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. ABSTRACT I
[

- * MEeNDONGA, A., NEVES, M. G. and FORTES, C. J., 2008. Nurdrigtudy of Hydrodynamics around an
artificial surf reef for Sdo Pedro do Estoril, Rmyal, SI 56 (Proceedings of the 10th InternaticBahstal
== Symposium), pg — pg. Lisbon, Portugal, ISBN
>

This paper describes the application of the Boessjimodel (FUNWAVE 2D) to study the wave propagatio
the vicinity of an artificial reef, to be implemedtat S. Pedro do Estoril, Cascais, Portugal.,Fitetmodel was
calibrated using measurements obtained in the 3ierearents performed at the wave tank of LNEC (scale
1:30). Then, an evaluation of the model performasgegesented. For that, a comparison between rncahend
physical model results in terms of the free surfalevation and wave heights is done for some imtigeave
conditions. It is shown that the numerical modeldicts wave heights that are comparable to measuntsnif
the wave breaking sub-model is properly tuned fssigation over the artificial reef.

Finally, the model was used to evaluate the redbpeance in terms of the hydrodynamics aroundréed, the
wave breaking area and the surfability parameters.

The numerical results confirm that the reef alggsificantly the wave heights and wave directionthe zone,
due refraction and diffraction effects. Best sushditions (plunging waves with adequate valueshef peel
angle) occur with the reef for most of the testedditions.

ADITIONAL INDEX WORDS: Artificial surfing reef, physical model, numerical model, FUNWAVE, wave
breaking.

INTRODUCTION resulting from combined refraction and diffractionyave
breaking, and wave runup.
The increase of number of surfers at the S. Pedl®stioril beach,
Municipality of Cascais, Portugal, constitutes sedminant factor
to make this beach an even more relevant surf spat
consequently, increase tourist and economic deweop of S.
Pedro do Estoril.
S. Pedro do Estoril is a 400 m long sandy beach @hgdes in ] :J
width from 25 m to 35 m with rock formations at bognds { 3
(Figure 1), providing good surf conditions for imtediate to Fy \)
experienced surfers, mostly during the fall, wirded spring. s.P"* {”
In order to improve the surf conditions in thisarereating a surf i .
wave with international quality for experienced fews, the
viability of a surf reef is now under studying. Béality studies of
the artificial reef include numerical and physicabdel tests and
the analysis of its hydrodynamic behavior undefedént wave »
conditions. Based on the numerical model study,ldical wave Figure 1. Sdo Pedro do Estoril beach, Portugaifiéial surfing
regimes (BRTESet al., 2008) as well as the main characteristics ofeef geometry.
the artificial surfing reef (dimensions, shape,alien, etc) were
established (BRTES et al., 2008 and BuDo et al., 2007). The The model FUNWAVE 2D is based on the fully nonlinea
obtained solution for the reef was tested on thgsichl wave Boussinesq equations introduced byt al. (1995). Advances
basin at LNEC, focusing on the hydrodynamics arothelreef in both computer technology and dispersive, noalirleng-wave
and on the surfability of the breaking waves. theory (MaDSEN and SRENSEN 1992; Nwocu 1993; WEI et al.
The objective of this study is to implement andidate an 1995; MADSEN and SHAFFER 1998; GiEN et al. 1998) permit the
extended time-domain Boussinesq model FUNWAVE 20(g  use of Boussinesq wave models for large nearstegiens and
al., 1995) for the wave transformation that occursiadbthe reef, allow the averaging of model results to predict enduced
mean flows if wave breaking is incorporated inte thodel.
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In the present study, physical models testsr{fEs et al., 2008)
carried out on an artificial surfing reef in SdodRe do Estoril,
Portugal, were used for the calibration and valifatof the
model. The water surface elevation measurements veane
breaking locations from the laboratory experimeats used to
validate the numerical model. Finally, is preserdaedanalysis of
the surfability parameters for the feasibility stuaf the artificial
surfing reef solution.

This paper is organized as follows. First, a bsiefnmary of the
physical model tests and a general descriptiorhefrtumerical

model FUNWAVE 2D is performed. Next, the model ésted

against the physical experiments on wave propagatioh and

without an artificial reef. Then, these physicalaserements are
used to validate the numerical model in the preseot the

artificial reef. The surfability parameters arectadited to analyze
the surf conditions obtained with the artificiarfsog reef in Sao
Pedro do Estoril. Finally, some conclusions an@mamendations
are made for the continuity of the study.

