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Abstract Fluid–structure interactions occurring between a
wave train and an oscillating wave surge converter (OWSC)
are studied in this paper using smoothed particle hydro-
dynamics (SPH). SPH is an alternative numerical method
to conventional computational fluid dynamics for studying
complex free surface flows. A new open multi-processing
(OpenMP)-based parallel SPH code is developed and tested
on a wave impacting an OWSC. An incompressible SPH
(ISPH) method is implemented here to avoid spurious pres-
sure oscillations, and an OpenMP approach is employed due
to its relative ease of coding. The simulation results show
good agreementwith the experimental data. Theperformance
of the new parallel SPH code is also reported for the water
surge from a canonical dam break impinging on a tall square
structure.

Keywords Fluid–structure interactions · Oscillating
wave surge converters (OWSC) · Smoothed particle
hydrodynamics (SPH) · Open multi-processing (OpenMP)
approach

1 Introduction

Meshless methods date back almost four decades. The oldest
meshless particle method is smoothed particle hydrody-
namics (SPH), which was developed in the 1970s to study
compressible inviscid problems in astrophysics by Gingold

B Shahab Yeylaghi
shahaby@uvic.ca

1 Mechanical Engineering Department, University of Victoria,
Victoria, Canada

2 Compute Canada, Westgrid, University of Victoria, Victoria,
Canada

and Monaghan (1977) and Lucy (1977). SPH is of inter-
est for hydrodynamic problems due to its Lagrangian and
meshless characteristics. The interactions betweenwaves and
wave energy converters (WECs), commonly lead to a large
motion of the WEC. To model these large motions, conven-
tional CFD methods require expensive and complicated grid
moving algorithms. Particle-based SPH is favored for simu-
lating flows with large motion since a grid is not required
when solving the Lagrangian formulation of the Navier–
Stokes equations. The free surface is captured implicitly in
the SPH method without the need for solving an additional
equation, such as volume-of-fluid (VOF) or level-set (LS)
approaches in conventionalCFDmethods.On the other hand,
the relatively expensive SPHmethod was developed to study
compressible inviscid flows (astrophysics), therefore, modi-
fications are necessary for hydrodynamic applications. SPH
has been applied to a diverse range of free surface flows
from wave propagation in Monaghan (1994), wave breaking
in Shao and Ji (2006) to dam break problems in Lee et al.
(2008) andfluid–structure interactions inHenry et al. (2014b)
and Rogers et al. (2010). See Monaghan (2012) for a review
of SPH applications in free surface flows.

The pitching flap WEC hinged close to the bottom of
the ocean is known as an oscillating wave surge converter
(OWSC) (Babarit et al. 2012). It is mentioned by Babarit
et al. (2012) and Folley et al. (2007b) that OWSCs are
designed for shallowwaters to attain higher horizontal veloc-
ities and pitching motions. Several experimental, analytical
and numerical studies of OWSCs have been reported. The
experimental studies of OWSCs are mostly performed for
scaled model devices in the wave tank. Henry et al. (2014b)
reported the experimental study of a 1/25th-scale OWSC
model along with numerical simulations, using both Open-
FOAM (conventional CFD) and a SPH method. The time
histories of theOWSC rotation angle between the threemeth-
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ods showed good agreement. The time evolution of pressure
on two sensors from the SPH simulation was compared with
the experimental data and good agreement was achieved.
Henry et al. (2014a) performed two-dimensional experiments
on an 1/40th-scale OWSC model and compared the results
with numerical simulations. It was concluded that the slam-
ming of the model is related to the classic wedge water entry
problem (Oger et al. 2006; Zhao et al. 1996). Clabby and
Tease (2015) performed a series of experiments to explore
the extreme events related to a 1/20th-scale OWSC model.
It was reported that the extreme pressure occurs during the
breaking waves or re-entry slamming of the flap.

It is worth pointing out that the experimental studies
are extremely important to study OWSC devices due to
the complex phenomena involved and to validate numeri-
cal simulations. However, it is costly to perform parametric
studies, such as changing flap size, wave conditions and
tank dimensions in the experimental campaigns. Therefore,
numerical simulations are also extremely important to effi-
ciently design the experiments. Potential flow methods have
been extensively applied to ocean engineering problems.
Although these methods are restricted to solving linear invis-
cid equations, they provide valuable insight for the problem
in a reasonable time. Studies based on potential methods
applied to OWSCs can be found in Folley et al. (2007a) and
Renzi and Dias (2012, 2013). OWSCs are designed for shal-
low waters, hence they may experience extreme wave loads
as mentioned by Wei et al. (2015) and Henry et al. (2014b).
Also, the interactions betweenwaves andOWSCmay include
complex phenomena such as slamming, wave over-topping,
air entrainment and turbulence (Wei et al. 2015). There-
fore, potential flowmethods have limitations in capturing the
details, especially the nonlinearities, involved in the interac-
tions of OWSCs and shallow waters.

