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Abstract—This paper aims to investigate the accuracy and
computational efficiency of three CFD-based numerical codes to
accurately simulate extremely large regular and irregular waves
of different steepness in deep and shallow water conditions. The
work assesses the performance of three numerical techniques with
different formulations of the fluid dynamic equations. Firstly, an
open-sourced smoothed particle hydrodynamics (SPH) code;
secondly, a finite difference method (FDM) based 3D numerical
model with the assumption of inviscid and incompressible fluid
flow; and thirdly, a commercial CFD code that uses a finite
volume method (FVM) to solve the Reynolds-averaged Navier-
Stokes (RANS) equations. A suite of metrics and methodologies,
considering three key performance parameters: accuracy,
computational requirements and available features for providing
a consistent framework for the quantitative assessment of
different techniques, has been presented. Numerically simulated
free surface elevations, wave periods, and spectrum (for irregular
waves only) are compared with experimental data previously
acquired at an Offshore Engineering Basin (OEB) facility.
Extensive convergence studies were carried out for each
numerical tool for a selected large wave before predictions were
model for all waves. All three models reproduced waves with an
accuracy comparable to physical wave makers in the wave basin
experiments for the deep-water regular and irregular waves;
however, the SPH model performed better than the other two
models for the shallow water waves. The challenge remains for
wave basins to reduce unwanted basin effects and numerical
facilities to accurately model waves with proper account for
boundary effects and numerical diffusions. In addition, only flat-
bottom domains were considered in the investigation, leaving the
wave modelling for uneven bottom for future studies.

Keywords—Nonlinear Extreme waves, numerical modelling,
Physical experiments, SPH, predictions comparisons.

I. INTRODUCTION

As a conventional practice, the design of any floating or
fixed marine structure located in the coastal or offshore regions
is evaluated by performing scaled model testing in a wave basin
under simulated real-sea conditions to study the fluid-structure
interactions involved and subsequently, to refine the design.

Depending on the complexity of the setup and evaluation
requirements, this process can be costly and time-consuming.
However, due to the increase of computational power and
advancement of nonlinear numerical modelling of ocean waves
in recent years, computational fluid dynamics (CFD)-based
numerical wave tanks (NWTs) are increasingly being used as a
supplementary tool to physical modelling, which is generally
inexpensive, efficient and relatively quick. That is, provided
that the numerical model can reproduce the real-life
environment and the underlying physical processes.

From the viewpoint of water depths and wavelengths
relationship, the ocean waves, in general, are of two major
categories, deep water waves and shallow-water waves. As per
the definition, a deep water wave is not agitated by the sea
bottom effects and is defined as the wave propagating over a
water depth larger than half of its wavelength. This kind of wave
propagates far away without any significant changes in its
waveform until it breaks. A detailed description of the basic
theory might be found in [37] or [38] or other similar literature.

On the other hand, a shallow water wave has a wavelength
more than double the local water depth, and consequently, this
type of wave is highly influenced by the sea bottom depending
on the local water depth to wavelength ratio known as relative
water depth. Thus, the relative water depth index defines the
shallowness of the propagating wave. A cut-off point of relative
water depth is equal to or greater than 0.5 defines the deep-water
wave condition. In contrast, this parameter smaller than 0.5
outlines the shallow water wave, and a lower value of relative
water depth intensifies the shallowness. Under some conditions,
the shallow water wave is also known as a long wave and
inherits considerable non-linearity that forces the wave to
undergo many changes in its original form and characteristics.
A proper balance in non-linearity and the dispersion relation can
help such waves to propagate long distances without much
change in their form. The characteristics of such waves are well
described in much literature. [39], [40], [41], [42], [43] are few
to mention here.

