NUMERICAL MODELING OF WAVE PENETRATION IN OSTEND HA RBOUR
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The initial Ostend harbour entrance at the Norta east of Belgium is being modified and extendét two new
rubble-mound breakwaters. Through an integratedystid the wave penetration in Ostend harbour, thees are
being acquired by prototype measurements and lyaied numerical modelling is carried out. Two nuos
models are used. SimWave is a numerical model basedwogu’s extended Boussinesq equations. Thenseco
numerical model is MILDwave, a mild-slope wave pagption model based on the equations of Radder and
Dingemans. The present study concentrates on afiplis of the numerical models, throughout theedéifit design
stages and construction phases of the new brealsvate
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INTRODUCTION

The harbour of Ostend

The harbour of Ostend, which is situated at thetiN@&ea coast of Belgium, gathers activities
related to handling of goods and passengers, kaat fidhing, yachting and recreation activities.
Moreover, the city of Ostend, which is the only aeng the Belgian coastline, concentrates lots of
visitors, tourists and travelers on a daily basis.

Increasing safety comes, therefore, at the firsteffor the harbour of Ostend. The city centre lies
approximately 4.0 m bellow water level, while theabh, the sea dike and the quay walls of the inner
harbour are not sufficient for its protection agaifliooding. Figure 1 illustrates the risk the aigntre
was facing, showing that the waves were easilyhiagcthe sea dike even for wave conditions which
were not extreme.

Another problem was related to ship navigation. Tigal direction of the navigation channel
(Fig. 2, top), combined with difficult wave conditis, created difficulties as the ships were trytimg
enter the inner harbour (Fig. 2, bottom). Moreovecreasing handling activities demanded the
accessibility of larger ships.

Figure 1. Waves reaching the sea dike and approachi  ng the city centre.
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Figure 2. Harbour of Ostend and city center: (top) initial entrance of the harbour, (bottom) inner har ~ bour.

Wave propagation in the harbour of Ostend — Aninte  grated approach

Therefore, safety and economical reasons leadhtaraof extension and modification of the initial
entrance of the Ostend harbour with two new rulnhdemnd breakwaters. The design of the breakwater
lay-out depends on navigation requirements andreovese penetration into the inner harbour. For the
flood risk assessment of the adjacent and low Igitg centre, the water level during storm condito
has to be analysed. Moreover, long waves insidéntier harbour may cause unwanted ship agitation.

Three harbour configurations are generally considiewhich are presented in Figure 3 by means
of bathymetry contour plots (North direction ligstlae bottom of the figures): the initial configtican

(Fig. 3.a), before the beginning of the projectj@ermediate geometry (Fig. 3.b), which is atttél

to temporary measures that had to be taken fohdhnieour, and the final configuration (Fig. 3.c)twit

two new rubble-mound breakwaters, which is therfuttompleted lay-out of the harbour.

Therefore, three situations are investigated thHnougthe various studies concerning the harbour:

1. “Initial” situation of the harbour (Fig. 3.a). Thentrance of the harbour is situated between two
open piers, with a groin underneath both of thetmckvprotrude into the sea and form the access
channel.

2. ‘“Intermediate” geometry with preserved westernyjethd a new temporary low-crested eastern
breakwater (Fig. 3.b), constructed up to +3.0 me Hastern jetty is removed and the new
navigation channel is almost completed.

3. “Final” geometry (Fig. 3.c) with two new breakwaterof 650 m length, each. The eastern
breakwater will be an extension of the temporamy-twested breakwater of the “intermediate”
situation. The future situation includes also neadhes at the West and East of the breakwaters
(beach nourishment) for protection of the city cenagainst flooding and a new navigation
channel, deepened and turned to the East.
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Figure 3. Geometry and bathymetry (levels in TAW ,1) of: (a) initial situation, (b) intermediate situa  tion and (c)
final situation (plot (a) and (b): Cherletetal. 2  005; plot (c): Desnerck et al. 2006).

In the frame of an integrated study for the waveepetion in the harbour of Ostend, the waves are
being acquired through prototype measurements, henG University (Belgium), and physical
modeling is carried out by Flanders Hydraulics Resle (Belgium). Moreover, numerical modeling is
carried out by Ghent University. The present stadncentrates on the various applications of the
numerical modeling, throughout the different dessteges and construction phases, leading gradually
to the final layout of the harbour of Ostend.

