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Abstract. The need for clean and renewable energy sourassbntributed to give relevance to the study afigave
energy nowadays. This paper presents a computdtinodel developed to analyze a submerged plate waeegy
converter that transforms sea wave energy intoteteenergy. The basic principle of this device sists in the
passage of sea waves through a horizontal submeplzdd, generating a flow under it, where a Weliset turbine is
placed and converts mechanical energy into eleariergy. The model uses the commercial codes “GAM&hd
“FLUENT". In the latter, the methodology used tgoresent the air-water interaction in the numerisahulations of
the device is the multiphase volume of fluid (V@®IEthod. The objective of this paper is to analjiedrfluence of the
distance from the plate to the bottom of the sahérefficiency of the converter. To do so, theehater a validation
process, was used in six simulations that diffemfreach other only in the vertical position of ghate in a wave tank.
The simulation showed that 5% increase in the distadrom the plate to the bottom may produce 85&rease in the
efficiency of the plate.
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1. INTRODUCTION

The damage caused to the environment by the bunfifigssil fuels and the elevated cost due to thetinuous
search for new reserves have encouraged the interelean and renewable energy sources. The aaeengy is one of
the main renewable resources of the planet. Théiopoof ocean energy that is associated to the mew¢ of water
particles which occur in the surface of the wavesrwler it, is called wave energy.

Unlike wind energy, there are several technolofpeshe conversion of wave energy into electricrggeDifferent
criteria are used to classify these converters. st usual criteria are their position regardihg surface of the
ocean, the distance from the coast line and theeptake off or the energy conversion principlesc@ding to the last
criterion the converters are classified as follovescillating water column, floating bodies and oetewping
(CRUZ;SARMENTO, 2004). Nowadays, none of the mardib devices are in a leading position from the cencial
point of view and the different wave energy conigrsprinciples are expected to be used accordingh&
characteristics of the location of the convertdd(@ZAS;SOERENSEN, 2009).

The submerged plate is a structure commonly usedo@stal engineering as a breakwater or a waveggner
converter. There is little research about this tgpeconverter; Orer and Ozdamar’s experimental W@®807) has
presented promising results.

The working principle of the submerged plate typewerter, shown in Fig. 1, consists in the transfation of the
mechanical energy in the flow that occurs undeutan®rged horizontal plate into electrical enedgptgh a Wells
type turbine due to the incidence of waves.

direction of wave propagation

Z,W plate turbine

pulsating water flow
(u: axial velocity)

Figure 1. The working principle of the submergeat@itype converter.
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The Wells type turbine maintainse sam direction of rotation regardless of the flalivectior. In the submerged
plate type converters, thitiaracteristic is particulal well-appliedbecause the flow under the plate chadirections.

This paper reports mumerical analysis that relis the vertical position of the platath associated variables to the
efficiency of the device. In order to do so, initially the mmedolocy was validated and thensix situations - that differ
from each other only by the vertical position of thlate - were analyzed. In this papéhg influence of the turbinon
the flow was disregarded.

2.NUMERICAL MODEL AND SIMULATION CONDITIONS

A submerged horizontal plate positioned in a midufl@ tank is the numerical domain used to theystases, a
shown schematically in Fig. Z’he computational mod¢hat analyzes theubmerged plate type converuses the
commercial codes GAMBIT andLIENT. The firstone was used for the discretization of the domain tgtothe
construction of structured meshegh quadrilateral elements. T other one discretizethe differential equations «
conservation and transport and solves the algebyaten of equations.

The Volume of Fluid (VOF) method was us to consider both water and air phasehe PRESTO! method was
used as an upwind advection scheforethe space pressure discretiza, while the Geaeconstructio method was
usedfor the interface reconstruction of the fluids. TRESO algorithm (Presst-Implicit with Splitting of Operator
was used as a pressure-velocibypling method. Si-relaxation factors of 0.3 and 0.7 were used forsntasservatiol
and momentum equationgspectively

The boundary conditions were: atmospheric pressarthe upper side of the tank; ti-dependent velocity on the
left side of the tank up to the free surface leametl ¢ condition of no slip on the other surfaces (Fig@je Time-

dependent velocity in th®  arf directions used as a boundary condition on thesld# of the tank is obtained frc
the second order Stokes wetieory and are defineby the Egs. (1) and (ZILHAKRABARTI, 2005), respectivel

_ 3 (wH)? cosh 2k(h+z) _
cos(kx —at) + PR — e A 2(kx — at) (1)

nH cosh k(h+2z)

ulx,z,t) = T  sinhkh

mH sinh k(h+2z)
T sinh kh

. 3 (mH)? sinh 2k(h+z)
sin(kx — at) + = _—
( ) + 4 TL sinh*kh

w(x,z,t) = sin 2(kx — ot) 2
whereH is the wave height is the depthx is the positiont represents the time, amds the positiorin relation to free
surface average levél.= 2w / L ando = 2 / T are the wave number and the wavgular frequency, respective
L is the wave length andlthe wave perioc

The methodology used in the mois summarized in Table 1.

Table 1. Model methodology.

