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A B S T R A C T

Commercial Computational Fluid Dynamics (CFD) code ANSYS – CFX which solves the Reynolds Averaged
Navier-Stokes Equations (RANSE) is used to simulate waves in a 3D Numerical Wave Tank (NWT). The free
surface is captured using Volume of Fluid (VOF) method. The numerical code to generate waves in NWT is first
validated against experimental data to check the accuracy and robustness of the code. The experimental setup
included a turbine and as such the initial numerical code was validated by comparing the wave height and the
performance of the turbine against the experimental data. The initial numerical results show good agreement
with the experimental data. Later an actual NWT is constructed to generate desired wave climate based on field
measurements at a site in Fiji. The CFD results show very good agreement with field measured wave height of
1.23 m and field measured wave power of 9.81 kW/m. The CFD results were also verified with analytical
solutions. The difference in the results is within 3% highlighting the validity of the CFD code which can further
be extended to investigate other phenomena.

1. Introduction

A wave tank is characterized as a long and narrow enclosure with a
wave-maker at one end (Mikkola, 2007). Waves in the wave tank are
generated through the movement of a paddle (also known as a wave-
maker) that is located at one of the ends of the wave flume (Oliveira
et al., 2009). The most common of these wave-makers are piston, flap
and wedge type. The difference amongst these wave-makers solely lies
in their motion. Wave tanks or wave flumes have been used for decades
to conduct tests and research. These tests have provided many valuable
results that have helped in design of devices, structures and even help
setup codes. The sizes of these wave tanks vary from as small tanks
used for educational purposes to as large scale tanks as used in
advanced facilities for product testing and development. It is apparent
that to acquire wave tanks is an expensive task. It also demands large
enough space to house the wave tank which can also add to the cost. In
addition to this, prototype construction and testing takes a lot of time.
Furthermore, the cost associated with construction of a model at its
infant stage is colossal and there is no guarantee that the design would
work properly in the first instance. To compound to these expenses is
the cost associated with redesign and re-testing.

The need to find an alternative without compromising the integrity

of the results has led to the development of Numerical Wave Tanks
(NWT). NWT in simple is the numerical representation of the physical
wave tank. The development and advancements in computer proces-
sing power have paved the way to the use of Computational Fluid
Dynamics (CFD) codes that are used to accomplish this task. The CFD
code solves the Reynolds Averaged Navier-Stokes Equations (RANSE).
The main governing equations used in the CFD solver are: conservation
of mass (continuity), conservation of momentum (Newton's second law
of motion) and conservation of energy (first law of thermodynamics).
Researchers have proposed many different varieties of NWT based on
specific application. Generally, they can be divided into two groups, one
which is based on Non Linear Shallow Water (NLSW) equations and
the other based on Navier-Stokes (NS) equations. NWT based on N-S
equations are generally controlled by either Volume of Fluid (VOF)
technique or Smooth Particle Hydrodynamics (SPH) technique. Liu
et al. (2008) used commercial CFD code FLUENT to study the
performance of Oscillating Water Column (OWC). The authors em-
ployed VOF technique to capture the free surface. Repalle (2007) also
employed VOF method for NWT application to model wave run up
around a spar cylinder. Papers by Horko (2007) and Lemos (1990) also
highlighted the use of this model. On the other hand, Dalrymple and
Rogers (2006) employed the SPH model in their simulations to study
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plunging type wave breaking. This model was also used by Shao et al.
(2006) to investigate overtopping in coastal structures.