PHYSICAL MODEL TESTS

Physical experiments were done at one of the LNE@ige tank,
Figure 8, with 30 m x 20 m (1:30 geometrical scaf@®rtes et al.
(2008). Tests were done for the actual characiesist Sdo Pedro
do Estoril and after the implementation of the reefo the
physical model. The reef geometry corresponds 20@ m long
reef (Figure 1) with an almost rectangular crosgise starting on
2.5 m (ZH) being the shallowest area on -0.18 m)(Ztveral
incident wave conditions were tested, namely wawghis
ranging from 1.0 m to 6.0 m,, wave directions 0022nd 235°
and wave period of 11 s, 15 s and 19 s as welira ttide levels
corresponding to high, medium and low tides, wems@ered.
Measurements of free surface elevation were peddriior all
tests. The wave breaking characteristics were aedlypased on
visual observations, latter confirmed by the videasnd
photographs made during the tests.

Figure 2. Wave breaking along the reef. Incidenvevé=220°,
from left to right: T=11.0 s,H=2.0 m andT=15.0 s,H=2.0 m.
Tidal level=+2.0 m CD.

The main conclusions of the physical model testdh whe reef

were that:

¢ The reef changes the wave breaking characterigtizsition
and type of breaking) for most of the tested wameditions,
specially for the lower wave heights;

¢ The surf conditions on the area are improved withreef for
a range of height and periods frequently obseruetthe area.
For low tide, better surf conditions were founded fower
wave heights, while for mean water level and higle,tthey
occur for higher wave heights;

« For some of these wave conditions, the breaking hias
appeared to be parallel to the reef. In most ofeheases,

plunging break occurs progressively along the reetting
surfing lines as long as the reef (Figure 2);
* For all tested wave characteristics, the surf wagroved or
was similar to the local actual situation.
Some aspects were found to be improved in the fiealf
geometry, especially those related with the straafiection
observed on the vertical part of the reef and witd vortices
induced by the corners of the reef.

NUMERICAL MODEL DESCRIPTION

Governing Equations

The extended Boussinesq equations ofi &t al. (1995) are
formulated in terms of the velocity vector, = (Uy, Vy) at a
reference elevatiorm, in the water column and the free surface
elevation h relative to the still water level. Tleguation for
conservation of mass may be written as

B +0M =0 1)

2
M =/\{u¢, +[% —%(hz ~hp WZ)JD(D )

[+ 30 o)

in which h is the still water depth, the subscriptienotes time
differentiation, and is the horizontal gradient operator. In
addition, # and A are introduced to account for the moving
shoreline using the permeable-seabed techniqueppped by Tao
(1984) and modified by WoseN et al. (1997).
The equations for momentum conservation read

Uge +(Ug [O)ug + G077 +V4 +V5 + Ry =Ry =Ry =0 ®)
where g is the gravitational acceleration aMd andV, are the
dispersive Boussinesq terms. In comparison with ahiginal
momentum equations of &Vet al. (1995), the additional ternfs;,
R,, and R; are introduced for the treatment of bottom friction
wave breaking, and subgrid lateral turbulent mixirespectively,
and will be discussed in the following subsectiolsis worth
mentioning thaR, andR; basically act as local momentum mixing
due to wave breaking and unresolved turbulence.

)

Energy Dissipation

The energy dissipation is modeled due to wave limgain
shallow water by introducing the momentum mixingnis Ry,
which are related to the second derivative of mdmarflux. The
associated eddy viscosity is essentially propoatiém the gradient
of the horizontal velocity and is strongly localizen the front
face of the breaking wave. With knowledge of thevevdirection,
the model can estimate the age of a breaking eatmat given
location by tracking the breaking history at th@groints along
the wave ray.

The breaking model contains four empirical coeffits, two of
them used to determine the onset and cessationrezking
(detailed description in WbseN et al., 1997).

NUMERICAL MODEL APPLICATION

Model Setup

Numerical tests were performed for the existingatibn (without
the reef) and with reef as in the physical tests.

The computational domain is 756.0 m longshore an@.(6 m
crosshore with a constant node spacingbefdy=2.0 m and a
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time stepdt=0.1 s. The total simulation time was 600.0 sshown, respectively. The darker lines (Figure 4)data measured

corresponding to 6000 time steps.