PROTOTYPE MEASUREMENTS AND PHYSICAL MODELING

Acquisition of waves through field measurements

For the acquisition of field data, seven wave gauge/e been placed in the inner harbour (Fig. 4).
Two wave rider buoys, east and west of the harbatnance (approx. 800 m off the coast) measure the
incident wave climate. All wave gauges (DRUCK preessensors) have battery power supply and
dedicated signal conditioning and data-acquisition stand-alone use. The sensors are placed
approximately 2.0 m below low water level. Presdareonverted to surface elevations. Short and long
waves and storm set-up (difference between preatliagtronomic tide and actual water level) are
derived, as well as 15 min wave spectra. Up to aalata-set of four years has been collected.

The calibration of the models (physical and nunadyiés based on the storms which occurred
during the initial and the intermediate harbounation.

Physical modeling

Physical model tests (3D; scale 1:100) are caoigdo study the three different harbour situations
(initial, intermediate and final). Wave gauges s seven validation locations, where the waves are
being acquired through field measurements, are ialdoded in the physical model, e.g. the wave
gauge which appears almost in the middle in Fig.[aced at the ‘location 3’ shown in Fig. 4.

! TAW (‘Tweede Algemene Waterpassing’) is the refieee water level by which the level
measurements are expressed in Belgium. A ‘'TAW’ ll@fed.0 m is equal to the average sea level
during low-water conditions in Ostend.
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Figure 4. Locations of the seven wave gauges placed in the inner harbour of Ostend (points 1-7).

Figure 5. View of the experimental set-up in the wa  ve basin at Flanders Hydraulics Research (Belgium).

NUMERICAL MODELING

Application methodology of the numerical models

Two numerical models have been validated and amghesed for the studies of the harbour.
SimWave, a Boussinesq model and MILDwave, a mibghasl wave propagation model, which are
described in the following sections.

The numerical results in the inner harbour arededid using the wave data acquired during the
field measurement campaign (see Fig. 4). Therefares using hydraulic conditions with return period
1 year (RP = 1 yr) simulate the operational conddiand are used for the validation with field data
Runs with higher storm return period provide trsk of overtopping over the quay walls in the inner
harbour. Regarding the applied hydraulic boundanydiions, the most critical wave directions and
wave/storm characteristics are simulated.

For the evaluation of the results of the numersiaiulations a common method is followed. The
results are presented in terms of significant waeights (H) and a disturbance coefficienty(Kor the
calculation domain. This coefficient is given by tfatio H/Hsgg, Where H is the local significant wave
height and kg is the wave height at the wave generation boundary

Throughout the different design stages and cortstruphases, numerical results have been used
for various purposes, according to the needs ofetlaving harbour layout. In this respect different
wave conditions and return periods have been iigagsetl numerically. Return period of 1 year focuses
on short term results and corresponds to daily wawelitions, which are more important for the aiti
and intermediate geometry and bathymetry of thédarand during the construction phases. Return
period of 100 years focuses, on the other handherdesign criteria of the final configuration bkt
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harbour, while return period of 1000 years conadat on the investigation of wave transmissiomén t
final situation and the risk of flooding over theay walls in the inner harbour.

Other numerical studies provide wave conditiongaaticular port locations which become of great
interest due to a dynamic situation within the loah caused by bathymetry and geometry changes.
Numerical modeling is also used for the investmatof the most critical wave direction in terms of
wave penetration in the outer and the inner harfoureach of the construction phases. For the
validation of the numerical models, measuremesrtaluring prototype storms have been used.

Moreover, input for the armour stability calculatsoof the two breakwaters has been provided by
the numerical models. The most important directiforsthe wave penetration have been recognised,
which were used for estimating the loads of theedoof the new breakwaters. Modifications with
regard to the port bathymetry and geometry are nigally examined, i.e. changes in the bed leved, th
width or the direction of the access navigationncted, removal of the eastern jetty, submerged or
emerged breakwaters according to each of the emtistn phases. Also, diffraction calculations at
particular locations in the inner harbour have bearried out for the determination of their final
geometry.

In general, numerical wave gages are used by thercal models, which provide water surface
time series at certain locations of the computatia@omain. In addition, numerical wave gauges are
placed at the same locations as in the field, whitdws the validation of the numerical resultshe
inner harbour by the wave data acquired in the fieéasurement campaign. In Fig. 6, typical location
of waves gauges used by the numerical models asepted. The seven wave gauges of Fig. 4 are
included, which are found in the field, as welles/e gauges of the physical model and, also, loesti
which are of great interest with regard to wavegbetion in the harbour.