Waves in NWT can be generated either by inlet velocity profile
method or by wave-maker method. In inlet velocity profile method, the
water particle velocity together with the wave elevation at the inlet is
specified. A suitable wave theory is used as input and the wave is
generated by specifying the wave elevation at the inlet of the domain by
volume fraction. On the other hand, the wave-maker method which
resembles a physical wave flume incorporates a moving wall. The
moving wall is normally referred to as a flap hence this method is also
known as flap method. Dynamic mesh technique is used which allows
for controlling the flap displacement and hence the waves generated
(Gomes et al., 2009). It is necessary to know the wave period and the
wave height in order to generate waves. Using these parameters, the
oscillation of the flap is achieved by a transfer function which relates
the displacement of the flap to the wave height. The free surface is
captured using the VOF method. In physical wave tanks there is always
the issue of reflected waves, which, if not dealt properly will affect the
results. Normally wave tanks would be equipped with tunable beaches
or simply have a slope at the back wall. Reflection is also present in
NWT and few methods exist to deal with this. One such method is the
periodic boundary condition where the solution is assumed to be
periodic in space hence the values of variables on one vertical boundary
can be equal to those on the other vertical boundary (Maguire and
Ingram, 2009). Another technique to deal with reflected waves is by
incorporating an artificial damping zone or sometimes referred to as
sponge layer at the back wall of NWT. The technique involves applying
a dissipative term to the equations near the boundary of the truncated
domain. Damping terms are added to the dynamic and kinematic free
surface boundary conditions to give artificial damping effect to free
surface. This technique was employed by Cointe et al. (1990) and
Tanizawa (1996) in their studies. The idea of absorbing beach to deal
with reflected waves was introduced by Larsen and Dancy (1983). The
method involved applying an artificial counteracting pressure over a
given distance in the dynamic free surface condition which created a
negative work against incident waves. Similar method to deal with
reflected waves in NWT were employed by Guerber et al. (2012), Grilli
and Horrillo (1997) and Clement (1996). Orlanski (1976) provided a
new approach by imposing Sommerfeld radiation condition on the
boundary. The proposed condition showed to be free of reflection for
single wave propagation. In addition to the above mentioned techni-
ques, damping of reflected waves from the back wall of NWT can be
controlled by grid size in this region. Coarse grid size in the back wall
region provides damping and this is an easier option as it requires less
simulation time compared to other methods. Park et al. (2004)
employed artificial beach and increased mesh size gradually in the
horizontal direction away from the wave-maker to provide additional
numerical damping. Baudic et al. (2001) numerically simulated fully
nonlinear transient waves in a semi-infinite 2-D NWT. They used a
damping region and radiation condition to prevent wave refection. The
results showed good agreement with previous published works of the
authors.

Use of NWT has gained vast interest over the past few years. In a
paper by Finnegan and Goggins (2012), 2-D NWT was used to simulate
linear deep water waves and linear waves for finite depth. The authors
also compared turbulence model, laminar and k-ε in order to investi-
gate the effect of viscosity. They found no difference in the generated
wave elevation between the two models and hence the turbulence
model is not a factor in the generation of waves using wave-maker.
Furthermore, they studied wave-structure interaction in which a
floating truncated vertical cylinder was used. Li and Lin (2010, 2012)
studied nonlinear wave-body interaction for a stationary floating
structure under regular and irregular waves at various water depths,
wave heights and periods in a 2-D NWT. The same authors (Li and Lin,
2012) in another paper investigated the fully nonlinear wave-body
interaction for a surface piercing body. They employed a 2-D NWT

which was mainly based on the spatially averaged N-S equations. For
modeling of the turbulence of flow, k-ε model was incorporated.
Hydrodynamics and turbulence on wave propagation over coarse
grained sloping beach experimentally and numerically was investigated
by Lai et al. (2010). The numerical results were in good agreement with
the experimental data. The results showed maximum turbulent kine-
matic energy and turbulent dissipation rate occurring around the
surface of the spherical ball layer near the surf zone. They also
highlighted that coarse grained porous slope recorded lower wave
breaking and run-up compared to impermeable slope. The wave
fluctuation on porous bed was small due to the bottom friction and
influence of porosity.

NWT have also been employed in the field of wave energy to design
new Wave Energy Converters (WEC), studying performance of WEC or
optimizing WEC. El Marjani et al. (2006) using commercial CFD code
FLUENT predicted the air flow behaviour inside the chamber of an
OWC wave converter. The authors only considered monochromatic
sinusoidal excitations with varying frequencies and fixed amplitudes.
They looked at flow characteristics, velocity, pressure, flow rate and
power. They used a porous medium to model the turbine and
incorporated a linear law relating the pressure drop to the mass flow
rate in order to take into account the presence of the turbine. Senturk
and Ozdamar (2011) using FLUENT investigated the interaction
between regular waves and the OWC geometry. To conduct 3D analysis
they adopted a piston like pumping flow which used the free surface
elevation data from their previous 2-D simulation. The inner water
level recorded in the OWC during 2-D simulation was in good
agreement to their theoretical model. Liu et al. (2012) using NWT
based on VOF simulated the water column oscillation in the chamber of
OWC and compared their numerical results with experimental results.
They reviewed state of the art in interaction among wave elevation
inside the chamber and air flow rate in the duct which considered the
turbine effect. The study also encompassed investigation into the effect
of incident wave conditions and shape parameters on the performance
of OWC. The pressure drop effects induced by impulse turbines was
successfully modeled using orifice device and implemented numeri-
cally. The method showed great promise for future studies. Turbine –

chamber coupling in an OWC was studied experimentally and numeri-
cally by Lopez et al. (2012). Authors stated that it is important to study
these two together because the damping caused by the air turbine
affects the primary energy conversion. This ultimately affects the air
flow driving the turbine. For numerical work they used 2-D NWT which
solved 2-D RANSE for incompressible fluid and free surface was
captured by VOF method. There was no turbine included however;
the influence of the turbine was achieved by setting a variable slot
which simulated different damping conditions.