Computational fluid dynamics (CFD) simulation using the
full Navier–Stokes equations is an alternative approach to
potential methods. It provides a more accurate description
of the whole flow including the interactions between waves
and OWSC. However, Navier–Stokes solvers are computa-
tionally more expensive than potential flow methods. Wei
et al. (2015) performed numerical simulations using ANSYS
FLUENT to investigate the viscous and scaling effects on
OWSCs. The time histories of different pressure sensors,
rotation angle and vortex shedding from the wave impact for
two wave conditions were compared with the experimental
data. It was concluded that the viscous effects are negligible
for wide flaps. Schmitt and Elsaesser (2015) proposed a new
moving mesh approach for OWSCs using OpenFOAM and
compared simulation resultswith experiments for regular and
irregular waves.

Rafiee and Dias (2013) performed 2D and 3D simulations
of wave interactions with OWSC using SPH. The k − ε tur-
bulence model was used along with the SPHmethod to study

the effects of wave loads on the OWSCs. It was concluded
that 3D simulations provide more accurate estimation of the
pressure peaks and angles of rotation compared to the 2D
simulations.

In this paper, we report our work on wave interaction with
an OWSC device. A custom SPH method was implemented
using parallel computing and an incompressible formulation
of the governing equations. The methodology we followed
and the parallel scheme used to implement a new OpenMP
SPH are discussed in Sects. 2.1 and 3, respectively. A classi-
cal wedge water entry problem is presented in Sect. 4.2 as a
slamming benchmark test case. The experimental setup sim-
ulated is described in Sect. 4.3.1. The numerical results of
the simulations are compared with the available experimen-
tal data in Sect. 4.3.2. The performance of the new parallel
SPH code is also reported for a dam break on a tall square
structure (Sect. 4.1).

2 Methodology

2.1 Governing equations

In the SPH method, the Navier–Stokes equations are solved
in a Lagrangian formulation, thus they read:

Du
Dt

= − 1

ρ
∇ p + g + ν∇2u, (1)

where ρ is the fluid particle density, u is the particle velocity
vector, t is time, p is the particle pressure, g is the gravi-
tational acceleration vector and ν is the kinematic viscosity
(it should be mentioned that the bold parameters represent
vector quantities in this paper). In SPH, a general function is
approximated as (Monaghan 1992):

A(r) ≈
∫

A(x)W (r − x, h)dx, (2)

where A(r) is the function of interest at position r, W (r −
x, h) is the smoothing or kernel function, r is the position
vector, h is the smoothing length by which neighboring par-
ticles are defined. The particle approximation of the above
integral is written by replacing the integral with a summation
as

Ai ≈
N∑
j=1

A jW (r − rj, h)Vj , (3)

where N is the number of neighboring particles and Vj is the
volume of particle j (particle j is a neighbor to i). In this
paper, the fifth-order Wendland kernel proposed by Wend-
land (1995) is used:

123



J. Ocean Eng. Mar. Energy (2016) 2:301–312 303

W (q) = Wc

{
(1 + 2q)

(
1 − q

2

)4
0 ≤ q ≤ 2

0 q ≥ 2,
(4)

where Wc = 21/16πh3 in 3D and q = |ri − rj|/h. The
smoothing length is set to h = 1.5�r for 3D cases, where
�r is the initial particle spacing. The gradient operator is
used from Monaghan (1992) as

(
1

ρ
∇A

)
i
=

∑
j

m j

(
Ai

ρ2
i

+ A j

ρ2
j

)
∇iWi j . (5)

