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Abstract. The study about technologies and operational fpies of devices to convert wave energy into dledtone
(WEC) has increased significantly. In the preseatknit is performed a numerical study concernechwiite effect of
ramp geometry over the performance of an onshoegtopping device in real scale by means of Consttugesign.
Its main operational principle consists on a rampieh guides the incoming waves into a reservoisedi slightly
above the sea level. The accumulated water in éservoir flows through a low head turbine genemteiectricity.
The purpose here is to evaluate the ratio betwesghih and length of ramp (.,) which maximizes the amount of
water that enters into device reservoir for onecifi@distance from the bottom of the tank to thhé&tdim of device of S
= 6.0 m and for three different ratios between #reas of the ramp and tanky = 0.006, 0.012 and 0.024. The
conservation equations of mass, momentum and amgieq for the transport of volumetric fraction aselved with
the finite volume method (FVM). To tackle with watie mixture, the multiphase model Volume of FIGHOF) is
used. Results showed that the maximal mass flag @t water entering into reservoir were achievedtfie lowest
ratios of gand H/L, for S = 6.0 m. The range of geometric applicapiitso changes significantly with variation @f

Keywords: Constructal Design, Overtopping Device, Geomethiti@ization, Numerical Study
1. INTRODUCTION

The main physical operational principle of overtimgpdevice has not been widely studied as othet kindevices,
one example of this fact can be seen in the amofidiscussion for each operational principle iniegw literature
(Falcdo, 2010; Zabihian and Fung, 2011). Amongwioeks concerned with overtopping devices, effoirdsenbeen
devoted in the development of experimental stuftesevaluation of building parameters of device @ et al,
2006; Margheritiniet al, 2009). More recently, some studies have beerpeed into numerical framework with the
purpose to improve the comprehension about thel flow phenomenology and to investigate the gecnw@tr
parameters of device (Beed$ al., 2010; Rocheet al, 2013; Namet al, 2008; Margheritiniet al, 2012; Jinet al,
2012). The main operational principle of an ovepiog device consists on the water accumulation at@servoir
raised slightly above the sea level. The wave watertops the inclined ramp and enters into reservithe
accumulated water returns to the sea passing thrémg head hydraulic turbines generating electrickigure 1
depicts a schematic sketch with the main operaltjomaciple of this device.
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Figure 1. lllustration of physical main operatiopainciple of overtopping device.

Concerning the experimental studies about the oppithg device, Kofoedt al. (2006) performed extensive tests of
a prototype with reduced scale of 1:50 inside aemank. Afterwards, the authors build a new pragietin reduced
scale with 1:4.5 of a Wave Dragon. This device ereuated during three years being monitored pasmias power,
wave climate, forces in mooring lines and structeresion. The purpose was to determine the desigthé structure,
as well as, development of a plain to implementiaih for generation of 4 MW. Other important studypresented in
Margheritini et al. (2009) which analyzed a device named Sea Slot-Gmreerator (SSG) which consists on a device
with multiple ramps. The pilot plant is an onshanedule in real scale with three different rampstedpg waves of
different heights.

Into the numerical framework, Liet al. (2008) evaluated an overtopping device in labaoyascale. In this study it
was employed the methodology Volume of Fluid (V@dt)the modeling of water-air flow. The conservatiequations
were solved with the Finite Volume Method (FVM), ragrecisely with software FLUENY. Several conditions for
incident waves and ramps with three different sati@tween height and length for the ramp, 1:1,ah@ 2:3 were
investigated. Nanet al. (2008) evaluated numerically a device named SpRief Overtopping, which consists on
devices with fixed circular-shaped structures. Bhaulations were performed with commercial softwktsOW3D,
based on the Finite Difference Method (FDM). Irsthiork it was performed two and three-dimensiomaluations
with the aim to evaluate the best geometry for audation of water inside the device reservoir. Aftards, lahnke
(2010) evaluated the ramp inclination of an oveping device for a two-dimensional flow taken intaunt the wave
conditions found in the southern coast of Brazib(Rrande city, placed in nearly geographical cowtks of 32°S and
52°W). The best performance was obtained for a raitp an angle of 30°. In the above mentioned wotkse
geometrical variation was not performed by the isifpon of constant area for the ramp, i.e., witheaiployment of
Constructal Design.

