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Based on Lattice Boltzmann Method, a free interface tracking model using 
volume of fraction (VOF) technique is built to explore the interaction of 
Oscillating Water Column (OWC) type of Wave Energy Converters (WECs) 
with waves. In the numerical wave flume, the momentum source is applied 
to generate incident waves and absorb reflected waves. After validation, one 
stationary OWC in the absence of Power take-off system (PTO) is then placed 
in the numerical wave flume to examine the performance of the numerical 
scheme. The simulation results show that the numerical stability is well 
achieved with the wave-structure interaction included and there is a strong 
vortex shedding at wall corner and nonlinearity with smaller amplitude in the 
present viscous flow model, compared with the linear potential flow solution.
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INTRODUCTION

The wave energy capture efficiency (CWR) is indeed 
overestimated in the theoretical potential flow model 
developed. To study the hydrodynamic effects of viscosity 
and nonlinearity, a numerical wave flume is created using 
the Lattice Boltzmann method (LBM) to investigate the 
wave-OWC interaction. The LBM method possesses high 
expansibility on the parallel computing for the outstanding 
locality and stability, which can comparably improve the 
simulation efficiency on solving a viscous flow problem [1, 
2]. 

MATERIALS AND METHODS

The present model uses MRT-LBM method to solve N-S 
equation, in which VOF-based free-surface capturing 
technique by Korner et al. [3] is adopted. Wave is generated 
by the momentum source and absorbed by the sponge layer 
[4], as shown in Fig.1. These algorithms are implemented 
using the High Level Mesoscale System [5].

Lattice Boltzmann method
Boltzmann equation describes the evolution of the density 
distribution function . Its general form with the 
forcing term in the MRT (Multi-Relaxation-Time) model can 
be written as follows: 

(1)

where x is the spatial position and t is the time; eĮ is the 
discrete velocity; įt is the non-dimensional time step and 
non-dimensional grid spacing  ; Į ranges from 
1 to 9 in two-dimensional space; M and S are transformation 
matrix and relaxation matrix, respectively.  is the 
forcing term in moment space, where the Guo Forcing 
Scheme is applied here:

(2)

Then the macroscopic quantities can be calculated by the 
velocity moments,

  (3)

Free-surface capturing method
Following Korner et al. [3], the single-phase VOF (volume of 
fluid) method is used to capture the gas-liquid interface. The 
fill level of each discrete cell with fluid is evaluated by the 
volume fraction, 

 (4)

It is clear that İ� �� means the present cell is an empty cell 
and İ� �� corresponds to a fill cell. The all interface cells 
with  0 < İ���� separate liquid from gas. The fill level can be 
further expressed as,

 (5)

In the standard VOF-LBM model, we adopt the first-order 
explicit Euler time difference scheme,

 (6)

The mass exchange , associated with the convective 
term, between an interface cell at lattice node x and its 
neighbor at  is calculated as,

(7)

where .

Once the mass exchange has been evaluated, the VOF of 
each cell İ can be updated on Eq.5. In the advection step, 
the interface cells may be emptied or filled, corresponding 
to İ���� and İ����  respectively. For those interface cells, 
their state needs to be updated: the emptied cell to empty 
cell and the filled cell to fluid cell. To seal the gas-liquid 
interface, the surrounding empty cells at each filled cell 
must be converted to interface cells and surrounding fluid 
cells at each emptied cell must be converted to interface 
cells. Then, since there is no valid information at each 
gas cell (empty cell) in the present single-phase flow 
model, those new interface cells converted from empty 
cells needs to be initialized with equilibrium distribution 

, in which the macroscopic quantities  
and  are obtained from the average values of the 
surrounding fluid and interface cells at the moment .

Moreover, the mass conservation is required in the 
advection. That is to say, the excess mass from emptied   
İ�����and filled İ�����cells needs to be distributed to the 
neighbouring interface cells as,

 (8)

where excess mass  for the emptied cells and 
 for the filled cells.
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Fig. 1. Sketch of the numerical wave flume
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Boundary conditions
For no-slip boundary conditions, a halfway bounce back 
scheme is used, the incoming unknown density distribution 

 is reconstructed as,

 (9)

Here  denotes the density distribution function after 
the collision step. At the slip boundary, the bounce forward 
scheme is adopted to reconstruct the missing distribution,

 (10)

where  is the mirrored direction to  with   
and  (wall normal direction n and tangential 
direction t).

At a free surface boundary, it is obvious that the incoming 
distributions from empty cells are unknown as the dynamics 
of gas phase does not be considered in the present single-
phase flow model. Therefore, the free surface kinetic 
boundary condition (FSK) proposed by Korner et al. [3] is 
applied here to reconstruct those missing distributions,

(11)

where  in present LBM unit system is related to 
surrounding atmosphere pressure.