Gomes et al. (2012) presented 2-D numerical study on the
geometric optimization of WEC which principally worked on OWC
concept. The height to length ratio of the OWC were varied while
keeping the height to length ratio of the chimney constant. The OWC
chamber area and the total OWC area were fixed as well. The objective
of the study was to optimize the geometry of the device such that it
absorbed maximum power when subjected to a defined wave climate.
The paper highlighted the applicability of constructional design to
optimize the OWC. They highlighted that the model with height to
length ratio of the OWC equal to 0.84 performed the best and when
compared to the worst case the improvement in the efficiency was 10
fold. Grimmler et al. (2012) conducted similar work on 3D OWC WEC.
Winchester et al. (2011) conducted CFD analysis of a novel multi axis
WEC called Pelican. The shape of the Pelican was obtained using
genetic algorithm. The point absorber was designed for regular waves
with period ranging from 5 to 14 s. The paper highlighted effect of
vorticity around WEC. A novel design of high efficiency impulse turbine
for OWC use was proposed by Natanzi et al. (2011). The design showed
75% total static efficiency for the full scale turbine. The authors used a
Varying Radius Turbine (VRT) and their optimized design minimized
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the negative effect of flow separation on the outlet guide vane. For some
cases, the effect was completely removed. Seibt et al. (2014) studied the
performance of submerged plate WEC at varying submergence depths
and reported that the optimal efficiency was 64%, which was obtained
for HP=0.53 m (88% of the depth).

Prasad et al. (2010) using commercial CFD code ANSYS – CFX
generated waves in 3D NWT by employing a piston type wave-maker.
They highlighted the effect of front guide nozzle on the primary energy
conversion and stated that the geometry plays an important role in
energy conversion. Zullah et al. (2010) also employed a 3D NWT based
on ANSYS – CFX in which waves were generated using piston type
wave-maker to investigate the effect of blade configuration on the
performance of Savonius turbine. The results indicated that changing
the blade curvature affects the efficiency. In another paper by Prasad
et al. (2014), a 3D NWT was employed to study flow and performance
characteristics of a direct drive turbine for wave power generation. The
wave period and the turbine speed were varied. The highest turbine
output power of 14 W was recorded at a turbine speed of 30 rpm at a
wave period of 3 s, giving a turbine efficiency of 55%. Sriram et al.
(2006) used a piston type wave-maker to generate nonlinear waves in a
2-D NWT. Liang et al. (2010) employed a piston type wave-maker to
generate irregular wave train numerically. Buchmann et al. (1998)
generated second order Stokes waves in a NWT using a piston-type
wave-maker and used a sponge layer to reduce the wave-reflection in
the NWT downstream. Du and Leung (2011) used FLUENT to generate
linear regular waves using piston type wave-maker and adopted porous
media model for wave absorption. Anbarsooz et al. (2013) simulated
complete physics of fully nonlinear viscous wave in a 2-D NWT. Piston
type and flap type wave-makers were used to generate a wide range of
waves. The code was validated against wave-maker theory.

The literature shows validation of NWT with experiment or with
some mathematical model however in the present work the CFD is not
only validated against experiment but also against field data and with
theoretical models. In the current study, commercial CFD code ANSYS
– CFX is used to model a 3D NWT. The waves in the NWT is generated
using a piston type wave-maker which is located at the inlet of the
domain. The CFD code solves the RANSE and the free surface is
captured using VOF method. The turbulence in the fluid flow will be
captured using k-ε turbulence model. Firstly, the numerical code to
generate waves in NWT is validated against experimental data to check
the accuracy and robustness of the code. The experimental setup
includes a turbine and as such the initial numerical code is validated
by comparing the wave height and the performance of the turbine
against the experimental data. Later an actual NWT is constructed to
generate desired wave climate based on field measurement at a site in
Fiji (Ram et al., 2014) where field measured wave height is 1.23 m and
field measure wave power is 9.81 kW/m. In addition to this, the CFD
code is compared with analytical solution.

2. Methodology

The NWT was modeled using UniGraphics NX 4.0. The total length
of the NWT was 10 times the wave length and the height of the NWT
was 25 m. A region of one wave length was constructed to accommo-
date modeling of the piston type wave-maker as shown in Fig. 1. In
ANSYS software 2-D simulation is not possible and to overcome this
problem a distance of 50 mm was given in the widthwise direction.