Figure 6. Locations of wave gauges and longitudinal sections AJK and AJL, which are used during
numerical modeling (Stratigaki and Troch 2010a)

Numerical modeling with the model SimWave

SimWave (Sinha et al. 1998) is a numerical modseetdaon Nwogu’s (1993) extended Boussinesq
model equations, which are solved in the time dom#Vave propagation and transformation are
simulated, including shallow water effects (e.goamg, refraction, diffraction, wave run-up and
breaking).

This Boussinesq model, is a phase-resolving moddl leas been applied to study regular and
irregular waves propagating over variable watertligpproviding instantaneous surface elevations
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n (x, y, t) at a reference depth. In Figure 7, tgpiesults showing instantaneous surface elevafmms
irregular waves are presented, for the initial,ithermediate and the final situation of the harbou

Figure 7. Instantaneous surface elevations in SimWa  ve for the three different configurations of the ha rbour
of Ostend: (a) initial, (b) intermediate and (c) fi  nal configuration.

SimWave has been applied for various purposesmitié project of the extension of the harbour
of Ostend. Each of the different configurationscdi&sed previously and their variants have been
studied using SimWave (e.g. in Geeraerts et al220berlet et al. 2005, Stratigaki and Troch 2009b,
etc.).

Though SimWave seems to provide accurate resslthiey show, in general, good agreement with
the field measurements and with the results pravigethe linear wave propagation model MILDwave,
it is not a problem-free computational tool withgaed to convenience of use. As most of the
Boussinesq solvers, SimWave suffers from computatimstabilities, often causing the simulations to
‘crash’, while its code cannot be modified by thseiu Due to performance limitations of the numérica
engine, all numerical simulations were run with=H1.0 m, independently from the occurring wave
height. However, results from numerical simulasidrave shown that the disturbance coefficiegk (k
differs very little if calculated for different abkite H values, when no wave breaking occurs.
Moreover, since the required computational timegfach simulation in SimWave is high, the resolution
of the grids was reduced to 2.0 m grid cell size.

Numerical modeling with the model MILDwave

The second numerical model is MILDwave, a mild-slopave propagation model based on the
equations of Radder and Dingemans (1985) and deseldy Troch (1998). The phase-resolving
model MILDwave is able to generate linear water @gwover a mildly varying bathymetry and to
calculate instantaneous surface elevations thraughe domain. Wave transformation processes such
as refraction, shoaling, reflection, transmissidiiffraction and wave breaking can be simulated
intrinsically. MILDwave can generate regular ancegular long- and short-crested waves, as well as
radiated waves. In Figure 8, a typical result oftamtaneous surface elevations in MILDwave is
presented, for the final configuration of the hanbo

Typical applications of the model are the studyafie penetration in harbours, e.g. Zeebrugge and
Ostend in Belgium (e.g. Vanneste et al. 2008; gkt and Troch 2010b), the harbour of Hanstholm
in Denmark (Margheritini et al. 2010) etc., the &@bur of wave energy converters (e.g. Beels et al.
2010a, 2010b; Troch et al. 2010), wave transfownatstudies, e.g. in the Norwegian coast
(Margheritini et al. 2008) and in the Belgian co@mstthe Thorntonbank, etc. Regarding the harbdur o
Ostend, MILDwave has been used as a control tadbiimWave, e.g. in studies of diffraction through
the gap of the two new breakwaters of the finalfigomation of the harbour, diffraction through the
entrance of particular locations of the inner harb@.g. at a location known as ‘Montgomery dock’,
etc.

MILDwave is used and developed as a research tioinithe research team of Ghent University.
This offers the possibility to modify its code wheecessary and extract the desired type of results,
even take into account the required physical phemamnproviding the ability to approach each of the
studied cases or problems, separately, ‘case-t®}-0Akth regard to its convenience of use MILDwave
has proven to be an easy tool for every user, giayifull control and overview of the solver during
the simulation. In addition, comparing with resultem the Boussinesq solver, a good agreement
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between the two numerical models can be seen, roon§j the good quality of the results of
MILDwave. Bathymetries can be modeled accurateliihDwave, since the model has mostly been
applied for grid cell sizes of 1.0 m. Finally, MIkive is able to provide results in a time efficiematy,
even for large fine grids.

Figure 8. Instantaneous surface elevations in MILDw  ave of waves propagating and penetrating the harbou  r,
for the final configuration of the new breakwaters.

Using both numerical models, SimWave and MILDwave

Some physical processes, typical of coastal zomeslify the wave field, depending on local
conditions. In various cases throughout this laglys of the new harbour of Ostend the two numerical
models described previously have been used conngeyat as control tools for each other.
Measurements of the significant wave heights atshme locations have been, therefore, used to
compare the predictions of the two models. Alse, éffectiveness of their use has been investigated
with regard to factors such as accuracy, restristicmumerical instabilities, applicability and time
efficiency.

