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Abstract. Wave energy has been widely studied in the fi€ldomputational modeling generating observations in
several fields of research. Oscillating Water Cotu(@WC) devices have been studied in the searchefuits that
can be used as a recommendation for chamber arintirdesign. Main goal is to obtain the best pdssib
performance in the transformation of wave energyp ilectrical energy. Wave motion and water itevatwith the
device are simulated with Computational Fluid Dymesn(CFD) codes. Usually, laminar models are used ast a
few works include turbulence in the simulation. this sense, present work compares laminar and tarthu
simulations aiming to determine best way to sineuldtis type of problem. Preliminary comparisons ¥etocity
vectors and magnitude have shown thas karbulent model presents greater difference rasidtrelation all other
models studied (k-and Spalart Allmaras).
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1. INTRODUCTION

It is well known that electricity is the most pramnt energy modality in the human existence, siniseinserted in
almost all existing now-a-days technologies.

According to (Thorpe, 1999), there are two energyrees: renewable and non-renewable. Both are tampdb
transforming different forms of energy into eleciti. Non-renewable sources are represented byeauenergy and
fossil fuels, which are the most widely used nowadaecause their are ease to extract and less @xpe®n the other
hand, the scarcity of non-renewable resources,efisaw the great environmental impact generatethésn, motivates
several studies for the use of renewable energgcespamong which we can highlight: biomass, wingvgr, solar
energy and wave energy.

In this sense, the energy of the oceans has beéiedtto be part of the world energy matrix, siitde an abundant
and inexhaustible source. The oceans contain anfiaiteof about 10 TW, which compares to entire entr
consumption of electrical energy across the globe.

In this work, the focus of the study is a simulatimf an OWC device (Oscillating Water Column) imvave tank,
with laminar and turbulent flow regimes, using Op&AM software and aiming to evaluate the differende
solutions.

2. COMPUTATIONAL PROCEDURE

A first test is performed in a tank without the OW€vice. Tank geometry is shown in Fig. 1, whe¢ds the tank
height [m],h is the water depth ardis the tank length.
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Figure 1. Wave tank geometry and boundary condition

For all simulations in this work, OpenFOANR&mMImM, et al.,2001)©pen Field Operation Manipulation - software
was used. It's a free open source CFD programtemrin C++. Incompressible, unsteady, two-phasesFoamsolver
has been used to solve both laminar and turbulenssf It uses the Volume of Fluid (VOF) formulatiamd solves

three-dimensional continuity, momentum and volunaetfon governing equations (Egs. 1, to 3).
1)

V-U=0
20 4 Y- (pUU) ~ V- (uVU) = ~Vp' — g XVp + VU - Vu + okVa @)
©

i;—‘:+V-Ua+V-UTa(1—a)=O
where,U;, is the relative velocity among the fluids, given:
4

U, = min(calpha|U|, max|U|)
In Egs. 1 to 3U is velocity vector [m/s]g is gravity acceleration [m/s?]y is density [kg/m3];u is dynamic

viscosity [Pa s]p’ is pseudo-dynamic pressure [P4]js the position vector [m)s is surface tension coefficierk;is
the curvature of the interface ands the water’s volume fraction. Average viscosityd density are given by Eqgs. 5

and 6:
U= QUygrer + (1 — @)Ugir (%)
(6)

P = APyater + (1 — @)Pyir
Boundary conditions for the problem are shown ig. Fi. According Dean and Dalrymple (1991), presdib

velocity applied to the wave maker (in the x ardirections) is given by:
__ Hgk cosh[k(h+2)] _ 3 H20k cosh[2k(h+2)] _
U= osh(any cos(kx — ot) + oSt (kh) cos[2(kx — at)] @)

__ Hgk sinh[k(h+2)] . _ 3H?0k sinh[2k(h+2)] . _
W= coshik) sin(kx — ot) + BTy — sin[2(kx — at)] (8)

The water raising surface is given by Eq. 9:
n = A cos(kx — wt) 9)
where A is the wave amplitude [mk = 2w/l is the wave number [M, o = 2u/T is the angular frequency{s T the

wave period [s]| the wave length [m] antdis the time [s]

2.1 Turbulence models
In this work, three simulations using differentiiutent models were used to compare with anotheulation using
the laminar model. These wellez, k-w and Spalart-AllmarasThese three are classified R&NSmodels (Reynolds