A flat bottom is placed in front of the slope whesaves are
generated using the source function methodti[# al., 1999].

Two sponge layers are used, one in front of thehoffe boundary
to absorb the outgoing wave energy, and the othén@beach.

In the following sections, a, comparisons betweemerical and
physical model results, in terms of the free swefalevation, wave
heights and wave breaking lines is presented. Seemsitivity

tests were performed previously in order to catéithe model's
parameters and specially, the wave breaking pasnseheme.
Finally, the results of the model to evaluate thef pperformance,
in terms of the hydrodynamics, breaking areas hadsurfability

parameters are presented and discussed.

Model/Data Comparison
The results obtained from the experimental testsewesave
heights in the gauges (36 positions) and the waneaking

characteristics. Complementarily, the breaking characteristics 2,4tmmse E T;W—

were observed visually and confirmed by the videssd
photographs took during all tests.

The Boussinesq model was run for a duration of @b waves,
giving the computed current field, wave breakinges, wave
heights and times series of surface elevation.

The calibration of the model was made for the botthear stress

(f), slot width @), slot shapeA), wave breaking parametest(k),

coefficient for the variation of parameter for theeaking scheme

(7"), and the results considered more suitable to e
measurements werE0.007, &0.05, =20, cbrk=1.2 and 7"

by ForRTESEt al. (2008) against the computed results.
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Figure 4. Time series of water surface elevation tfe wave
gauges S1, S4, S5, S6 and S7.

The values of, J A andcbrk are in general within the range of The agreement between the model results and thsunezaents is

values presented in the manual.

In what concerns the values usually considered defficient
allowing the variation of parameter for the breakathemes,
vary betweengss gh 10 oe5/gn With the lower limit found to be

more suitable to bar/trough beaches while the ufipet gives
optimal agreement for waves breaking on monotorugirsj

beaches (GeN et al., 2000). Using the lower limit, the wave

breaking is not well represented regarding the exmmntal
results, since, for example, the wave is breakinghe artificial
reef for the wave periods tested and for the wasight of H=1.0

m. Following FORTES et al. (2007), for bar/trough beaches the

parameter for the breaking scheme should vary leetvwgs,/gn
and 12,/gh . The lower limit was again tested giving bettesules

for the breaking scheme and a proper location afeviaeaking in
the presence of the artificial reef, as represemtédgure 3.
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Figure 3. Wave breaking lines with reef (white: hoeaking;
black: breaking). Incident wave=11.0 s,H=1.0 m, 8=220°, left:
n"=0.35, right:"=0.65. Tidal level=+2.0 m CD.

An example of the comparison of the water surfalsvation
obtained in the numerical model and in the physitaldel is
presented in Figure 4 and Figure 5 where time sesfewater
surface elevation for several gauges and crosstave height are

fairly good in most of the tested cases, even thoilng model
invariably over predicts the water surface elevafar all gauges.
In what concerns to the wave breaking locationgfé 5), the
numerical results are close to the observed imtiabf wave
breaking in the laboratory.
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Figure 5. Top panel and second panel: wave heifgittgathe
crosshore section for gauges S5 and S6, respsctiBalttom
panel: crosshore bathymetry. Incident wave11.0 s,H=2.0 m
and 8=220°. Tidal level=+2.0 m CD.

Reef Performance

Hydrodynamics
The presence of the reef alters significantly tterevheights and

wave directions in the zone, due refraction anératifion effects
(Figure 6 and Figure 7). Along the reef an increathe wave
height is observed, in opposition to the situatiothout the reef,
due to the decrease of the depth in the reef 2dpeeover, due to
the wave heights increase, the wave breaking oczanlger (and
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in general over the reef) in comparison to theasitun without
reef. Also, the wave directions are modified dueht refraction
effect of the reef.

N AT L i
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X [m] K{m|

Figure 6. FUNWAVE model. Wave heights: left - Withaeef;
right - With reef, for an incident wave ®£11.0 s,8=220° andH=
2.0 m. Tidal level= 2.0 m (C.D.).