Other important study is performed by Beetsal (2010) where the authors used a numerical maaltdcc mild-
slope to solve the transient flow in a farm of Wdwagon devices. For the evaluation of the devareangement it
was tested different distances between the equitsni2n2D and D, beingD = 260 m the distance between two points
of Wave Dragon reflector. As a result, the authmoecluded that a farm with five devices installeithva staggered
arrangement is more efficient due to the bestzatilbn of space and without significant interfereio€ one converter in
the others. Jiet al. (2012) performed a three-dimensional numericalystaf a device similar to that studied in Nain
al. (2008). For the simulations of this work it wasgayed the software FLUENY. More precisely, it was performed
a comparison between an overtopping device with waitidout fins over the ramp. The geometrical evibrawas
neither performed into the Constructal Design frauom.

Recently, Dos Santost al. (2014) performed a numerical study to determineitfiience of geometry on the
performance of an offshore overtopping device botatory scale to three different depths fo: = 0.3, 0.5 and 0.62
using the Constructal Design. In this study, theseovation equations of mass, momentum and ondiequar the
transport of volumetric fraction are solved witle tfinite volume method (FVM). For the solution dietwater-air
interface is used multiphase model Volume of FIM®F). The results showed that the optimal ratibMeen height
and length of the rampH¢/L,), showed a strong dependence of the relative depdicating the absence of an
universal geometry leading to the best performari@edevice for overtopping different wave condiso

The present work aims to perform a numerical stalolyut the geometry of an onshore overtopping dewo® in
real scale which leads to the highest fluid dynapgidformance. The shape of overtopping ramp issddoy means of
Constructal Design (Bejan, 2000; Bejan and LoreR@8). More precisely, it is evaluated the infloerof the ratio
between height and length of the rarkf/(;) over the amount of mass entering into the resefao three different
fraction areasq).

2. MATEMATICAL MODELING
The physical problem analyzed is a two-dimensiavartopping device placed in a wave tank, as shiowig. 2.

The third dimensiorY is perpendicular to the plane of the figure. Thev@vmotion is generated by imposing a velocity
field on the left surface of the tank. The objeetdf the analysis is to determine the ideal geomti/L,) leading to
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higher amount of water entering in the reservolre Hegree of freedoi,/L; is optimized for a flow with a depth=
10.0 m for a wave with a wavelengthof= 65.4 m (relative depth ¢fA = 0.15) wave height dfi = 1.0 m and the
periodT = 7.5 s. It is also maintained fixed the followipgrametersH; = 20.0m (height of the tankl;; = 327.0 m
(length of the tank) which leads to a ratio ldf{L+ = 0.0612). In addition, it will be considered ae&evoir with a length
of Lg = 20.0 m and a distance between the device anthithebottom ofS = 6.0 m. For this value & it have been
simulated several ratios &f,/L, for three different fraction areas of the rangp=A/Ar = 0.006, 0.012 and 0.024).
According to Constructal Design, the optimizatiololdem is subjected to two constraints, i.e., th@ltarea of the
surge tank restriction

A =H,L, )

and the area of the ramp

Ar - H1L1 (2)
2
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Figure 2. Computational domain of the overtoppiegide in real scale studied in the present work.

Equation (2) can be rewritten as a function of woduarea) fraction of the device

A, 3)

It is also being considered as a restriction ofgrablem & + H,) > (h + H/2) so that the crest of the wave does not
exceed the maximum height of the device.

Concerning the optimization process, it is dividiei two steps as shown in Fig. 3. In the firspsthe geometry is
optimized by variation of the ratid,/L,; and keeping fixed the remaining parameters, s ¢hse the submersi&(S=
6.0 m) and ramp fraction are@ £ 0.006). The maximum value found for the massvafer entering the reservoir is
called the mass of water entering into the reseée maximizedn,,, and the corresponding ratity/L, is referred to
as the once optimized ratio Bif/L;, (Hi/L,),. In a second step, the same process is repeatethfr values of ramp
fraction area ¢ = 0.012 and 0.024). For the present study, an amofi23 simulations was performed with the
following distribution: = 0.006 (8 casesy= 0.012 (7 cases) amg= 0.024.