The accuracy of an NWT is driven by the underlying
numerical modelling approach, which is often simplified to
reduce the computational burden. Three primary methods
targets to solve the Laplace equations, Euler equations and
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Navier Stokes equations. Depending on which equations are
solved, the numerical techniques are termed differently: the
potential flow-based boundary element method (BEM), finite
difference method (FDM), the finite volume method (FVM),
the finite element method (FEM), and Smoothed Particle
Hydrodynamics (SPH) method, to name a few. Low fidelity
models, e.g., potential flow-based NWTs, implementing the
Laplace equation, can compute results with minimal
computational cost and are valuable for parametric studies.
However, due to the underlying assumptions of inviscid fluid
and small amplitude wave and body motion, the range over
which these models are valid is often exceeded for offshore and
marine engineering applications. Compared to lower fidelity
numerical tools, high-fidelity numerical models, such as CFD
(FVM, FEM and SPH)-based NWTs have the advantage of
capturing relevant hydrodynamic non-linearities, such as
complex free surface elevation (including wave breaking),
viscous drag and turbulence effects. Although these methods
are more computationally costly than their lower fidelity
counterparts, they can deliver accurate results in high
resolution, which is particularly useful for investigating specific
flow phenomena around coastal and offshore structures. In
particular, CFD-based methods implementing the Reynolds
Averaged Navier—Stokes (RANS) equations are becoming
more common in coastal and offshore engineering due to the
increasing availability and decreasing the cost of high-
performance computing power [35].

The RANS-based models are also known as the phase-
averaged models used to study waves with principally random
phases. For example, see [44] and others and also there is
Reynolds Averaged Navier Stokes (RANS) model see [45]. For
vertically integrated type models, see [46], for example. On the
other hand, the phase-resolving models are extensively adopted
to study the nonlinear shallow-water effects. Moreover, the
phase-resolved modelling of the far-field is essential for
providing a realistic wave boundary condition for near-field
CFD wave modelling. For detail, refer to [47] or others
concerning Boussinesq type models, and for boundary value
problems, see [48].

Some models are exclusively for deep or shallow water
waves, and some are for deep-shallow water waves [4]. All of
the models stated above have different advantages and
disadvantages regardless of whether numerical methods or
schemes are used. Adopting a suitable numerical model
depends on many factors; some are the purpose to be served,
accuracy needed, available computational power and
simulation time. There is enormous literature in this field
containing various information about wave generation,
propagation, and decay for different conditions. But still, a lot
more information is required to be known to update our present
understanding in this field. Researchers are starving for more
efficient tools to study different flow characteristics in the
Ocean.

Previously, different wave models are developed by
different developers and institutes, often with various numerical
implementations, making a direct comparison among the
modelling techniques difficult. A noteworthy initiative is the
REEF3D [36], developed into an open-source hydrodynamic
numerical toolbox that consists of several modules based on the

Navier—Stokes equations, the shallow water equations and the
fully nonlinear potential theory. This appears to be a good tool
that incorporates the majority of the grid-based techniques
discussed above. Windt et al. (2019) [34] applied several
numerical wave makers (NWMs) available in the open-source
CFD software, OpenFOAM. The authors found the NWTs
capable of reproducing waves with an accuracy comparable to
real wave makers in physical wave tank experiments. However,
the authors showed that significant differences are found
between the various NWTs, and no single method performed
best in all aspects of the assessment across the different test
cases.

Among the grid-less methods, the particle method has
advantages in handling nonlinear free-surface flows and
complicated interactions with fixed/floating bodies. One of the
well-developed particle methods is smoothed particle
hydrodynamics (SPH) that was originally developed for
astrophysics, and it was first applied to free-surface flow
problems by Monaghan [24]. Since SPH is a mesh-less and
Lagrangian method, special treatment is not required to track
the free surface, while a lot of numerical difficulties and
problems need to be solved in mesh-based CFDs. Although the
traditional  grid-based numerical methods, in some
circumstances, are better-developed methods than the SPH
method, they have difficulties in handling some complex
phenomena such as nonlinear shallow-water waves. This
motivated researchers to seek alternatives to solve these
problems, and the SPH method has become a good choice.