Averaged Navier-Stokes).
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According (Launder et al., 1974; Henk et al.,208d EERRAZ et al., 2015), fde-¢ andk-w models the turbulent
viscosity is given by Egs. 10 and 11:

k2
U, =C,—
€ (10)
v =a"X (11)
w

where,C, = 0.09 ando* is the coefficient that dampens the turbulenicesty by making a low Reynolds number
correction. The kinetic energy equation of turboksrexpressed B%”, and solved for both models is given by:

ok _ ok __ v . 0 v, ) ok
Y, =T, + v+ |—|-¢ (12)
ot 0X; ox; 0Xx, o, )X,
The the kinetic energy dissipation equatiai, for k-¢ model is solved by:
N 2
E+vja_£:i U+i E +C51£Tijﬂ_cgzg_ (13)
ot 0x;  0x; o, )ox, k 0, k

where,C,; = 1.44,C.,=1.92,0, =1.0 andg; =1.3.
In turn, the specific rate of turbulent kinetic egyeequation, &”, for k- model is represented by Eq. 14:

a_a)+\7ja_w:i U+i a_w +G -Y (14)
ot ox;  0x, o

w

where, g = 2.0,0, = 2.0 and the terntS,, andY,, are, respectively, the generation and the digsipaff “o".
In Spalart Allmaras model, the one equation toesdbr V variable, is shown in Eq. 15:

Y (15)

\

- - - ~\2
6_v+6_vui :Gv+i i (U+V)a_v +Cb2 a_V —
ot 0x o, | 0X. ox; 0x,

v J J

whereV is the turbulent kinematic viscosity except nea wall regions, where a wall function is employedtake
into account the anisotropy of the flow in thaticeg G, is the turbulent viscosity productiod?; = 2/3 and &, =
0.622 are the model constants.

3. RESULTS AND DISCUSSION

At first, a grid refinement test was performed éowave depth analytical verification for an emptwO device
tank. Figure 2 shows water elevation at x = 10Gefe(red to Fig. 1). Maximum difference observethatanalytical’'s
wave crest and the 426885 cells grid simulation 8:86%. This result was calculated by the diffeeehetween the
water raising surfaces in each simulation’s time.
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Simulations were then performed in a tank with O\d&vice, where water depth was measured in the offamb

Figure 2. Grid Refinement Test.

device central region, shown in Fig. 3. Figure 8vghonly the region close to the device.

— lf'leasnre.ment
line location at

X=2045m

Figure 3. Tank with OWC device at x = 200 m andtbepeasurement line at x = 204.5 m.

With this configuration, the depth measured inriduege of 18 to 52 s, for laminar and turbulent Bowegimes, is

shown in Figs. 4, 5 and 6:
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Figure 4. Comparison between laminar regime flod/ mmbulent ke model.
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Figure 5. Comparison between laminar regime flod mmbulent ke» model.
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Figure 6. Comparison between laminar regime flod mbulent Spalart Allmaras model.

In figures 4 to 6, it can be observed that the kodel presents the most discrepant results itigel¢éo the laminar
model. From what can be seen, this model preséstdinst highest water raising surface with 50 selsoof wave
progression, while all other models have shown seemalts with 32 seconds. Table 1 shows the aveditgrence

error of each model in relation to the laminar niode

Table 1. Mean relative errors between turbulencdetsoand laminar model for water raising free stgfa

Turbulent Model Error
k-g 1.17%
k-o 29.08%

Spalart Allmaras 0.61%

Figures 7 and 8 show, respectively, the velocigtmefield for each simulated models and their g#lomagnitude
at the moment of highest water raising surface.uResre very similar to cases b andd, but they differ both
qualitatively and quantitatively with thedk-solution, which seems to damp the water movement.
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Figure 7. Velocity vectors at the first highest @rataising surface: (a) Laminar, (bekfc) k-» and (d) Spalart
Allmaras.
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Figure 8. Velocity magnitude at the first highestter raising surface: (a) Laminar, (b}kic) k-w and (d) Spalart
Allmaras.
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As can be seen in Figs. 7 and 8, the velocity vectas well as the velocity magnitude of the SpaMimaras
model are closer to the laminar model comparedéodther models. This comparison is remarkabletHerresults
shown in table 1.

4. CONCLUSIONS

Current paper presented a numerical simulationafevave tank with an OWC device. It has been shovith g
refinement test and an analytic verification fag taminar solution in a tank without the devicew#ts also shown a test
for laminar and different turbulent flow models dkk-o and Spalart Allmaras) for a tank with the OWC devi
Results have shown that Spalart Allmaras modeleprtesl the greatest similarity to the laminar modéth the lowest
difference attributed to the average water raisimgace and the velocity field (vector and magrejudin turn, the ke
model presented the most discrepant results. thsdlat in this model there is a viscosity additism much that there
is a considerable softening of water raising s@rfac
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