2.1. The Multiphase Volume of Fluid (VOF) Model

The conservation equation of mass for the mixtdirgroand water in a isothermal, laminar and incogspible flow
is given by (Dos Santos et al., 2014):

a—p V ) =
= +0pv)=0 @)

wherep is the density of the mixture (kg/m3) avlis the flow velocity vector (m/s).
The momentum equation for the mixture is given by:

%—f(p?)+|][(p\7\7)=—[lp+|][€;)+pg'+lf (5)
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wherep is the pressure (N/m ¢V and F are, respectively, the buoyancy and external bodges (N/m?) andr is
the rate of deformation tensor (N/m2).
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Figure 3. lllustration of the optimization procegsplied to overtopping device with different devicaction areas.

To tackle with the mixture of air and water ancet@luate their interaction with the device, is eoypld the method
Volume of fluid (VOF). The VOF is used to model iigdhase fluid flows with two or more phases. listmodel, the
phases are immiscible, or the volume of one phasemat be occupied by another phase (LV et al.1201

In the simulations of this study, it is considetaa different phases: air and water. The densitgiofand water
used were given bypg, = 1.225 kg/m?® angyaer = 998.2 kg/m3, while the dynamic viscosity wergeayi by: Uy =
1.7894x 10° kg/(m38) andpyaer = 1.003x 102 kg/(misS). Therefore, the concept of volume fractiog) (s used to
represent the two phases in a volume control. ilrttodel, the sum of the volume fractions withinaatrol volume
must be unitary (& aq < 1). Consequently, daer= O, the volume control is empty of water and flkir (o = 1). If
the fluid is a mixture of air and water, one phasthe complement of the othery, = 1 —ayae- Thus, an additional
transport equation for the volume fractions is respi(LV et al., 2011; Dos Santos et al., 2014):

olpa =
(pay:vater)mﬁﬂpamv):o ©)

It is noteworthy that the conservation equationsnas and momentum are solved for the mixture. éfbes, it is
necessary to obtain the density and viscosity ealoethe mixture, which can be written by:

p = awaterpwater + aair pair (7)

,U = awaterluwater + aair :uair (8)

Regarding the wave generation, a velocity profléemposed at the left side surface of Fig. 2 amdukites the
behavior of a wavemaker (Horko, 2007). The veloc@ynponents in the wave propagation directigrafd vertical %)
imposed in the left surface of the domain are basedStokes of ¥ order theory and given respectively by
(Chakrabarti, 2005):

_ Hgk coshk(h+ z) 3H?0k cosh2k(h+ z)
u(x,z) = e Wcas(kx —ot) + 16 e 2(kx — ot)
(10)
_ Hgk sinhk(h+2z) | 3H?gk sinh2k(h+z) |
w (x,2) sy Wsm(kx—at} + e st kn S 2(kx — ot) j11

whereH is the wave height (mk is the wave number given tky= 2n/2 (m™), his the water depth (m}; is the wave
period (s)0 = 2a/T is the frequency (rad/s) ands the time (s).

For the other boundary conditions, the superioioregf left side surface and the superior surfaceansidered at
atmospheric pressure,,s = 101.3 kPa (dashed lines in Fig. 2). In the lowed right surfaces, as well as, in the
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overtopping device surfaces it is imposed a ngn&dindition and impermeabilityi= w = 0 m/s). Regarding the initial
conditions, it is considered that the fluid isedtrand the water has a deptthef 10.0 m.

3. NUMERICAL PROCEDURES

In the present work it is employed the Finite Vokuiethod (FVM) (Patankar, 1980; Versteeigal, 2007) for
numerical solution of conservation equations of snasomentum. More precisely it is used the CFD cencial
package FLUENT" (FLUENT, 2007). For the interaction between aiatev and device it is employed the multiphase
model Volume of Fluid (VOF) (Liet al, 2008; LVet al, 2011).

The solver employed is based in the pressure drgihallations were performed with first order adv@c scheme
Upwind and PRESTO (Pressure Staggering Optionjhferspatial discretization of the advective terrd aressure in
the momentum equation, respectively. The pressel@zity coupling was performed by method PISO (Vg and
Malalasekera, 2007). The surface of wave flow iteeined by the use of Geo-reconstruction methondaddition,
sub-relaxation factors of 0.3 and 0.7 were impdsethe conservation equations of mass and momenspectively.
The solutions obtained here were considered cordevghen the residual of the conservation equatidrmeass and
momentum in the andz directions were lower than 0

All simulations were performed using a computerhwiivo dual-core Intel processors clocked at 2.67z@Hd 8
GB of RAM. It is used Message Passing Interface IjM& parallelization. The processing time for Baimulation
was approximately 1.44 x 16 (40 h).