This paper investigates the accuracy and computational
efficiency of three CFD-based numerical codes, with a
particular focus on an SPH-based code to simulate accurately
moderate to huge regular and irregular real-world waves of
different steepness in both deep water and shallow water
conditions. An SPH-based two-dimensional numerical wave
tank (NWT) is used for numerical simulation and is accelerated
by a graphical processing unit (GPU), assuming future
applications to realistic engineering problems. A commercial
RANS-solver-based wave model and an in-house developed
FDM- and Eulerian-based wave model are also used for the
same waves for the comparative study. In addition, CFD
predictions of irregular waves and subsequently, FFT analysis
is carried out, and the resulting wave spectrum is compared with
the basin measured wave spectrum and the relevant theoretical
spectrum. Through these validation and comparison studies, a
detailed discussion on the accuracy of SPH, RANS and Eulerian
simulation of water waves is made and provides a
recommended set of numerical parameters. The motivation is to
develop and enhance numerical tools to complement physical
wave basins for studying marine, and coastal structures in harsh
environments and, in the way, raise the expectation bar from the
wave basin. Section 2 provides a brief account of the offshore
basin used for measuring the waves under investigation. Section
3 presents the details of the three numerical models and setup
descriptions of the NWTs. Section 4 presents the results of the
convergence studies and detailed comparisons between the
numerical model predictions and corresponding measurements.
A few concluding remarks and recommendations for future
works follow.

Copyright © 2021 by National Research Council Canada



II. PHYSICAL MODELING

The Offshore Engineering Basin (OEB) of the National
Research Council Canada’s Ocean Coastal and River
Engineering Research Centre (the NRC-OCRE) was utilized to
conduct an extensive test program to model several regular and
irregular shallow and deep water waves. In this paper, we
present a sub-set of the wave data that are used to compare with
the numerical model predictions. Table 1 presents the test
matrix of the wave characteristics and wave types modelled in
the present research.

TABLE 1. THE SIMULATION MATRIX FOR EVALUATING SHALLOW AND DEEP
WATER AND REGULAR AND IRREGULAR WAVES

Water |Height, | Period| Wave
Depth| H/Hs | T/Tp |length, Steepness | Wave | Wave |Basin
ID|{(h, m)| (m) (s) |L(@m)|(hL)| (H/L) Type | Shape |Scale
1] 303 6.0 8.61 | 148.4 (0.2041| 0.0404 Inter | Regular | 60
Inter-
21303 6.0 |1291|222.6(0.1361] 0.0270 |Shallow|Regular | 60
31303 6.0 |25.82|445.1 [0.0681| 0.0135 |Shallow|Regular | 60
Inter-
41303 6.0 |[11.00] 189.6 [0.1598| 0.0316 |Shallow|Irregular| 60
51126.0| 22.0 |20.10| 560.1 [0.2250{ 0.0393 Inter |Irregular| 45

The NRC-OCRE’s Offshore Engineering Basin (OEB) is
75m long, 32m wide, and can accommodate water depths up to
3.2 m. The typical water depth for offshore testing is 2.8 m.
Waves are generated by 168 independently controlled
segmented wave generators, arranged in an L-configuration,
producing a multi-directional wave with large spreading angles
(-60 degrees to 150 degrees) depending on wave height and
period. Each segmented wave generator is 2 m high and 0.5 m
wide and can be adjusted vertically to suit different water
depths. The segmented generators can operate in five different
articulation modes — flapper, piston, and three combinations of
flapper and piston modes, optimizing wave quality in deep,
shallow, and intermediate water depths, respectively. Passive
wave absorption was accomplished by using expanded metal
sheets with varying porosity and spacing. This absorber type
has excellent absorption characteristics. Fig. 1 shows the OEB
layout.

Wave Makers

Wave Asarbers (Beach)

Fig. 1. The NRC-OCRE’s Offshore Engineering Basin (OEB) Layout.

The NRC-OCRE’s OEB can produce long and short crested
waves with a significant height of up to 0.5 m (model scale).
Wave reflections from the expanded metal beaches are typically
3-5% depending on wavelength. Wind modelling can be
provided via all industry-standard wind spectrums, and current
can be provided with a speed of 0.14 m/s at full depth and higher

speeds in shallow water depths. Random waves can be
generated using the Random Phase and the Random Fourier
Coefficient methods. The facility can generate short-crested
waves using single- and double-summation methods. Wave
direction can be varied from 0° to 90°.

We have presented three regular waves and two irregular
waves for this research program, see Table 1. At least 100
cycles of each regular wave are recorded to ensure accurate
measurements of wave characteristics and basin reflection
measures. In addition, two irregular long-crested wave
conditions based on a JONSWAP spectrum (shallow water
wave) and Torsethaugen spectrum (transitional water wave)
with a peak enhancement (y) of 2.0 and 3.3, respectively, are
also presented. The irregular waves are generated for a 3-hour
full-scale duration. All waves were calibrated without wind and
current.