Formulation Method
Transient
Solution in time Implicit formulation of £'order

Pressure based
Non iterative advance in time

VOF Model Explicit formulation
Pressure-velocity coupling ntetd: P1SC
Solution control Pressure discretization methd®RESTO

Momentum formulation methodipwind of 1% order
Geometric fraction discretization scherB=oteconstruc

3. VERIFICATION AND VALIDATION OF THE COMPUTER MODEL

The wave tank used in the simulations, shown in Ejdhas the same characteristics as the onesbys@der anc
Ozdamar(2007) in the experiments that evaluate the effeoess of the submerged plate device. In thisdi H, is
the plate height that represents the distance leetwiee bottom and the plate. This study analysestfects oiH,
distance on the converter efficiency.
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Figure 2.Geometry of the tank and the plate.

All simulations were carried out until 40s usingime step equal to 0.001The processing time of each ca
corresponding to 40 s of monitoring, was approxatya20 hours in a computer w an Intel Core 2 Quad of 2.66 Gl
processor working with four active co. Initially, a mesh independence study was carried out tosehthe mesh to t
used in the validation process and in the followdigulations. After this study, the wave elevatand the velocity
profiles numerically generated were compared with dnalytical solution by using second order Sttheory. After
this comparison, the model under study was valilatemparing numerical and experimental res

3.1 Mesh independence study

In this study, the wave heighitl and the wave periodl] are equato 0.06 m and 1.50 s, respectively, and
wavelength is 3.00 maccording to the linear theory. | H, equal to 0.52 m, four simulations with the struetd
meshes éscribed in Table 2 were carried out. During th@smulations the mass flow which crosses a numegaabe
located under the plate (line- Fig. 2) at instar t= 20 s was monitored@ased on the relative error in Table 2, me:
was chosen for thillowing simulations since mesh 4 has a very eimdrror, even when volumes with 50% sme
characteristic dimensions are used.

Table 2.Mesh study (rests obtained for the mass flow in= 20.00m at instar t = 20 s).

Relative error %)

Mesh Volume sizes (jn Number of Mass flow (kg/s)  betweenj) and {-1)
volumes
results
1 0.04x 0.04 12475 -34.85 —
2 0.02x 0.02 49950 -31.71 9.02
3 0.01x 0.01 399800 -31.37 1.09
4 0.005x 0.005 799200 -31.67 0.98

3.2 Verification

For this comparison, similar to what has ocurrethemesh independenstudy, the wave heighH) and the wave
period ) are 0.06 m and 1.50 s, respectively. For t wave characteristics and the canal depth equalé€ m, the
best theory to model the wave is the second ortideS theory, according Chakrabarti (2005

In order to evaluate the model light of this thefirstly, numerical result and ttanalytical solution were compar
in terms of time series of the free surface elevatihe ltter was obtained from E§.(CHAKRABARTI, 2005)

H mH? cosh2h
= —cos(kx — ot) + —
n 2 ( )+ 8L sinh3kh

(2 + cosh2kh)cos2(kx — ot) 3)

In Fig. 3 there are numerical and analytical rasaftthe free surface elevation for the posiix =5 m. The mean
squared difference between numerical and analytasallts is equal to 2.55 % correspon to a range of seven wave
periods starting after the stabilization and fimighbefore the reflection due to the end wall & tane. There are two
reasons that show the gocapacity of the model to simulate wave propagatiba:small average errord the fact that
the curves are in phase.



14" Brazilian Congress of Thermal Sciences and Engineering
November 18-22, 2012, Rio de Janeiro, RJ, Brazil

Proceedings of ENCIT 2012
Copyright © 2012 by ABCM

0.04 —nNum « nTheory
0.02 +
£ o000 -
N
-0.02 1
-0.04 T \ \ T \ \ 1
6.0 7.5 S.0 10.5 12.0 135 15.0 16.5
t(s)

Figure 3. Comparison between numerical model aasecondorder Stokes theot

To complement the numerical model evaluation adogrtt the second order Stokes theory, the velocity ps
numerically olained were compared with the analytical soluti@HAKRABARTI, 2005). Equations (1) and (
correspond to analytical solutions feandw velocity components in theand thez directions, respectivel\Figures 4
(a) and (b) show the four most representative j@®in the velocity field under the wave crest (@nge upward zer-
crossing (Uz)the trough (Tr), the downward z«-crossing (Dz).Although some differences can be seen in -
crossing wave @sitions, in general numerical profiles presenteddyagreement with those obtained analytici
These resultsonfirm the model capacity to simulate the waveppgation phenomer
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Figure 4.Numerical versus analyticresults (second order Stokes thedoy)velocity componentu and W .

3.3 Validation

Orer andOzdamar (2007) carried out an experimental stuthirg to determine the efficiency of the submer
plate waveenergy converter. This study was developed in aewawk shown in Fig. 2, whose plate heicHp) was
equal to 0.52 m. fiis experimental study aimed to measure the maxiwelarcities of the flow under the plate in 1
opposite direction of the wave propagation andaicidate the converter efficiency. The velocity s@@ments wer
carried out in @ point locaded in a mid position between the bottom and tlageplight at the center of the pl.