The discretization of the domain in rectangulaitéirvolumes was performed. As can be seen in Fihesighest
refinement is performed in device surfaces and dteéace of wave where the highest velocity gradiane presented.
In the study of Gomes et al. (2012) it is presergdtieoretical recommendation about the numbemdgéfelements
employed along the domain which is adopted in tlesgnt study. In this sense, a grid with nearly,0@0 rectangular
finite volumes are generated (Fig. 4).

A-A Section No slip and impermeability

Atmospheric Pressure

Wave

. A-A Section
Generator s

No slip and impermeability _ 3 s
pé P : i No slip and impermeability

a) b)
Figure 4. Spatial discretization applied to thehame real scale overtopping device.

After the definition of the spatial discretizatiarsed, it was performed a time step independenaty stur the
transient problem and time-step influence overhtbight of the free surface wave, Fig. 5 (a), theependent solution
was verified with analytical results of Chakrabd®005), Fig. 5 (b). In the first study, the heigtitthe free surface
wave was obtained for 4 different time stefis= 5.0x 10° s, At = 1.0x 102 s,At = 2.0x 10% s andAt = 4.0x 107 s.

In all simulations the final time is = 100.0 s. Figure 5 (a) shows a good agreememnieleet the results for the various
studied time steps, with the exception case with ab= 4.0x 10° s where the predicted wave has differences in time
and space in comparison with the others. Conselyyénivas adopted in subsequent simulations gedmetaluation
with time step ofAt = 2.0x 10% s. Concerning the verification process, afterwle stabilization, which occurs at
aboutt = 15.0 s, the average deviation obtained betweemtimerical and analytical solution is 0.1 % ar@ % for

the water depth and wave height, respectively, gimpthe good accuracy of the present numerical inode

4. RESULTS AND DISCUSSION

The optimization process consists on the evaluatfdotal mass of water entering into reservoirddferent ratios
of Hy/L,. Figure 6(a) presents the effect of the ratifl; over the total amount of water entering into resiralong a
considered time interval (0.0st < 100.0 s). Results showed that the geometry hasoagsinfluence over the
magnitude of mass accumulated in the reservois Worthy to mention that the total amount of massaken into
account by the integration of mass flow rate ofewantering into reservoir along the time intersahsidered. Results
of Figure 6(a) showed that the optimal shapes clneeaed for the lowest magnitudes of the rddidlL, for each value
of @, i.e., Hi/L;), = 0.26 forep = 0.006, H4/L,), = 0.14 forg = 0.012 and d,/L;), = 0.065 forp= 0.024. It can also be
noticed that for each evaluatgdlifferent range of geometry application is noticied., the range of ratibl,/L; where
overtopping occurs. For instance, fpr= 0.006 the overtopping occurred in the range &26,/L; < 0.40. As the
magnitude ofp increases tg = 0.012, the range ¢f,/L; decreases to 0.:4H,/L; < 0.26 and foxp = 0.024 the ranges
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decreases even more for 0.065H,/L; < 0.16. Results presented in Fig. 6(a) also shoved the highest once
maximized amount of mass entering into reservogbigined for the lowest device area fractipn=(0.006). For this
case, the magnitude of. = 19,667 kg is obtained, which is nearly 2.5 ar@l times higher than the best geometry
obtained forgp = 0.012 and 0.024, respectively. In a generalesemsults showed that the employment of Constructa
Design can result in an improvement of fluid dynapérformance of this kind of renewable energy devi

10.6 T T T T T T T T T T T 10.6 T T T
104 104 <
/|
102 02 | -
100 = 100+ -
= z
9.8 98 -
|
96 ai=2x10%s \ 6 ‘ '
[——at=4x10"s - = = - Numerical Solution Analytical Solution
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0 5 10 15 20 25 30 0 20 40 60 80
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a) b)

Figure 5. Numerical evaluation of the employed rodtiogy: a) study of independent time step, b)fwation of the
numerical solution with the analytical solution geated in Chakrabarti (2005).