In this paper, the Laplacian operator is adopted from Shao
and Lo (2003) as

∇ ·
(∇A

ρ

)
i
= ∑

j

8m j

(ρi + ρ j )2

Ai jri j · ∇iWi j

r2i j + η2
, (6)

where Ai j = Ai − A j , η = 0.1h and ri j = ri − r j . In
SPH, there are two main approaches to calculate pressure:
weakly compressible SPH (WCSPH) and incompressible
SPH (ISPH). WCSPH is the original SPH method applied
to simulate free surface flows. In this approach, the fluid
is considered to be weakly compressible and the equation
of state is used to calculate pressure. A promising alterna-
tive to WCSPH is incompressible SPH (ISPH) proposed by
Cummins and Rudman (1999). This approach is based on a
two-step projection method widely used in Eulerian-based
CFDmethods (Chorin 1968). In this approach, in the predic-
tion step, the intermediate velocity (u∗) is calculated using
the viscous and body forces, without pressure forces as

u∗
i = ui (t) + Δt (g + ν∇2ui ). (7)

Subsequently, the intermediate position is calculated by:

r∗
i = ri (t) + Δtu∗

i . (8)

In the ISPHmethod, Poisson’s equation is solved for pressure
at each time step as

∇ ·
(∇ p

ρ

)
i
= ∇ · u∗

i

Δt
. (9)

The left hand side of Poisson’s equation is discretized using
Eq. 6 as

∇ ·
(∇ p

ρ

)
i
=

∑
j

8m j

(ρi + ρ j )2

pi jri j · ∇iWi j

r2i j + η2
, (10)

and for the right hand side, the term proposed by Khayyer
et al. (2009) is implemented as

∇ · u∗
i = ∑

j
V j (u∗

j − u∗
i )∇iWi j . (11)

Hence, Poisson’s equation is written as

∑
j

8m j

(ρi + ρ j )2

pi jri j · ∇iWi j

r2i j + η2
= −1

�t

∑
j
V j (u∗

i − u∗
j )∇iWi j .

(12)

Poisson’s equation is then solved explicitly using the same
procedure proposed by Hosseini et al. (2007). Hence, the
pressure for a fluid particle, pi , is obtained by:

pi =
∑

j Ai j p j + RHSi∑
j Ai j

, (13)

where

RHSi = −1
�t

∑
j

m j

ρ j
(u∗

i − u∗
j )∇iWi j , (14)

Ai j = ∑
j

8m j

(ρi + ρ j )2

ri j · ∇iWi j

r2i j + η2
. (15)

In the correction step, incompressibility is achieved by cor-
recting the velocity using the pressure force as

ui (t + Δt) = u∗
i + Δt

(
− 1

ρ
∇ pi

)
. (16)

The positions are updated at the end of each time step as

ri (t + Δt) = ri (t) + Δt

(
ui (t + Δt) + ui (t)

2

)
. (17)

SPH is a general 3D fluid simulation method, but the scale
OWSCmodel is constrained only to pitchmotion (one degree
of freedom (DOF)). To calculate the motions and forces in
the fluid–structure interaction, the rigid body equations are
solved for one structural DOF (pitch motion) along with the
3D Navier–Stokes equations in particle form as

dU
dt

=
∑

i fi
Mbody

+ g, (18)

dω

dt
=

∑
i τ i

Ibody
, (19)

τi = (ri − R) × fi , (20)

where Mbody is the mass of the rigid-body, Ibody is the
moment of inertia about the fixed rotation axis,R is the posi-
tion of center of mass for the rigid-body,U is the transitional
velocity, ω is the rotational velocity,

∑
i τ i is the sum of the

moments on the rigid-body particles and
∑

i fi is the sum
of the forces on the rigid-body particles which is calculated
based on the surrounding fluid particles. Subsequently, the
velocity of the rigid-body particles are obtained as

ui = U + ω × (ri − R). (21)
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The positions of the rigid-body particles are updated by using
Eq. 17.

2.2 Boundary conditions

Applying solid boundary conditions is the most challenging
task in the SPH method. The three main methods reported
to simulate solid boundaries in SPH are: repulsive bound-
ary particles (Monaghan 1994; Monaghan and Kos 1999),
dummy boundary particles (Koshizuka et al. 1998; Lo and
Shao 2002) and ghost boundary particles (Colagrossi and
Landrini 2003). In the repulsive boundary particles approach,
a single line of boundary particles are placed on the edge of
the solid boundary, exerting a repulsive force on the fluid
particles approaching them. In the dummy boundary parti-
cles approach, several layers of particles are placed on the
edge and inside the solid boundary. In the ghost boundary
particles approach, the position of ghost particles is deter-
mined by reflection of the fluid particles position through the
solid boundary. The pressure of the ghost particles are the
same as their corresponding fluid particles (in the presence
of the gravity, there will be an additional hydrostatic pres-
sure). Each of these methods has advantages and drawbacks
in terms of accuracy and computational complexity.