III. NUMERICAL MODELING

The work assesses the performance of three numerical
models with different formulations of the fluid dynamic
equations. Firstly, an open-sourced SPH code is used, a grid-
less Lagrangian approach capable of achieving good accuracy
in tracking large deformations of a free surface. Secondly, a 3D
numerical model with the assumption of inviscid and
incompressible fluid flow to evaluate wave kinematics is used.
Thirdly, a commercial CFD code is used, a finite volume
method that solves the Reynolds-averaged Navier-Stokes
(RANS) equations with a volume of fluid (VOF) technique for
the free surface tracking, which also accounts for turbulence and
viscosity. A brief description of each numerical model,
including the NWTs and setup conditions, is presented in the
following sub-sections.

A. Smooth Particle Hydrodynamics (SPH) Method

SPH currently represents one of the most popular meshless
Lagrangian particle models (e.g., Violeau and Rogers, 2016)
[1]. Over the course of recent decades, the SPH has been applied
to a broad range of flow processes and fluid-structure
interaction problems like sloshing phenomena [8], water entry
of solid bodies [9], flow impacts [10], environmental problems
[11], free-surface open channels [12] and jets into water bodies
[13]. In the field of offshore and coastal engineering, SPH, for
example, applied to investigate wave propagation [14] and
wave generation and absorption [15] processes, and the
interaction of regular or irregular waves with structures such as
vertical [16], perforated [17] and porous [18] breakwaters,
floating objects [19] and wave energy devices [20] and [21].

DualSPHysics is an open-sourced numerical tool based on
the Smoothed Particle Hydrodynamics (SPH) method. A
complete description of DualSPHysics can be found in [22].
DualSPHysics follow the fundamentals of SPH, which is a
Lagrangian and mesh-less method where the fluid is discretized
into a set of particles that are nodal points where physical
quantities (such as position, velocity, density, pressure) are
computed as an interpolation of the values of the neighbouring
particles. The contribution of these neighbours is weighted
using a kernel function (W) that measures that contribution
starting from the initial particle spacing. This distance between
particles is normalized using the smoothing length (h), which is
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the characteristic length that defines the area of influence of the
kernel. The kernel presents compact support so that the
contribution of particles beyond a cut-off distance (here 2h) is
not considered. The remainder of this section presents a brief
description of SPH basics and the governing equations and
boundary conditions implemented in DualSPHysics.

a) SPH Basics

The mathematical fundamentals of SPH are based on
integral interpolants. SPH is an interpolation method whereby
any function can be expressed using the values of the different
properties (velocity, density, pressure) of a set of particles. The
basic principle of SPH is to approximate any function F (r) by
the discrete integral interpolants using the smoothing kernel
function W (r, h) as follows:

F(rp) = Z F(ry) Z—Z W (ry —1p,h) (1)
b

where p » and my,, are density and mass, respectively, »,-7, is the
distance between particles, and / determines the maximum
distance between interacting particles. The summation is
calculated over all the particles b within the region where the
kernel is defined. The performance of an SPH model depends
heavily on the choice of the smoothing kernel. Kernels are
expressed as a function of the non-dimensional distance
between particles (q), given by g=r/h, wherer is the distance
between any two given particles a and b, and the
parameter / (the smoothing length) controls the size of the area
around particle a in which neighbouring particles are
considered. Within DualSPHysics, the Quintic [Wendlend,
19951 [23] kernel from the Wendland kernel family is often
recommended:

4
Wem=a(1-1) g+  0<q<2

where, g = (7, - 75)/h, oD is equal to 7/4rh? in 2D and 21/16mh?
in 3D. Following the definition of q, the smoothing radius is
2h.

b) Governing Equations

The mass and momentum conservation laws (Navier-Stokes
equations) that govern the dynamics of fluid motion are given
in Lagrangian form by:

—=—-pV-v

b, 3)