Results obtained here showed that the highest anadumnass is achieved for the lowest fraction aredevice ().
However, lower dimensions for device limits theghgidimension of the reservoir. As a consequerardphg periods
of time the employment of small devices can becaméable since the reservoir does not have capacibugh to
accumulate large amount of water. For the studascthe best recommendation is the building ofcédswvith the
lowest possible area fraction and for the lowebsaof H,/L;. For the same construction area, a farm of devieas
leads to a better performance than an isolatedcdeffesults showed that the effecthfL; over the amount of water
entering into reservoir is different from that dh&d previously in Dos Santos et al. (2014) foolaory wave flows in
offshore devices. In the latter study the bestgrardnce was obtained for intermediate ratio$igf ; and the worst
performance was reached for the inferior and sapédirnits, as illustrated in Fig. 6(b). The effemt H,/L, over the
mass obtained here is in agreement with those stiowenperimental studies of Kofoed (2002), whiclalerated an
onshore device in laboratory scale. Future studiesrecommended to evaluate if the differencegaleded with the
simulation of flows at different scales or duehe tlevice position in the tank (onshore or offshore
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Figure 6. Effect of the ratibl,/L; over the amount of mass entering into reservdiprasent work for a real scale
onshore device with different values@fb) onshore device in laboratory scale (Dos Saetas., 2014).
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In order to evaluate the effect gfover the local behavior of wave flow in the ovepog device, Fig. 7(a)
illustrates the instantaneous mass flow rate oémiatthe time interval (0.0sst < 100.0 s) for the three optimal shapes
achieved for each value of Figure 7(b) depicts a restrict time interval &siéy the visualization of overtopping peaks
showed in Fig. 7(a). Fap = 0.006 andH,/L;), = 0.26 the highest magnitude af = 836.77 kg/s was noticed for-
85.0 s, while forp = 0.012 andH,/L,), = 0.14 the highest magnitude Giis nearly 4.6 times lower than that found for
the case witlp = 0.006. Forp = 0.024, the overtopping peaks are almost indjsishable. Results also showed that for
almost every instants of time, the highest mageisudf mass flow rates are obtainedgor 0.006. It can also be seen
that some time periods of overtopping are affebiedifferent geometries.
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Figure 7. Instantaneous mass flow rate of waténmaction of time for three different values @fnvestigated: a) time
interval of 0.0 £t <100.0 s, b) time interval of 40.0<¢ < 65.0 s.

5. CONCLUSIONS

The present work performed a numerical study tduewa the geometry which conducts to the best ftlyidamic
performance of the main operational principle obashore overtopping device in real scale. Theyaisalvas realized
by means of Constructal Design for a device witkeetdifferent area fractiong € 0.006,p = 0.012 andp = 0.024) and
evaluating the effect of the ratit,/L, over the amount of water that enters into therveseof the overtopping device.
For all studied cases the same wave conditions aemoyed K = 1.0 m,A = 65.4 m €T =7.5 s). For this study, it was
solved a transient flow of an air-water mixturdaminar regime. The numerical solution of conséoraequations of
mass and momentum was obtained by Finite Volumehdktmore precisely with FLUENT software (FLUENT,
2007). Volume of Fluid (VOF) method was employed tloe treatment of interaction between air and wpteses,
allowing the generation of regular waves in a wark and its interaction with the device.

Results showed that the highest amount of watesriegt into the reservoir along the time intervahlevated was
obtained for the lowest ratios bfi/L; for the three studied values @f Moreover, the highest ratio f,/L, led to the
worst performance of the device. The comparisonvéen the performance obtained with different fiactareas
revealed that the highest amount of water were imddafor the lowest fraction areap = 0.006). Then, it is
recommended the building of ramps with small pdssdreas, since there is sufficient reservoir hiefoh water
accumulation inside the device. In a general semeselts showed the importance to evaluate the gagrof this kind
of renewable device. Moreover, Constructal Design lse an important tool to guide the geometry atadn of this
kind of problem. Results also indicated that défeses in behavior of the effect df/L, over the mass of water that
entered in the reservoir observed here and thotsneld in Dos Santos et al. (2014) are not relatitdl the use of
different values foup, since for different values af the effect ofH,/L; on the average water mass flow remains the
same. The differences may be related with the stdidijfferent scales of the flow or the locationtbé same (onshore
and offshore). Future studies are needed to irgastithe differences seen in the effectHeflL; over the amount of
water entering into the reservoir.
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