There are also significant modifications in the oedy
components around the area surrounding the reefriicular the
presence of two vortices very close to reef, whidm be
problematic to surfers.
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Figure 7. FUNWAVE model. Velocity components: a)thdut
reef; b) With reef, for an incident wave Bf 11 s,6= 220° and
H= 2.0 m. Tidal level= 2.0 m (C.D.).
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Breaking area

The breaking area, without reef, increases as ¢ageawith the
wave height (Figure 8). With the reef one contiraibteaking line
is observed with the same orientation of the rEgfyre 9).

700 7m0 700
600 600 B00
500 00 500
E 400 400 400
3m am 3m0
200 2m ¥ 2m0

100 5, 100 100

0 ] 0 =
400 =00 600 400 500 600 400 500 00

X[m] ®[m] X[m]

Figure 8. Wave breaking lines without reef (white: breaking;
black: breaking). Incident wave=11 s,8=220°, from left to right:
H=1.0 m,H=2.0 m andH=3.0 m. Tidal level=+2.0 m CD.
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Figure 9. Wave breaking areas with reef (white: meaking;
black: breaking). Incident wavé=11 s, 6=220°, left: H=2.0 m,
right: H=3.0 m. Tidal level=+2.0 m CD.

Surfability parameters

The improvement of surfing conditions obtained withe
proposed artificial surfing reef solution is basegon the
surfability parameters. In this paper, only theutessconcerning
the peel angle and Iribarren number for differerdident wave
conditions are considered, since those parametersha most
important surfability parameters to design an iaiéf reef.

The Iribarren number&,), for analysis of the conditions required
for breaking, provides an indication about the keeashape
(terminology by Q@vLvIN (1968)) that varies between spilling
(&<0.4), plunging (0.44<2) and surging/collapsing {£2)
breaker.

The peel angleqa, related to the break angle and the wave
obliquity at the broken depth, determines the spkatithe surfer
must generate to stay ahead of the breaking secfitine wave.
Peel angles vary between°®-80°, with zero peel angle
corresponding to what is referred as a ‘close otigre the waves
breaks simultaneously along the entire crest. Asl ggles
increase the speed of breaking along the cresthndpproximates
the surfer velocity \{ decreases to a speed suitable for
experienced surfers. This occurs around<zi&45° with the
optimal peel angle for most recreational surferssaered to be in
the range 4565°.

The peel angle (W.KER, 1974) and Iribarren number (defined as
BATTIES 1974) are calculated by using the following folas
respectively:

—

wa=l O

wherea is the peel anglé/; is the surfer downline velocity amd
is the wave celerity and

s 4
VHb/Lo
wheres is the bottom slopdl, the wave height at breakpoint and
L, the wavelength.
The Iribarren number was calculated in seven diffesections of
the artificial reef. The wave direction and wavéghés along each
section are determined based upon the FUNWAVE 2DIt®
The Iribarren numbers and the peel angle alongvthee breaking
line are represented, in Figure 10, for the samaditions, an
incident regular wave of= 11.0 s,6= 220°, and varying the wave
height.
Since waves should break in a plunging manner €of, ghis
means Iribarren numbers higher that 0.4 and lowes 2, and a
value of around 0.6 at the start of the wave rifetéke-off. The
take-off value is present in all the above cases,bbth wave
periods.
For the wave periods tested, there is an incregbeolribaren
values with the incident wave height. Moreover, sthovalues
increase with the wave period.
For the wave period of 11.0 s and wave height24f m and 3.0
m (see Figure 10), one can notice that in the 15§ m of the reef
the wave breaking is of a plunging type (0%2), which is
specially adequate to surf. The same happengifod m in the
first 200 m of the reef. For lower wave heights plossible length
of ride decreases to around 50 m.
For the wave period oT=15 s, the Iribarren number increases
about 25% for the three wave heights tested. Thiatde part of
the reef is around 140m length fld=3 m, decreasing the length
of ride to about 50 m length for lower wave heights
In contrary, in the other situations, the valuetbé Iribarren
number is higher than 2.0 and so the wave breakisgrging.

$p =
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The peel angle, always below 30°, represents aguatie velocity
for experimented surfers. Moreover, when the pagleais below
25°, the velocity for surfers is too high and itmgpossible to surf.
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The peel angle, related to the surfer skill, expéco start at
around 27 for professional surfers, varies in the testegsdsom
0°-31°, as represented in Figure 10. For the wave pafid&1l s
the surfable part of the reef would be around 15Gomboth
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