RESULTS OF NUMERICAL MODELING

A series of simulations concern the initial sitoati the present configuration of the harbour, as
well as the latest design modifications on thelfgi@ation. In this section, indicative numericasults,
produced throughout various studies of the harbd@Wstend, are presented. The results refer menly
the studies carried out the last years.

Results by using the numerical model SimWave

Figure 9 shows a validation of numerical and plalsinodel results at several locations of the
inner harbour, using prototype data. Results farr flocations of the inner harbour (see Fig. 4) are
presented. Thegkvalues of the model results (physical model andV@ave) are plotted againsg k
values of field data (indicated asy“Rroto” on the horizontal axis of the graphs), whare derived
from measurements of prototype storms. The numemrsalts show very good agreement with field
data for all locations. However, the physical magsults show significant scatter at the entraridhen
inner harbour (location NSYC, “North Sea Yacht Cldenoted as “1” in Fig. 4), despite careful match
of hydraulic and boundary conditions.
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Figure 9. Validation of model results at several po te

20086).

rt locations using prototype data (Troch and Vannes

In Figure 10 a contour plot of4 kalues is presented, for the initial geometryhaf harbour, before
the beginning of the project. For the initial layt@f the harbour a return period of 1 year isuated
and for a critical wave direction (North) with redao wave penetration in the harbour. The numérica
results show relatively highykalues, in the access channel and the inner hgrbeen for storms with
return period of 1 year.

In Fig. 11 numerical results are presented forlalaton carried out using wave height and wave
direction measurements during three prototype stomich occurred on"®November 2007, 21
March 2008 and TOFebruary 2009. The bathymetry of the harbour diffas the storms occurred in
different construction (or de-construction) phases,shown on the graph of Fig. 11. Also, the wave
directions are different for each of the stormsply the critical directions are simulated. In.Fig the
evolution of the k values and the bottom levels along the longitudéeation AJL (see Fig. 6) are
presented for the three storms.
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Figure 10. Contour plot of k ¢ values for the initial configuration of the harbou r (RP = 1yr, North direction)
(Cherlet et al. 2005).
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09nov2007, 21mar2008, 10feb2009 (Stratigaki and Tro ch 2009a).
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Results by using the numerical model MILDwave

MILDwave has been generally used in combinatiorhv@imWave, which is discussed in the
following section. Recently, this wave propagationdel has been used to study the wave diffraction
through a gap located in the inner harbour, knowremtrance of Montgomery dock, targeting the
reduction of the wave penetration into this parthef harbour.

This location of the inner harbour (Fig. 12, rigstiffers from high wave penetration, which creates
difficult conditions. Therefore, various configuits of this gap have been studied, in order to fire
geometry which offers not only lowery kalues in Montgomery dock, but also a solutionvisgr
architectural and urban purposes.

A similar analysis has been carried out using eilifferent layouts compared to the initial situatio
(Troch 2007), aimed at supporting the physical rhetlely and the selection of the best configuration
for wave conditions of RP = 100 yrs. The recentigt{Stratigaki and Troch 2010b) includes thirtyrfou
new configurations according to the present neédseoOstend harbour, using the most critical wave
conditions for RP = 1000 yrs. It is assumed that ltng wave behaviour inside Montgomery dock
(resulting from the highly reflecting quay wallsdarectangular dock layout in plan view) will not be
affected substantially by changing gap geometry #rerefore the long wave behaviour will be
identical for all tested configurations, and doed need to be modelled in a qualitative numerical
modelling. The numerical model MILDwave is suitafde this analysis.

The performance of the tested configurations isuatad on the basis of the performance for wave
diffraction through the gap of Montgomery dock ariljhe quay walls exhibit total reflection to the
waves, while the quay wall opposite the gap isaegdl by a sponge layer which absorbs the waves
which are entering Montgomery dock.

This location of the inner harbour with the init@dp configuration (width 46 m) is shown in Fig.
12 (left: physical model, right: location ‘Montgomyedock’ within the inner harbour). In Fig. 13 a
contour plot of k valuesis presented, showing a detail of the original gapfiguration. The values of
the kg coefficient become greater than 0.6 by applyintjcat wave conditions with return period 1000
years for the original entrance at ‘Montgomery doblkumerical results, as well as laboratory andtifie
observations have revealed the need to modifynhamce.