The maximum velocitymeasured in the experiments and the ones fcby the numerical simulations we
compared aiming to validate the model. Two expentmavereselected from Orer an@zdamar’sanalysis (2007) to
make the comparison¥he simulations were carried out with a struauneesh formed by 399800 squared elem
with the side equal to 0.01 m according tomesh independence study.

The wave parametes each experimenthe velocity and the relative differencase presented in Tle 3. The
wave of the first experiment has the same parameteithe one used in the mesh independencithe verification
procedures. Theapanese equipment (Ker) Vm-801 H mode(ORER; OZDAMAR, 2007)was used to measure the
velocities. This instrument hag2% accuracy alonthe range [0+200] cmis (KENEK, 2012). The measurem
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uncertainty depends on the series of instrumentisciimpose the measurement system. It is obsene¢dhe relative
differences between numerical and experimentalteesuere around 11 %.

Table 3. Wave parameters, experimental and nuneesalts and relative differences.

Experimental  Numerical Relative
Wave T(s) H (m) difference
result (cm/s)  result (cm/s) (%)
1 1.50 0.06 -9.44 -8.34 11.67
2 1.87 0.06 -11.39 -12.72 -11.74
4. RESULTS

After the mesh independency study and the veriioaand the validation procedures of the computedeh the
influence of the plate heighHf) in its efficiency as a converter device of theveiaenergy was studied by six
simulations, considering the same wave charadt=isidopted for the verification process. This gtigentified the
variation of the device efficiency and some parameassociated with availability of energy to bptaeed by a Wells
turbine. Besides the efficiency, the parametersuedaluation were: the maximum velocity flow ahd aiverage mass
flow under the plate.

In the six cases under study the plate heighgs 4re: 0.46 m, 0.48 m, 0.50 m, 0.51 m, 0.52 m aB8 én. In each
case, the velocities were measured at severalgitig. 5) distributed between the bottom and tlhedie of the plate.
The mass flow under the plate to each time step.@d1s for further calculation of its squared ageravas also
measured. For the efficiency calculation, the dyicapnessure (DEAN; DALRYMPLE, 1991) was measuredhat
same points where the velocities were measuredfdllesving results correspond to the same intenfdime used in
the validation process. Fig. 5 shows the maximutaoiy profiles in the direction of the wave propdign and in the
opposite direction for the six study cases.

——Hp=053 — Hp=051 —Hp=0.48
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Figure 5. Maximum velocity profiles: the same wavepagation direction and the opposite direction.

It is noteworthy that the highest velocities occuthie opposite direction of the wave propagatioh thie decrease
of the plate height produces an important redudtiche velocities without changing significantheir profiles. Figure
6 presents the maximum velocities for each case. ddturrence of a minimum value is observed forhbight of
0.48m. To the left and to the right of this value theme similar curve slopes. Up to 0.51 m, the slomeeases
approximately five times.
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Figure 6. Maximum velocity flow under the platesiach case.
The Root mean square (RMS) mass flow under the fidateach case is shown in Fig. 7. The more thte pgleight
increase, the more its value goes up. The heigh® B and 0.52 m divide the curve into three pdrte end parts
have a steeper slope in relation to the intermediae.
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Figure 7. Root mean square (RMS) of the mass flodeuthe plate for each case.

The device efficiency can be calculated by the esgion proposed by Graw (1995):

__available power under the plate _ Pp (4)

wave power Py,

whereP,, is the wave power that acts on the device; ibiained from the expression proposed by Dean ahgybple
(1991),

R, = (5p9H?) 7 [1+ 5g] (5)

andP,, the available power under the plate, is calcdlatea similar way to the one proposed by Dizadjl &ajadian
(2011),
P, = %f;” f__:JrH” (PD + %puz) udzdt (6)

wherePy, is the dynamic pressure.
Figure 8 shows the device efficiency values intietato the heights. In this figure, the curve haminimum value
when the plate height is equal to 0.50 m. It camdiced that the curve has a slope on the le& sfdthe minimum
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value six times lower than that on the another.sBimilar growth is also observed in the behavibthe maximum
velocity and the square mean of the mass flows @&nd 7). These results show that the increakeight around 5%
can also increase the device efficiency up to apprately 86 %.
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¢ (%)
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0.44 0.46 0.48 0.50 0.52 0.54
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Figure 8. Efficiency of the submerged plate wavergny converter for different plate heights.

5. CONCLUSIONS

This paper reports a study that analyzed the efiy of the submerged plate numerically as a waergy
converter device. The maximum velocity of the flawd mean mass flow under the plate and the deviiméency
were calculated by varying the plate height. Timeusations showed that the increase in the platghthelo not always
lead to the maximum velocity reduction. Howeveg thcrease of the plate height and, consequemityease of the
transversal flow area under the plate always resalain increase in the mass flow under the pkitally, this paper
presented the variation of the device efficiencthwhe plate height, showing the importance offlae position. It
was observed that up to the minimum height of 0,50 increase of height around 5% can also ineréfzes device
efficiency up to approximately 86%. Other studiesdrbeen developed to investigate the influendbeturbine and
the plate length in the device efficiency.
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