EXtended as:

oy oy ap 4 [0y 0
—_ j—— = —— _— —_— - f 13
Pt TP%Nax T Tax axj“(axj Tox ) (13)
where the forcing termf;, is included as:
OUgi
fi=p— 14
i=p ot (14)

whereug is the experimentally measured velocity veaigr= (Ue, Ve, We).

The computational grid is setup with the smallest grid celhly 0.3x0.3x0.3 mm (at the surface of the
sphere) and the largest grid cell being 2x2x4 mm (at the tapeomodel). A total of 8000 grid cells were
applied. The computational grid is presented in figure 1TalRd processing was applied where the model
domain was decomposed into 6 domains.
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Figure 11: Computational grid. Left panel: full view of domain. Right panel: close up on spherical surface.

NUMERICAL RESULTS

The numerical results have been compared to the experitmeassurements previously presented. The
bed parallel velocity is presented in figure 12 as enseml@deged vertical velocity profiles. Time steps are
selected to cover the entire cycle of run-up, run-down aedrsgary run-up. Measurements (black line with
circles) are compared to the numerical results (red line).

The model is seen to capture the measurements with goodnagnéeluring the run-up and most of
the run-down phase. Both the flow above the spheres as wall g ipores in-between the spheres are
well described. During the last part of the run-down and eiglg at the secondary reflected run-up some
deviations are seen. This might be due to the fact that tleesfreface is not included in the model and thereby
the breaking bore during the run-down is not simulated. Ander the experimental results in figure 7 and
figure 8 the flow is clearly fiected by the run-down breaking in terms of velocities andtdiations. This
effect is not represented in this numerical model.

Figure 13 shows an iso-surface plot of vorticity around thrggitudinal direction (in-line with the flow
direction) and the transversal direction. On the left hasutigbit is seen how the flow separates on the surface
of the sphere and four symmetrical vortices are formed wiviabels downstream with the flow. These
vortices have similarities with horse-shoe vortices whach well known from e.g. flow around vertical
cylinders. On the right hand panel it can be seen how a boyrager develops both on the smooth bed
below the sphere as well as above the sphere. On the dowmstida of the spheres a lee zone is apparent
where the boundary layer does not develop.
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Figure 12: Ensemble averaged velocity profiles for velociéis parallel to the bed for solitary wave at measuring
section |. Comparison of measurements (black line with cirtes) and simulated results (red line) for rough
bed with one layer of spheres. The horizontal dashed line skns the top surface of the spheres = -1 - 0.2s
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Figure 13: Iso-surface of vorticity at a phase angle ofut = 30deg. Left panel: vorticity around the longitudi-
nal direction (X-axis). Right panel: vorticity around the transversal direction (Y-axis).
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CONCLUSION

Experiments have been conducted with an impermeable gjdyg@d with a structured layer of spherical
roughness elements. The setup resembles a simplified bagakstructure. The experiments are part of a
series of several experimental investigations where thwintual physical processes are described. This is
achieved by starting out with a very simple setup where tfferdint structural parts are added; one at a time.
Hereby the physical processes can be seen and distingdisineeach other.

The experiments showed thffext of the roughness elements in terms of the turbulenceggoreduring
run-up both locally between the roughness elements andeahewoughness as boundary layer turbulence.
The breaking mechanism on run-down showed a transport béiemce below the surface in-between the
roughness elements. This process is very clear for the $nb@at experiments however it is also found for
the rough bed experiments.

The experiments have been followed by numerical simulatiwhich have been setup to reproduce the
experimental results. A periodic domain was applied to fateuthe oscillating flow around one spherical
roughness element however including tifieet of several spheres placed next to each other. Good agnéem
was found between the simulated and measured ensemblgegetgocities. Some deviations were seen at
the very last part of the run-down phase which is explainethbyfact that the free surface is not included in
the present simulations and thereby the breaking mechahisg the run-down is not described. Thiteet
will be included in future simulations where the free suefag simulated. The numerical results showed a
level of details which can be used for in-depth analysis @f etosion mechanisms and armour stone forces.
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