In Figure 14, examples of simulated configuratiaisthe entrance at ‘Montgomery dock’ are
presented. Therefore, various types of modificatibave been numerically examined starting from the
initial configuration of the gap (Fig. 14, leftjuch as extending or widening the quay walls at the
entrance, using structures with different orieotasi reducing the opening, etc.

Figure 12. Initial configuration of the entrance at ‘Montgomery dock’: (left) in the physical model, ( right)
within the inner harbour.
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Figure 13. Contour plot of k ¢ values - detail of the initial configuration atth e entrance of ‘Montgomery dock’
(Stratigaki and Troch 2010b).
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Figure 14. Examples of simulated geometries, starti  ng from the initial gap of 46 m (left) — details of the
entrance at ‘Montgomery dock’ (Stratigaki and Troch 2010b).

Results by using both numerical models, SimWave and MILDwave

In certain studies both numerical models have based, aiming at effective control of the
numerical results. Typical cases where SimWave MHdDwave have been used comparatively are
wave diffraction studies through the gap of the rawakwaters in the final configuration of the
harbour, where wave non linearities are less sgamf. Numerical simulations have shown that the
disturbance coefficient {k differs very little if calculated for differentbsolute H values, when no
wave breaking occurs. Therefore, the diffractiottgra is mainly determined by direction of incident
waves, T, and water level in the harbour.

In Fig. 15 contour plots ofgkvalues for the final configuration of the harb@ue presented, with
SimWave (Fig. 15, top) and MILDwave (Fig. 15, batloresults, respectively. The areas of high wave
penetration are clearly visible in both models, arth wave direction, critical hydraulic boundary
conditions for return period 1000 years and irragubng-crested waves. However, the Boussinesq
solver has failed to predict the wave heights m ltication ‘Montgomery dock’ of the inner harbour.
Similar contour plots are presented in Fig. 16, KW wave direction, showing similar patterns
regarding wave penetration in the harbour.

The same conclusions can be drawn by observinglFigwhere a longitudinal section (N5-N2) of
the outer harbour, as shown in the detail of Fig.id presented. The evolution of the bottom amdkth
values along this section is depicted, by usind moimerical models for critical hydraulic conditsoof
return period 1000 years (for the critical waveediions, N and NNW). This longitudinal section is
selected after observations of the contour plotg, @&lues of numerical results (e.g. Fig. 15-16), iehe
the areas (“jetties”) of concentrated wave energyexposed. In Fig. 17, the thick black line repras
the bottom, the solid lines refer to results froom&ave and the symbol lines to MILDwave, for two
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wave directions. The results show good agreemetwedesm the two models, especially for NNW
direction.

110
1.00
n4n
080
0.0
080
050
040
030
025
020
015
010
005
000

—TD -600 -500 -400 -300 -200 100 0

Figure 15. Diffraction through the breakwater gap ( RP = 1000 yrs, North wave direction). Contour plots of kg
values: (top) SimWave results, (bottom) MILDwave re  sults (Vanneste et al. 2008).
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Figure 16. Diffraction through the breakwater gap (  RP = 1000 yrs, North-NorthWest wave direction). Con  tour
plots of k 4 values: (top) SimWave results, (bottom) MILDwave r  esults (Vanneste et al. 2008).
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Figure 17. Longitutinal section (N5-N2) of the oute r harbour, showing the evolution the k 4 values and the
bottom by using both numerical models for critical hydraulic conditions of return period 1000 years (f or N
and NNW wave directions) (Vanneste et al. 2008).

CONCLUSIONS

Extension and modification works have been plararatiare carried out for the harbour of Ostend.
Numerical and physical modeling has been appliegriter to compare changes in the outer and inner
harbour with regard to wave propagation and toveg® the wave heights. Two numerical models have
been applied: SimWave (solving Boussinesq equdtiemd MILDwave (solving mild slope equations).

Validation of the models by prototype storm measwmets shows good agreement between field
data and model results. The numerical models haean hused, in general, for various purposes.
SimWave has been mainly applied for the simulatibthe initial and the intermediate configuration,
providing results important during the constructiphases. MILDwave has been used for wave
diffraction studies, e.g. through the entrance Mbntgomery dock’ in the inner harbour, providing
results for 34 different configurations of this &ion. Both models have been comparatively used
during studies of wave diffraction through the gapthe new breakwaters (final configuration) with
results which show good agreement. The resultpegsented by means of contour plots and cross
sections, in terms of a disturbance coefficieng) (for the calculation domain, allowing easy
comparisons between the applied solvers.
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