For grid generation, ICEM CFD was used. For computational
domain discretization hexahedral grid was used. The user defined
meshing function was used to obtain results of high quality. To
investigate the influence of grid size on numerical results, grid
independence test was conducted. Three different grids with approxi-
mately 250,000, 390,000 and 500,000 nodes were tested. For all the
simulations the wave height was monitored and compared with the
field measured wave height of 1.23 m. The wave heights obtained for
250,000, 390,000 and 500,000 nodes were 1.217 m, 1.227 m and

1.231 m respectively. Grid size of 390,000 nodes was selected for the
simulation as further increase in the grid size did not make much
difference other than increasing the simulation time significantly. To
capture the free surface more accurately, the mesh was refined near the
vicinity of the mean water level as shown in Fig. 2. The mean water
level was 15 m and the influence of the bottom wall on the formation of
waves at the free surface is negligible. Due to this reason, the mesh near
the bottom wall was not refined and y-plus value was not considered.
Lal and Elangovan (2008) also used similar technique in their work.
The mesh size was increased gradually towards the back wall of the
NWT to provide numerical damping effect.

The NWT was modeled using commercial CFD code ANSYS – CFX.
The discretization used in ANSYS-CFX is based on a Finite-Volume
Method (FVM). The equations presented in this section (Eqs. (1)–(14))
are taken from ANSYS Inc. (2011). The basic equation for viscous flow
that is solved by ANSYS – CFX is the mass continuity equation and the
Navier-Stokes equations:

ρ
t

ρU∂
∂

+ ∇•( ) = 0
(1)

ρU
t

ρU U p τ S∂( )
∂

+ ∇•( ⊗ ) = −∇ + ∇• + M (2)

where τ is the stress tensor and related to the strain rate by:

⎛
⎝⎜

⎞
⎠⎟τ μ U U δ U= ∇ + (∇ ) − 2

3
∇•T

(3)

Since waves will be generated in the NWT, effect of buoyancy has to
be taken into account together with the gravity force. Buoyancy force is
the force due to the difference in density. Even though constant density
has been assumed but due to the multiphase flow namely between
water and air in the NWT the difference in densities has to be taken
into account. As given in ANSYS - CFX solver manual (ANSYS Inc.,
2011) an additional source term is added to the momentum equation.

S ρ ρ g= ( − )M buoy ref, (4)

The density difference is evaluated using either the full buoyancy
model or the Boussinesq model. The pressure in the momentum
equation excludes the hydrostatic gradient due to ρref when buoyancy
is activated. This pressure is related to the absolute pressure as follows
(ANSYS Inc., 2011):

p p p ρ g r r= + + →(→ − → )abs ref ref ref (5)

where r→ref is the reference location.
However, for turbulent flows, the instantaneous equations are

averaged leading to additional terms. In principle, the Navier-Stokes
equations describe both laminar and turbulent flows without the need
for additional information. However, turbulent flows at realistic
Reynolds numbers span a large range of turbulent length and time
scales. To predict the effect of turbulence, many turbulence models
have been developed. In general, turbulence models seek to modify the
original unsteady Navier-Stokes equations by the introduction of
averaged and fluctuating quantities to produce the Reynolds
Averaged Navier-Stokes Equation.

The averaging procedure introduces additional unknown terms
containing products of the fluctuating quantities. These terms are
called ‘turbulent’ or ‘Reynolds’ stresses. The Reynolds (turbulent)
stress needs to be modeled by additional equations of known quantities
in order to achieve closure. To achieve closure means to have adequate
amount of equations for all the unknowns including the Reynolds-
Stress tensor. The equations used to close the system define the type of
the turbulence model. The RANS equation (ANSYS Inc., 2011) is
obtained by substituting the averaged quantities into the original
transport equation that is into Eqs. (1) and (2):
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ρ
t

ρU∂
∂

+ ∇•( ) = 0
(6)

ρU
t

ρU U τ ρu u S∂
∂

+ ∇•{ ⊗ } = ∇•{ − ⊗ } + M (7)

As mentioned earlier, turbulence models close the Reynolds-
averaged equations by providing models for the computation of the
Reynolds Stress and Reynolds fluxes. For the present work this was
achieved by using the k-ε model. The standard k-ε model (Launder and
Spalding, 1974) introduces two new variables into the equation system.
One is for the computation of the turbulent kinetic energy, k, m2/s2;
and the other is for the calculation of the turbulence eddy dissipation,
ε, m2/s3. The following equations are then obtained:

ρ
t

ρU∂
∂

+ ∇•( ) = 0
(8)

and the momentum equation becomes:

ρU
t

ρU U μ U p μ U S∂
∂

+ ∇•( ⊗ ) − ∇•( ∇ ) = −∇ ′ + ∇• ( ∇ ) +eff eff
T

M (9)

where SM is the sum of the body forces, μeff is the effective viscosity
accounting for turbulence and p ̇ is the modified pressure. The k-ε
model is based on eddy viscosity concept, so that:

μ μ μ= +eff t (10)

The k-εmodel assumes that the turbulence viscosity, μt, is related to
the turbulence kinetic energy and dissipation via the relation:

μ C k
ε

=t μ
2

(11)

where Cμ is a constant.
The values of k and ε come directly from the differential transport

equations for the turbulence kinetic energy and the turbulence
dissipation rate:

⎡
⎣⎢

⎛
⎝⎜

⎞
⎠⎟

⎤
⎦⎥

ρk
t

ρUk μ
μ
σ

k P ρε∂( )
∂

+ ∇•( ) = ∇• + ∇ + −t

k
k

(12)

⎡
⎣⎢

⎛
⎝⎜

⎞
⎠⎟

⎤
⎦⎥

ρε
t

ρUε μ
μ
σ

ε ε
k

C P C ρε∂( )
∂

+ ∇•( ) = ∇• + ∇ + ( − )t

ε
ε k ε1 2

(13)

where Cε1, Cε2, σk and σε are constants. Pk is the turbulence production
due to viscous and buoyancy forces, which is modeled using:

P μ U U U U μ U ρ P= ∇ •(∇ + ∇ ) − 2
3

∇• (3 ∇ + ) +k t
T

t k kb (14)

The free surface represents the interface between water and air. It is
very difficult to deal with the free surface as its position and shape are
not known except in the beginning of simulation. The position and
shape of free surface have to be obtained as part of the solution. There
are two free surface boundary conditions that need to be specified. The
dynamic boundary condition states that the free surface does not
support any pressure difference across the interface. In addition to this,
the forces acting on the fluid at the interface remain in equilibrium. The
kinematic free surface boundary condition states that a fluid particle on
the interface remains on the interface Maguire (2011) and Falnes
(2002). Eqs. (15)–(25) are taken from Maguire (2011) and Falnes et al.
(2002). The Navier-Stokes equations can be written in the form as
given below:

Dv
Dt ρ

p ν v
ρ

f
→

= 1 ∇ + ∇ → + 1⎯→⎯
tot

2
(15)

where v→ is the velocity of the fluid element, ρ is the density of the fluid,

ν is the kinematic viscosity, ptot is the fluid pressure and f ρg
⎯→⎯

= → is
the external force per unit volume. Simplifications and substitutions as
proposed by Maguire (2011) and Falnes (2002) yields:

ϕ
t

v p
ρ

gz C∂
∂

+
2

+ + =tot
2

(16)

where ϕ is the velocity potential and C is integration constant. For a
static case, = 0ϕ

t
∂
∂ and v = 0, therefore the equation reduces to:

p p ρgz ρC= = − +tot static (17)

At the free surface z=0 and p p=tot atm. The integration constant C
then becomes C = p

ρ
atm and substituting this in Eq. (17) yields:

Fig. 1. Schematic diagram of the NWT.

Fig. 2. Mesh refinement near the free surface.
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p ρgz p= − +static atm (18)

The free surface boundary can be represented as:

z η x y t= ( , , ) (19)

where η is the displacement of the free surface about the horizontal
plane, z=0. Using Bernoulli's equation, Eq. (16) and assuming
p p=tot atm at z=η yields:

⎡
⎣⎢

⎤
⎦⎥

ϕ
t

v gη C
p
ρ

∂
∂

+
2

+ = −
z η

atm2

= (20)

Substituting C = p
ρ

atm into Eq. (20) gives:

⎡
⎣⎢

⎤
⎦⎥

ϕ
t

v gη∂
∂

+
2

+ = 0
z η

2

= (21)

From works of Falnes (2002) the free surface boundary condition
can be represented as:

⎡
⎣⎢

⎤
⎦⎥gη ϕ

t
ϕ ϕ+ ∂

∂
+ 1

2
∇ ∙∇ = 0

z η= (22)

If the higher order terms ϕ ϕ[ ∇ ∙∇ ]1
2 are assumed to be negligible

then Eq. (22) simplifies to:

⎡
⎣⎢

⎤
⎦⎥gη ϕ

t
+ ∂

∂
= 0

z η= (23)

The kinematic free surface boundary condition is given as:

⎡
⎣⎢

⎤
⎦⎥

ϕ
t

g ϕ
z

∂
∂

+ ∂
∂

= 0
z

2

2
=0 (24)

The free surface elevation is given by:

⎡
⎣⎢

⎤
⎦⎥η η x y z t

g
ϕ
z

= ( , , , ) = − 1 ∂
∂ z=0 (25)

The location of the free surface is unknown and becomes part of
solution as explained earlier. At any given time only one condition at
the surface can be used while the other condition is needed to locate the
air – water interface position iteratively. The position of the free
surface can be defined using several methods and these can be broken
down into two major categories, i) interface tracking method, and ii)
interface capturing method. In interface tracking method, the free
surface is defined as a sharp interface and the mesh is shaped according
to the surface boundary which will follow the wave elevation. This
requires repositioning of the mesh at every time step to capture the
shape of the free surface (Maguire, 2011). However, this method can
only be used to study simple wave profiles and in addition to this, it is
not able to model wave breaking. The other method involves no moving
mesh to capture the free surface and can be used to generate complex
wave profiles and also has the capability to model wave breaking. For
the present study, VOF method which is an example of interface
capturing method was used to capture the free surface. In VOF method,
each cell is considered to be full of fluid of varying fractions. This adds
another governing equation, given by (Finnegan and Goggins, 2012):

q
t

u
q
x

u
q
y

∂
∂

+
∂
∂

+
∂
∂

= 0i i i
1 2

(26)