Smagorinsky LES
Free surface flows are characterized by high Reynolds 
numbers in the turbulent regime. Therefore, a large eddy 
model is used to simulate turbulent flows in the case 
of limited computing resource. The LBE-LES model is 
introduced in which the eddy viscosity  is [2],

 (12)

where Cs is the Smagorinsky constant, and mean strain rate 
  

which is calculated by the non-equilibrium part of the mean 
second-order moment ,

 (13)

where  and  
represents relaxation time in the LBE-LES model. 
Substituting Eq. 13 into Eq. 12 yields a solution of quadratic 
equation as, 

 (14)

where .

Wave generating and absorbing methods
The distributed momentum source is used to generate 
waves. The equivalent source term Sg is, 

 (15)

where g is the gravity acceleration and ȕ = 20/W2 is a 
coefficient of source width W;  xs is the centre of wave 
generating area; D is distribution source density [4].

Sponge layers are adopted to achieve wave dissipation in 
the two ends of numerical wave flume. In the sponge area 
with width Ls, the damping force Sb is given as,

  (16)

where B1, B2 and ns are empirical coefficient, and x0 is the 
starting location of the sponge layer.

Dimensionless quantities in LBM system
Different from standard LBM, the present model uses the 
non-dimensional system associated with physical system as 
follows,

 (17)

where  and  are the wave phase velocity (or maximum 
velocity) and characteristic velocities in physical system. 
For a specific Mach number we can evaluate . And the 
characteristic length L0 is chosen as the wave amplitude, 
Then the kinetic viscosity and gravity in lattice system can 
be calculated by,

 (18)

where v* kinetic viscosity and g* is the gravity acceleration 
in physical system.

RESULTS

Model validation 
To validate the effectiveness of the present free-surface 
model, the Rider-Kothe single vortex test case [6] has been 
simulated. In the case, the collision and streaming do not 
be implemented. A given velocity field according to the 
following streaming function is used to calculated the 
equilibrium distribution functions as the simulation solution 
of each iteration. 

 (19)

The flow field will restore to the initial state after one 
period. So the simulation results can be compared with the 
analytically filled level VOF to verify the purely advection 
case in absence of collision and streaming. The initial circle 
centre is located at (0.5, 0.75) and the wave period T is set as 
2 s and 128 or 512 grid points is distributed in the 1m square 
domain. Relative errors of the two grid resolution are 4.5% 
and 1.4%, respectively.
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Fig. 2. Evolution of the fluid interface within one period (grid resolution: 
512 by 512).

Waves propagation through an OWC
Following the model validation, waves propagating through 
an OWC without Power take-off system, as shown in Fig. 3, 
are modelled. In this case, the incident wave amplitude is 
0.02m, and water depth h is 0.4m. The wave flume shown 
in Fig. 1 is used. The wave monitoring locations are also 
shown in Fig. 3 as WG1 and WG2, before and after the OWC 
respectively, and WG5 at the location of the OWC. Non-slip 
boundary condition is implemented in the body surface.

 

Fig. 3. Schematic diagram for OWC in wave flume.

Fig. 4 shows the wave profiles at t=22T and 26T, along the 
wave flume. The simulation results in general agree with 
each other, including the reflected wave in the upstream of 
the OWC and transmission wave in the downstream end, 
showing that the numerical stability has been achieved. 
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Fig. 4. Water surface elevation η along propagation direction at t=22T and 
26T.

In addition, the temporal variations of wave elevation at 
x=5L and 9L is presented in Fig. 5, where the potential-flow 
theoretical solutions are also shown. It is obvious that the 
maximum amplitude at the seaside is larger than that at the 
leeside, similar as the linear analytical solution. 

Fig. 5. Water surface elevation η at (a) x=5L (left) and (b) x=9L (right).

For the smaller wave amplitude in the present results, it is 
attribute to the vortex shedding at the sharp corner below 
walls and strong nonlinearity, as shown in Fig. 6. Moreover, 
the stronger nonlinearity in the upstream, due to the larger 
wave amplitude, causes the more significant discrepancy 
between linear potential-flow analytical solution and the 
present numerical results, compared with the transmission 
wave at the downstream of the OWC.

Fig. 6. Vortex contour below wall from the sharp corner  
(a) t=t1 (left) and (b) t=t1+ 0.19T (right).

CONCLUSIONS

In this paper, a free surface model based on VOF-LBM 
method following [1] is established and is applied to wave-
OWC interaction problem. The numerical results show 
that the present model can simulate complex free surface 
flow compared with those published works. By imposed 
momentum sources, the wave generation and absorption 
functions have been achieved and the numerical stability 
has been validated. In the wave-OWC interaction, the vortex 
shedding and strong nonlinearity cause the relatively small 
amplitude with respect to the linear potential-flow solution.  
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