In this paper, fixed dummy particles are used both for
solid boundary particles on tank walls and on the OWSC
flap. The dummy particles have the advantage of being easy
to implement, especially in a parallel SPH method. In the
current work, we used the method described by Adami et al.
(2012) to calculate the pressure for the boundary particles
from the surrounding fluid particles as

ps =
∑

i piWsi + (g − as)
∑

i ρirsiWsi∑
i Wsi

, (22)

where ps is the pressure for a solid boundary particle, i is the
index for the surrounding fluid particle and as is acceleration
of the wall.

The free surface particles are identified to apply theDirich-
let boundary condition (p = 0) in Poisson’s equation. In the
ISPH method the density for each particle is constant. How-
ever, to determine free surface particles a fake density (ρ f )
is calculate for each fluid particle as

ρ f (i) =
∑
j

m jWi j . (23)

ρ f is not involved in solving the governing equations and is
only used to determine the free surface particles. The criteria
used for defining a free surface particle is

ρ f ≤ 0.9ρ0, (24)

where ρ0 = 1000 kg/m3. The particles that meet the above
criteria are considered to be free surface particles.

3 Parallelization scheme

The SPH method is typically computationally more expen-
sive than Eulerian-based CFD methods. Therefore, paral-
lelization methods are required to improve the performance
of the method, especially for 3D simulations. CPU-based
and GPU-based parallelizations are the two main tech-
niques that can be employed for SPH parallelization (Her-
manns 2002). The CPU-based parallelization is divided into
shared-memory and distributed memory parallelizations.
The shared-memory approach assumes that the processing
units share a common memory (as is the case for multi-core
processors) that the parallel tasks canuse to communicate and
share variables with each other. The thread model is usually
used when implementing a shared memory parallelization.
More specifically, OpenMP, a standard for implementing
the thread model by adding directives to the code, is a
relatively easy way to parallelize an existing serial code.
The distributed memory method uses the common memory
assumption and requires the parallel tasks to communicate
by exchanging messages. MPI (Message Passing Interface)
is a standard for distributed memory parallelization. GPU-
based parallelization relies on GPUs to schedule and execute
the parallel tasks. CUDA, openCL and openACC are the
common programming standards for GPU-based implemen-
tations. Several approaches have been applied to parallelize
the SPH method using these standards. Ferrari et al. (2009)
proposed a parallelization schemes using the MPI standard
to study free surface flows.Marrone et al. (2012) studied ship
wave breaking patterns using 3D hybrid MPI and OpenMP
standards. A review of CPU-based parallelization implemen-
tations for the SPH method in free surface flows is available
by Gomez-Gesteira et al. (2012). GPUs have been applied to
SPH methods recently. A review of GPU-based paralleliza-
tion implementations for the SPH method is available by
Crespo et al. (2015).

The SPH method is both Lagrangian and meshless.
Although these two features are attractive in modelling
complex free surface flows, they cause difficulties in par-
allelization schemes (Marrone et al. 2012). Unlike the fixed
grids in CFD mesh-based methods, particles move due to
the Lagrangian nature of the method and the neighboring
particles do not remain the same throughout the simulation.
Hence, as mentioned by Marrone et al. (2012), the parallel
scheme applied to the SPH method must take into account
this specific characteristic.

To save computational costs in SPH, only the contribu-
tion of neighboring particles (ri j ≤ kh) are calculated in
the simulation. The link list searching algorithm reported in

123



J. Ocean Eng. Mar. Energy (2016) 2:301–312 305

NW N NE

E NNW NE

E

SESSW

W

kh

kh

i

j

i

j

jj

j j

j

j j j

j

j

Inner cells Outter cells Sample water particles

Fig. 1 Two-dimensional underlying grid for the link list algorithm.
Cells enclosed by red contours are handled by the same thread (color
figure online)

Gomez-Gesteira et al. (2012) is adopted here to search for
the neighboring particles. In this algorithm, the computa-
tional domain is divided into square cells of side kh (kernel
radius). The particle in each cell only interacts with particles
in neighboring cells; eight cells in 2D are shown in Fig. 1.
The sweep of the link list search starts from the lower left
end and in each sweep, only the E, N , NW, NE cells are
involved to prevent repeating particle interactions (4 cells
out of 8 neighboring cells Gomez-Gesteira et al. 2012). The
same procedure will be applied in 3D; interactions of 13 cells
out of 26 neighboring cells will be calculated. In the current
work, we take the advantage of this approach to parallelize
the code using an OpenMP standard.