In the Eq. (26) i is the two fluids present (i=1 and 2), qi is the
volume fraction of fluid i with q∑ = 1i i=1

2 . Assuming q1 is the volume
fraction of water then there can be three possible conditions:

⎧
⎨⎪
⎩⎪

q q
cell full of water

q air water interface
cell has no water

= =
1

0 < < 1 −
0

i 1 1

(27)

The simulation was run using a computer which had Intel Core i7
processer and an 8 GB RAM. Additional graphics card of 8 GB was also
installed. The schematic of the computational domain is shown in

Fig. 3. A transient (unsteady) simulation was performed based on
RANSE with k-ε turbulence model. The time discertization of the
equations was achieved with the implicit second order Backward Euler
scheme (Lais et al., 2009). The wave period from the field data was
12.39 s and in order to produce waves accurately following initial
numerical over predictions a simulation time of 200 s was selected. The
time step was set as 0.05 s and the coefficient loop was selected as 7.
Coefficient loop simply means how many times a single time step is
solved. Based on these parameters and the computational capabilities,
the simulation took 5 days to solve. The residual values were set to
10−5. The left hand boundary incorporates the dynamic mesh region. In
this region the piston type wave-maker is modeled using the moving
wall technique. The piston type wave-maker moved sinusoidally with
specified displacement. The relation between the stroke of the piston
and the wave height is given below (Gomes et al., 2009):

H
S

kh
kh kh

= 2[ cosh (2 ) − 1]
sinh 2 + 2 (28)

where H is the wave height, S the stroke of the piston type wave-maker,
k is the wave number and h is the water depth. The present study only
focuses on regular waves.

The side walls and the bottom wall of the dynamic mesh region
were modeled as walls with unspecified mesh motion. The top
boundary of the NWT was open to the atmosphere hence; the boundary
condition was set as opening with relative pressure set to 0 Pa. To
prevent the influence from this boundary on the formation of the
surface waves the distance between the free surface and the upper
boundary has to be sufficient (Clauss et al., 2005). For this reason the
height of the NWT was selected as 25 m. The side walls of the
computational domain were modeled as wall with free slip boundary
condition imposed. Since the width of the model was made very small
in order to save computational time, it was important to use this
condition in order to prevent the formation of boundary layer on the
side walls which otherwise would affect the results. Bottom wall and
the back wall of computational domain were modeled as solid walls
where no-slip boundary condition is applied. The no-slip condition
ensures that the fluid moving over the solid surface does not have a
velocity relative to the surface at the point of contact.

To test the accuracy of numerical method used to generate waves in
NWT the code was validated against experimental data. The experi-
ments were conducted in a 2-D wave channel having a length of 35 m,
width of 1 m and depth of 1 m as shown in Fig. 4. The turbine test
section was located 15 m downstream of the wave-maker. The wave
channel was installed with a piston type wave-maker. By controlling the
displacement and velocity of the wave-maker desired waves of various
heights and periods were obtained. The torque generated by the turbine
was measured using a torque meter. Pulley was attached on the runner
shaft and via a timing belt the torque was transferred to the torque
meter for data logging. The rotational speed (N) of the turbine was
measured using a revolution counter attached to the torque meter.

A capacitance type wave gauge was installed 3.65 m upstream of the
turbine centre. This gauge was used to measure the incoming wave
properties such as wave height (H) and wave period (T). Another wave
gauge was installed in the rear chamber to record the oscillation of the
water level in the chamber which was then used to calculate the volume
flow rate (Q). Two pressure transducers, one each in the front nozzle
and rear nozzle were attached to measure the pressure and later the
reading was analyzed to obtain the head loss across the turbine (ΔH).
The data were handled using a data logger. All the digital signal
measurements were logged simultaneously and data acquisition was
done at 20 ms intervals. Measurement uncertainties for turbine
performance under loaded condition were estimated to be Q = ±
1.39%, ΔH = ± 1.0%, T = ± 1.4%, PT = ± 1.5% and η= ± 2.23% respec-
tively. Here PT and η are turbine power and turbine efficiency
respectively.

Power in the incoming waves was calculated using the intermediate
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water wave equations as given below (Dean and Dalrymple, 2010):

⎛
⎝⎜

⎞
⎠⎟c gλ

π
πh
λ

=
2

tanh 2
p

(29)

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟c c πh

λ
= 1

2
1 + 4 1

sinh( )
g p πh

λ
4

(30)

E ρgH= 1
8

2
(31)

P Ec=Wave g (32)

Fig. 3. Schematic diagram of the computational domain.