D,
where v is the velocity, t is the time, p is the pressure, is the v
is the kinematic viscosity, and g is the gravity. In
DualSPHysics, the SPH formulation of the above two
equations treats the fluid as weakly compressible, and Tait’s
equation of state is used to couple the two equations to
determine fluid pressure based on particle density (Monaghan,
1994) [24]. Following (Monaghan et al., 1999) [25], the
relationship between pressure and density follows the
expression:

1
= —EVp+vV2v+g

=) | »

where p, is the reference density, ¢, =c(py) =
v/ (Op/dp) |D is the speed of sound at reference density 0 = 1000

kg/m3, p is the pressure, and y is an empirical constant that
depends on the fluid (e.g. y = 7 for water). The compressibility
is adjusted so that the speed of sound can be artificially lowered;
this means that the size of time step taken at any one moment
(which is determined according to a Courant condition, based
on the currently calculated speed of sound for all particles) can
be maintained at a reasonable value. Such adjustment, however,
restricts the sound speed to be at least ten times faster than the
maximum fluid velocity, keeping density variations to within
less than 1%, and therefore not introducing major deviations
from an incompressible approach.

Employing the standard SPH interpolation approximation
(Mohaghan, 2012 [26] and Liu and Liu, 2010 [27]) to discretize
the conservations equations and incorporating the laminar
viscous stresses and Sub-Particle Scale (SPS) to represent the
effects of turbulence lead to the SPH forms of the Navier-stokes
equations:

DPa
. Emb(va =) - Vo Wgy
£

+26hc02mb <,0_a_ 1>ra—b ®)
- P

2 2
b Tap T1

"VoWap
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“=—Em Pa  Dbly w
D, P\pz " pZ) e

b
4v1‘ab'VaWab )

+Zm v 6
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E Tg Tp
+ my - + - VaWab + g
D Pa Py

where 7, = Tl Tap = 15 — 1,V = V,— v,  and
V W, =V, W(r, — 1y, h). The second term on the right-hand
side of Equation 4 is the delta-SPH (Molteni and Colagrossi,
2009) [28], which is diffusive and helps to reduce the
numerical noise from the density fluctuations and to stabilize
the pressure field. § is a free parameter that needs to be
attributed to a suitable value. However, § = 0.1 is
recommended in DualSPHysics and works well for most
applications (Crespo et al., 2015) [22]. The second term on the
right-hand side of Equation 5 is the discrete form of the viscous
stress (Lo and Shao, 2009 [29]), whereas the third term is the
sub-particle scale (SPS) term, where 1 is the SPS stress tensor
(Dalrymple and Rogers, 2006) [14]. DualSPHysics also offers
the artificial viscosity scheme proposed by Monaghan (1992)
[30], which is a common method within fluid simulation using
SPH due primarily to its simplicity. However, this scheme is
not used in the current investigation.

¢) Boundary Conditions
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In DualSPHysics, the boundary is described by a set of
particles that are considered as a separate set to the fluid
particles. The software currently provides functionality for solid
impermeable and periodic open boundaries. Methods to allow
boundary particles to be moved according to fixed forcing
functions are also available.

The Dynamic Boundary Condition (DBC) is the default
method provided by DualSPHysics [Crespo et al., 2015] [22] to
solid model boundaries. This method sees boundary particles
that satisfy the same equations as fluid particles; however, their
positions and velocities are not updated. Instead, they remain
either fixed in position or move according to an
imposed/assigned motion function (i.e. moving objects such as
gates, wave-makers or floating objects). Using this boundary
condition, when a fluid particle approaches a boundary particle,
and the distance between them decreases beyond the kernel
range, the density of the boundary particles increases, and
giving rise to an increase in pressure. This results in a repulsive
force being exerted on the fluid particle due to the pressure term
in the momentum equation. This approach is not based on a
rigorous physical derivation and is known to suffer from
accuracy issues.

Nevertheless, this approach is easy to implement,
computationally efficient, and naturally handles general 3-D
shapes without any geometric boundary information. This
method’s stability relies on the length of time step taken being
suitably short to handle the highest present velocity of any fluid
particles currently interacting with boundary particles.
Therefore, it is an important point when considering how the
variable time step is calculated. All the SPH simulations carried
out in this work used this boundary condition to define the
boundaries of the structure and the numerical tank.