Due to the Lagrangian nature of the method special treat-
ments are required at the particles along the processor domain
boundaries. These particlesmay require information from the
neighboring particles located on another processor domain.
This is handledby introducingghost cells byGomez-Gesteira
et al. (2012) or buffer particles by Marrone et al. (2012). In
this paper, the domain decomposition is performed spatially
in 3D as shown in Fig. 1 for a 2D case (for simplicity) but
the same applies for the 3D case. Here, we divide the cells in
each thread to be the inner cells and the outer cells. The last
cell in each thread is assigned to be the outer cell. The outer
cells are available for both threads. The domain decomposi-
tion is performed in this way in order to avoid two or more
parallel threads having access to the same data. Since each
thread will update its particles, we need to make sure that the
other thread has access to the old values instead of the new
ones.

For the inner cells, the same procedure that was performed
for a single core is performed. The sweep starts from the
lower left end and in each sweep, only the E, N , NW, NE
cells are involved as shown in Fig. 1.

For the outer cells, the interaction between particles is
considered in all eight neighboring cells in 2D and 26 cells
in 3D. The first sweep is performed on E, N , NW, NE cells
(yellow sweep in Fig. 1). If the cells are within the same
thread then both particles i and j will be updated. If one of

the cells is from the adjacent thread only particle i will be
updated. The second sweep is performed on W, S, SW, SE
cells (pink sweep in Fig. 1). If cells belong to the same thread,
none of the particles i or j are updated, but if they belong to
the adjacent thread only particle i will be updated. By using
this approach, the same procedure of finding neighboring
particles is applied for parallelization without introducing
any ghost cells or buffer particles.

4 Test cases

4.1 Test case 1: dam break on a structure

Dam-break problems are typically used as benchmark test
cases for SPH codes. In this paper, the dam-break on a tall
structure is first simulated to test the performance of the
new OpenMP SPH code. The dam-break benchmark studies
are important to investigate the influence of severe flooding
events such as tsunamis on shoreline structures. The experi-
mental set up of Yeh and Petroff reported byGómez-Gesteira
andDalrymple (2004) is used tovalidate theparallelOpenMP
SPH code. Dimensions of the experiment and the tall square
structure are shown in Fig. 2. A layer of approximately 1 cm
of water existed on the bottom of the tank, before the dam
breaks, at t = 0 s. In the experiment, asmentioned inGómez-
Gesteira andDalrymple (2004), the velocity in the x-direction
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x

Fig. 2 Schematic of the validation case: dam break in the vicinity of
a tall structure (dimensions in cm). Experiment reported by Gómez-
Gesteira and Dalrymple (2004)
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Fig. 3 Magnitude of the fluid velocity in x-direction (u) at x = 0.754
m, y = 0.31 m, z = 0.026 m as a function of time for dam break
experiment

was measured at 2.6 cm from the bottom of the tank and
14.6 cm upstream of structure center.

For this simulation, the particle size was set to �x =
0.01 m, �y = 0.01 m, �z = 0.01 m which resulted in
298,463 total particles. The simulations were performed on
a localmachine using 16 processors [model Intel(R)Xeon(R)
CPU E5-2630 0 @ 2.30 GHz].

The time history of water velocity in the x-direction at the
measured point is compared with experimental data in Fig. 3.
To calculate the velocity, the same kernel function for simu-
lation is used to interpolate neighboring particles’ velocity at
the specified point. It is shown in Fig. 3 that the SPH results
are in good agreement with the experimental data. A con-
vergence study is performed for four particle sizes and the
results are presented in Fig. 3. It is shown that by increasing
the particle resolution the maximum velocity value is cap-
tured more accurately.

The particle representation of the domain (water particles
and the structure) at t = 0.9 s is shown in Fig. 4. Particles are
coloredwith their velocitymagnitude. At t = 0.9 s, water has
impacted the structure and is getting closer to the end of the
wave tank. The non-uniform distribution of the particles near
the front of the dam could be due to the kernel truncation in
the ISPHmethod which was mentioned by Lind et al. (2012)
and Xu et al. (2009).