Fig. 4. Schematic diagram of the experimental setup.

Fig. 5. Computational domain (a) and numerical test section (b).

Table 1
Comparison of experimental and CFD results.

Variable Unit Experiment CFD

H m 0.200 0.195
T s 2.000 2.000
ΔH m 0.071 0.065
Q m3/s 0.030 0.032
PWave W/m 86.74 82.46

Fig. 6. Schematic of the turbine and runner blade.
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3. Results and discussion

3.1. Part A – validation of ANSYS – CFX code

The entire computational domain for the simulation is shown in
Fig. 5a while Fig. 5b shows the numerical test section. The numerical
test section contains a cross flow turbine. The domain containing the
turbine was modeled as a rotating domain with transient rotor stator
interface selection and the speed of the turbine was varied from 20 rpm
to 35 rpm at intervals of 5 rpm. Torque on the blade was monitored
and used to calculate the turbine power. The wave parameters observed
in the experiment and the values obtained from CFD are shown in
Table 1. The results are presented for wave period of 2 s and water
depth of 0.75 m. The wave power is denoted as PWave. PWave for the
numerical simulation was calculated from the recorded numerical wave
height, wave period and using Eqs. (29)–(32). Two monitoring points
one each in the front nozzle and rear nozzle was specified to measure
the pressure and the reading converted to metres to obtain the head
loss across the turbine (ΔH). Another monitoring point was specified in
the rear chamber to record the pressure fluctuations from which the
height of water oscillation in the chamber was calculated (ΔY). The flow
rate (Q) was then calculated using Eq. (33):

Q ΔY A
T

= 2( ) C
(33)

In Eq. (33), AC is the rear chamber cross sectional area which was
0.175 m2. For the given period T, there are two oscillations in the rear
chamber that is, the water level rises to a maximum and then falls to a
minimum so displacing twice the volume and that is why the multi-
plication of ΔY by 2. The turbine power, PT and turbine efficiency, ηT
were calculated using Eqs. (34) and (35).

P T ω= ×T ave (34)

η P
ρgQ H

=
ΔT
T

(35)

The schematic of the turbine and the runner blade is given in Fig. 6
and Table 2 shows the various parameters. The width of the turbine is
700 mm. Fig. 7 shows the transient comparison between CFD and
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e-
r-
i-

mental wave elevation.
Turbine power and efficiency at different turbine speeds for both

experiment and CFD is plotted in Fig. 8. The peak in turbine power and

Table 2
Turbine and runner parameters.

Parameter Value

Blade entry angle, α 30°
Blade exit angle, β 90°
Outer Diameter, Do 260 mm
Inner Diameter, Di 165 mm
Number of Blades 30
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Fig. 7. Transient wave elevation comparison between experiment and CFD.

Fig. 8. Comparison between experimental data and CFD results.

Table 3
Location of monitoring points from the wave-maker.

Point Distance

P1 2λ
P2 4λ
P3 5λ
P4 8λ
P5 10λ

Fig. 9. Pressure recorded at different monitoring points.
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efficiency at 35 rpm indicates that the interaction between the turbine
and the incoming waves is optimum at this speed. Furthermore, the
turbine offers least resistance to the flow at this speed which leads to
maximum power extraction from the flow. The results obtained
through CFD work are in good agreement with the experimental data.
From CFD analysis, the maximum power is 6.71 W compared to 6.8 W
obtained experimentally. The efficiency at 35 rpm is 44.73% and
45.33% respectively from CFD and experiments. The difference in
result was within 3% highlighting the validity of the CFD code which
can be further extended to generate waves in the actual NWT. Kim et al.

(2015) have used similar CFD methodology to validate the code with
experimental data.

3.2. Part B – simulation in actual NWT

Based on the wave height of 1.23 m and wave period of 12.39 s, the
wave length was 141 m. The entire NWT was 10λ long which
represents a total length of 1410 m. Monitoring points were specified
along the length of the wave tank from the wave-maker and the details
are given in Table 3.

Fig. 10. Wave propagation in the NWT. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)

Fig. 11. Wave elevation at point L as a function of wave-maker displacement.
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The pressure at the five monitoring points is shown in Fig. 9. The
graph is draw from the starting of the simulation to the end. P1 is
located closest to the wave-maker; P3 is the point at the centre of the
wave tank while P5 is the point at the back wall. P1 to P3 recorded
steady pressures however; P5 recorded amplified and erratic pressure
fluctuations. This is because of the reflected waves at the back wall. The
result provides an insight on selecting the appropriate time interval

such that the reflected waves do not affect the results. Measurement
from P3 was used to compare numerical and theoretical wave elevation
and pressure and as such the time interval selected was between 100 s
and 150 s. This time interval shows no influence of reflected waves and
also showed uniform pressure profile.