The wall clock time (execution time) for 500 time steps
of the simulation with 298,463 particles for 1, 2, 4 and 16
threads is shown in Fig. 5. The wall clock time is compared
for different combinations of threads in this figure (the x and
y-directions are chosen since the initial water depth is 0.3 m
in z-direction). It is shown that by increasing the number
of threads from 1 to 16 the execution time decreases. The
speedup for a parallel code is defined by Quinn (2003) as

Fig. 4 Flow due to the dam break on the tall structure at t = 0.9 s

1*1 2*1 1*2 4*1 2*2 1*4 16*1 4*4 1*16
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W
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l C
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 T

im
e 

(s
)

Fig. 5 Wall clock time for 500 time steps for different thread combi-
nations for 1, 2, 4 and 16 threads

S = Tserial/Tparallel, where the Tserial is the serial execution
time and Tparallel is the parallel execution time. As expected,
the speedup does not scale particularly well for the OpenMP
approach. Possible explanations for this include: the time
spent on the serial part of the code, joining and forking and
the time wasted by the threads waiting for other threads to
perform their jobs due to load imbalance. As shown in Fig. 6,
by increasing the number of particles, decomposing threads
in the y-direction decreases the execution time more than
decomposing them in the x-direction. The reason is that at
500 time steps (t = 0.25 s), water particles accelerate toward
the tall structure but they have not yet reached the structure.
Therefore, there are more particles in the y-direction and
decomposing more threads in that direction reduces the wall
clock time (Fig. 6).
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Fig. 6 Wall clock time for 500 time steps for different number of par-
ticles

4.2 Test case 2: wedge water entry simulation

The 2D wedge water entry problem is chosen for simulation
to test the accuracy of the ISPH method before modeling the
wave impacting an OSWC. The experiment of Zhao et al.
(1996) is simulated in this paper where a symmetric wedge
is dropped on a free surface of a water tank at rest. The
schematic of the wedge and locations of pressure sensors are
shown in Fig. 7. At t = 0 s, the wedge with total mass of
241 kg is dropped with the initial vertical velocity of −6.15
m/s. The total number of particles used for ISPH simulation
is 85,983 in 2D. In Figs. 8 and 9 fluid particles are shown
with by their pressure at t = 0.00435 s and t = 0.0158 s,
respectively. The formation of two jets along the boundaries
of the wedge and the free surface deformation are clear in
both figures.

In Figs. 10 and 11 the pressure along the boundary of
the wedge are shown at t = 0.00435 s and t = 0.0158
s, respectively. In these figures, as mentioned by Liu et al.
(2014), the p0 = 0, V is the vertical velocity of the wedge,
Z is the vertical coordinate of the wedge boundary particles,
Z0 is the initial vertical coordinate of the keel and |Zkeel| is

50

P1
P2

P3
P4

P5

2.5

7.5 12
.5

17
.5

2.5
30o

Fig. 7 Schematic of the wedge (dimensions in cm)

Fig. 8 Particles are shown with their pressure at t = 0.00435 s

Fig. 9 Particles are shown with their pressure at t = 0.0158 s
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V
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keel
|

Exp, Zhao et al.(1997)
WCSPH, Oger et al. (2006)
Current study

p1

p2

Fig. 10 Pressure along the boundary of the wedge at t = 0.00435 s

the total displacement of the keel. In Figs. 10 and 11, results
of the current simulation are compared with the experimental
data of Zhao et al. (1996) and theWCSPH study of Oger et al.
(2006). At t = 0.00435 s both SPH studies underestimate the
pressure. The reason was mentioned by Oger et al. (2006) to
be a compressible effect caused by abrupt change of flow
at the beginning of the simulation. At t = 0.0158 s both
methods slightly overestimate the experimental data up to
sensor P5. This is due to the 3D effects mentioned by Zhao
et al. (1996) and Oger et al. (2006).
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Fig. 11 Pressure along the boundary of the wedge at t = 0.0158 s
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Fig. 12 Schematic of the flap (dimensions in mm)

4.3 Test case 3: wave impacting an oscillating wave
surge converter

4.3.1 Experiment

The1:20 scalemodel ofResoluteMarineEnergysSurgeWEC
is chosen for simulation in this paper. As described in Clabby
andTease (2015), this device is smaller than theAquamarines
Oyster, therefore the device response to the wave impact
behavior might be different than the already studied Oyster.

The experimentswere conducted atOrionEnergyCentre’s
wave tank. The wave tank is 18.2 m long and 6 m wide
(Fig. 13). The waves are generated using eight wavemakers
across the width on the left end of the tank (Fig. 13). The
OWSC model is located at 10.8 m from the wavemakers.
The waves are absorbed at the end of the tank by a sloped
beach (Fig. 13).

The 1:20 scalemodel is a flap of 0.4mwidth, 0.3m height,
and 0.06 m thickness and was hinged 0.05 m above the tank
bottom (Fig. 13). The model is made of 6.3 mm thick steel
plate with an aluminum skeleton and foam body [for more
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Fig. 13 Schematic of the wave tank (dimensions in m)

details about the model see Clabby and Tease (2015)]. Six
Keller series 10 pressure sensors were placed on the front
and rear faces of the flap. Sensors 4–6 were placed on the
front face of the flap and sensors 1–3 placed on the rear face
of the flap. The position of the pressure sensors are shown in
Fig. 12.

A series of experiments were performed to study the
extreme loads on the SurgeWEC 1:20 scale model by Clabby
and Tease (2015). Three water depths were tested under
four extreme sea conditions, ten monochromatic wave and
three irregular waves. In this paper, experimental results for
a monochromatic wave were chosen to validate the SPH
results.

4.3.2 SPH simulations

The 1:20 scale model of the SurgeWEC that was described
in Sect. 4.3.1 is simulated herein using the ISPH approach.
The numerical flap has the same dimensions of the experi-
mental flap: 0.4 mwidth, 0.3 m height, and 0.06 m thickness.
The SPH simulation is performed in a 18.2 m (length)× 4 m
(width) × 1.2 m (height) numerical tank where the flap is
positioned at 10.8 m from the wavemaker. To save compu-
tational cost, we choose the numerical wave tank’s width to
be 2.0 m smaller than the experimental width. The numerical
wavemaker is forced to have sinusoidal motion based on the
theory given by Dalrymple and Dean (1991):

x = S

2
sin

(
2π

T

)
, (25)

where x is the motion of the wavemaker in the x-direction, T
is the wave period and S is the stroke of the wavemaker. The
wave profile used for the simulation has a height of Hw =
0.15 m and a period of T = 1.34 s.

The still water depth is 0.7 m and the numerical wave-
makerwas calibrated to produce awave of height 0.15m.The
particle dimensions are set to �x = �y = �z = 0.02 m,
which leads to 4,222,746 total particles. To avoidwave reflec-
tion, the damping region similar to the relaxation zone
proposed by Lind et al. (2012) is applied to the zone close to
the far downstream wall.
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(a) t = 10.6 s

(b) t = 10.6 s

(c) t = 11.1 s

(d) t = 11.6 s

Fig. 14 Particles in the domain are colored by their pressure at three
time steps a shown in 3D, b–d shown in 2D

(b) t = 12.1 s where θ ≈ 30◦.

(a) t = 11.6 s where θ ≈ −36◦.

Fig. 15 Pressure field on the flap face

The code was parallelized using OpenMP as described in
Sect. 3 and the runs were performed on the HermesWestGrid
cluster. 16 processors were used for the simulation and took
approximately 12 days for 15 s of simulation time. Figure 14
shows the particles in the domain colored by their pressure
at several snapshots. Figure 15a, b show the pressure field on
the face of the flap at t = 11.6 s and t = 12.1 s, respectively.
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(a) Free surface location determined by averaging probe’s neighboring particles z positions.
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(b) Free surface location determined by using fixed interpolation points at the probe location.

Fig. 16 Free surface elevation at (x = 10.8 m and y = 3.5 m) as a
function of time.

At t = 11.6 s the flap is at θ ≈ −36◦ while at t = 12.1 s
the flap is at θ ≈ 30◦. It is shown that when the flap is at
the trough (t = 11.6 s), the pressure has smaller values than
when the flap is close to the wave crest (t = 12.1 s).

The free surface elevation (η) of the SPH simulations is
compared with the experimental data at the wave probe loca-
tion (x = 10.8 m and y = 3.5 m) for the wave profile
described (Hw = 0.15 m, T = 1.34 s). The data for eight
wave probes is available from the experiment in the range
of x = 10.1 m to x = 11.1 m. The wave probe at the flap
position (x = 10.8 m) is chosen to validate the SPH results.
To determine the free surface location, two different meth-
ods are used in this paper. In the first method, the particles
that fall within a specified range (particle size) around the
probe location are chosen and the average of their z positions
is used as the free surface position (Fig. 16a). In the second
method, a line of fixed interpolation points is added to the
probe location and the density is calculated at each point by
using the same kernel used for SPH simulations (Fig. 16b).
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Fig. 17 Angular position of the flap as a function of time