The formation of wave as it travels from left to right is shown in
Fig. 10. It takes the wave 123.9 s (10 T) to reach the back wall. In
Fig. 10 the red region represents water while blue region represents air.
The air water interface representing the free surface is shown as a
yellow line. To capture the movement of the free surface a reference
point (L) is specified. This point is located 5λ from the wave-maker.
The wave formation is shown for time interval equal to one wave period

Fig. 12. Instantaneous superficial velocities in x-direction (a) and in y-direction (b).

Fig. 13. Instantaneous superficial velocity vector.

Fig. 14. Wave elevation obtained through CFD and LWT.

Fig. 15. Comparison of pressures obtained by CFD with theoretical model.

Table 4
Comparison of field data and CFD results.

Variable Unit Field Measurement CFD

H m 1.23 1.227
T s 12.39 12.39
λ m 141 141
PWave kW/m 9.81 9.45
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(T). For the same location (L) as in Fig. 10, the wave elevation and the
wave-maker displacement from 100 s to 150 s is shown in Fig. 11. The
phase sift is purely due to the time it takes for the waves to propagate
from the wave-maker to point (L).

Fig. 12a shows the superficial velocity contour in x-direction while
Fig. 12b shows the superficial velocity contour in y-direction. The
superficial velocity is a volume-fraction weighted velocity. A cell
containing 100% water will have its superficial velocity equal to the
velocity of water. However the superficial velocity of an element
consisting of 0% water is zero. The superficial velocity is being plotted
because the “air” region actually has a very small amount of water in it,
and if just the water velocity were to be plotted then the air region
would have a very high velocity, which does not make any physical
sense. Since the volume fraction of the water in the air is minimal,
when the superficial water velocity is plotted then the velocity in the air
region is essentially zero (Hartloper, 2010). Water particles in region 1,
as shown in Fig. 12a, are traveling in the direction of wave propagation
while in region 2 they are traveling in the opposite direction. As a result
of this, it is observed that the water particles are pushed upwards as
shown in Fig. 12b in region 3. This can be clearly seen with the help of
velocity vectors in Fig. 13 in region D. Very little movement and
velocity is recorded in region C. It is worth mentioning that high energy
flow is concentrated near the free surface. It is important to note that
the water particles are transported more in the wave propagation
direction than in the vertical direction. This is purely because of higher
velocities recorded in the x-direction than y-direction. This is a
characteristic of intermediate water waves.

The wave elevation obtained from CFD and by Linear Wave Theory
(LWT) (Dean and Dalrymple, 2010) is superimposed in Fig. 14. The
LWT is used to compare the wave elevation in the NWT. This in essence
provides a check for the waves generated using the CFD code. The
variables used to plot the wave elevation using LWT is the actual values
obtained from the CFD domain. In this sense the comparison between
the two holds true. For numerical data the measurement was recorded
from P3. The CFD results are in good agreement with LWT. In addition
to this, pressure at P3 was compared theoretically. The result of this is
shown in Fig. 15 which again shows good agreement. The wave
elevation (LWT) and theoretical pressure (Airy Wave Theory) were
calculated using Eqs. (36) and (37) respectively.

η Acos kx ωt= ( − ) (36)

p ρgη k z h
kh

= cosh ( ( + ))
cosh ( ) (37)

Eventually after verifying the numerical work with theoretical
model, the CFD code was verified against the field data (Ram et al.,
2014). The comparison between field data and results of numerical
work is shown in Table 4. There is a very good agreement between the
two and it can be concluded that the numerical scheme employed can
be further extended to model wave energy converters to study their
performance under varying wave and operating conditions.

4. Conclusions

Commercial CFD code ANSYS-CFX was successfully used to gen-
erate waves in a NWT using a piston type wave-maker. The grid
independence test showed that the 390,000 nodes was appropriate to
capture the air-water interface accurately hence, the deviation from the
field wave height was just 0.003 m. The results of CFD simulation
showed good agreement with the experimental data. From CFD
analysis, the maximum power was 6.71 W compared to 6.8 W obtained
experimentally. The efficiency at 35 rpm is 44.73% and 45.33%
respectively from CFD and experiments. The difference in result was
within 3% highlighting the validity of the CFD code which can be
further extended to simulate real sea waves. The CFD result obtained
for the actual NWT showed good agreement with theoretical models.

The CFD results were also verified with the field measurements at a
location in Fiji. The CFD results for wave height and wave power was
1.227 m and 9.45 kW and the from the field data the wave height and
wave power was 1.23 m and 9.81 kW respectively. The two results
compare very well each other. This indicates that the current numerical
model can be employed to study the performance of wave energy
converters with great accuracy.
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