The interpolation points are placed in a 1 cm distance from
each other and the free surface location is determined by
applying the criteria mentioned in Sect. 2.2. The interpo-
lation method is computationally more expensive than the
former averaging method. The comparison between simu-
lation and the experiment shows good agreement after the
startup time (after t = 10 s) as shown in Fig. 16a, b. The dis-
crepancy between the SPH simulations and the experiment
during startup is due to the differences in the real and simu-
lated wavemakers’ motion. The SPH results deviation from
the experimental data between 2 and 6 s, is due to the fact
that particles are settling at the probe location in the wave
tank during this time. The deviation of SPH results from
the experimental data is approximately within a particle size
(�x = 0.02 m). This indicates increasing resolution will
improve the accuracy of the simulation. It is shown that part
of the shallowerwave troughs in Fig. 16a is removed by using
the interpolation points scheme in Fig. 16b. Another reason
for the shallower troughs in the simulation could be the wave
reflection from the side wall. The velocity in the trough is
smaller than the crest hence it can bemore affected. Applying
the damping zone to the side walls will improve results in the
trough.

The pitch angle (θ ) evolution is comparedwith experimen-
tal data in Fig. 17. The positive pitch angle corresponds to
the angle between the initial position of the OWSC and land-
ward (clockwise), and the negative angle represents the angle
between the initial angle of the OWSC and seaward (counter
clockwise). The pitch angle amplitude from the experimen-
tal data is approximately 30◦. The pitch angle in the SPH
simulations follows the free surface elevations in Fig. 16 and
is in an excellent agreement with the experimental data after
startup time.
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(a) P5 as a function of time.
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Fig. 18 Dynamic pressure at the surface of the flap

In Fig. 18a the dynamic pressure at sensor 5 (positioned at
the center of the flap face) is compared with the experimen-
tal data. To calculate the dynamic pressure, the hydrostatic
pressure (mean pressure) is subtracted from the total pres-
sure. The hydrostatic pressure is the dominant pressure for
buoyant OWSCs, but the dynamic pressure is a better met-
ric to evaluate the performance of the method. The deviation
in pressure between the experimental data and SPH simula-
tions is expected during startup as the wave height and flap
rotations are different. Henry et al. (2014b) reported that the
highest pressure occurs in the center of the flap face. It was
mentioned by Henry et al. (2014b) and Wei et al. (2015)
that the wave impact has a stochastic nature accompanied
by spikes in the pressure. It is clear that the current code is
capable of capturing the slamming phenomena. In Fig. 18a,
the dynamic pressure is in a good agreement with the exper-
imental data after startup time.
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Table 1 Wall clock time for 200 time steps

Threads in x, y and z
direction

1 × 1 × 1 3 × 2 × 1 4 × 4 × 1

Wall clock time(s) 21,426 8825 5341

In Fig. 18b the dynamic pressure at sensor 6 is compared
with the experimental data. Sensor 6 is located above the free
surface and it reads zero pressurewhere it is exposed to the air
throughout the simulation. The dynamic pressure at sensor 6
is in a fair agreement with the experiment. The performance
of the SPH simulations in reproducing the dynamic pressure
for both pressure probes is excellent where the free surface
displacements are in good agreement with the experimental
data (Fig. 16).

Table 1 shows the wall clock time for 200 time steps
of the OWSC simulation. The total number of particles are
4,222,746 and the Hermes WestGrid Cluster is used for the
simulation. It is shown that by increasing the number of
threads from 1 to 16 the wall clock time decreases from
21,189 to 5341 s. Although the OpenMP approach is a rela-
tively easier approach to implement in comparison with the
MPI approach, MPI parallelization will be essential for sim-
ulations with larger particle numbers.

5 Conclusions

A new OpenMP parallelization scheme for the SPH method
is proposed. Thismethod has the ability to use variable thread
combinations in different directions. The performance of the
OpenMP SPH code is reported for the impact of a dam break
on a tall square structure. The code was also tested to sim-
ulate the impact of a monochromatic wave on the Resolute
Marine Energys SurgeWEC. Time history of free surface,
pitch angle and two pressure sensors are compared with
experimental data and reasonable agreement is achieved after
startup. However, modifications are required to improve the
numerical simulations. The current SPH code is capable of
simulating a single fluid. The air entrainment effect is an
important phenomena in the interaction between wave and
the structures which is not accounted for in the current work.
Finer particle resolution close to the OWSC is required, to
provide more details about the interaction. It is shown that
using a higher number of threads will reduce the wall clock
time, but the future work must implement the MPI standard
to perform simulations with larger number of particles more
efficiently.
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