Within DualSPHysics, it is possible to define a pre-imposed
movement for a set of boundary particles. Various predefined
movement functions are available, and the ability to assign a
time-dependent input file containing kinematic detail. These
boundary particles behave as a DBC described above; however,
they move independently of the forces currently acting upon
them rather than fixed. This provides the ability to define
complex simulation scenarios (i.e. a wave-making paddle) as
the boundaries influence the fluid particles appropriately as they
move.

d) Wave Modeling and Simulations
Piston-type long-crested wave generation schemes with
second-order correction for long bound waves (sub-harmonics)
available in DualSPHysics generate both monochromatic
(regular) and random waves. The numerical flume resembles a
physical wave facility so that the moving boundaries mimic the
action of a piston-type wavemaker [15].

A passive wave absorption technique available in
DualSPHysics is used for generating a long time series of waves
in relatively short domains with negligible wave reflection.
Passive wave absorbers are usually required to damp the wave
energy and reduce reflection exerted by the model domain’s
boundary. A damping system is defined as a solution for passive
absorption and is used to prevent wave reflection from fixed
boundaries in the numerical flume [15]. The implemented
absorption/damping system consists of gradually reducing the

particles’ velocity at each time step according to their location
but using quadratic decay rather than exponential. This
approach does not require a large region for wave absorption; a
length up to 1 wavelength is generally recommended.

B. Finite Volume Method (FVM)

In this study, a commercial general-purpose CFD software,
Star-CCM+, was used, which offers solutions for various
representations of the Navier-Stokes equations. In the present
research, the FVM based modelling of wave-structure
interaction was carried out using Reynolds-averaged Navier-
Stokes (RANS) equations with a realizable k-¢ two-layer
turbulence model. In addition, the free surface was modelled
using the Volume of Fluid (VOF) method, and a High-
Resolution Interface Capturing (HRIC) scheme was activated.
Detailed formulation and equations of the applied numerical
schemes can be found in the Star-CCM+ user manual.

C. Finite Difference Method (FDM) Model

The finite-difference numerical model (FDM) used here is
formulated by vertical integration of the continuity equation and
equations of motions in the x and y directions. The basic
equations are as follows:

ne+M,+N,=0 @)

M, + (M?/D), + (MN/D), + gDn, + eM

fa
+55s MYM? + N2 = u(My + M,

+(B + 1/3)h2(Mxxt + nyt) + th3(nxxx + T]xyy)

1 1 1
+hh, <§Mxt + gNyt> + ghhyNyt

+Bgh?[hy (20, +1yy) + hyTy ] (®)
N, + (MN/D), + (N*/D), + gDn,, + eN
fa
+ D7 N

+(B + 1/3)h%(Nyy, + Myye) + Bgh®(nyyy + Maxy)

M%+ N2 = u(N,, +N,,)

1 1 1
+hh,, <§ Ny + ngt> + ghthyt

+Bgh?[h, (21, + ) + ety | 9)

where 7 is the free surface at any given time, ¢ the time, u and
v the velocities in the x and y directions, M = f_nh udz the mass

flux in the x-direction, N = f_nh vdz the mass flux in the y-
direction, g the gravitational acceleration, 4 the still water
depth at any location, D = h+7 the instantaneous water depth
at any location in the domain, x the eddy viscosity defines the
momentum exchange due to turbulence, B is an important
factor in the dispersion relation that reduces the computational
errors in the wave celerity, and group velocity and f; is the
energy dissipation coefficient used for the energy damping
expression. A wave absorbing layer is a numerical energy-
dumping zone in the model. An ADI (Alternating Directional
Implicit) method is deployed for the solution of the above
system of equations ([5], [1]).
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IV. MODELLING AND VALIDATION

A. SPH Numerical Wave Tank

In the present SPH-based investigation, the Numerical
Wave Tank (NWT) was modelled by performing wave
generation using piston-type second-order wave generation
techniques [31] and the wave absorption/damping by a passive
absorption technique. The second-order wave was created by
correcting the first-order wave generation at the wavemaker by
compensating both parasitic long waves and displacement long
waves. The method implemented in DualSPHysics is based on
the solution for the wavemaker’s control signal that is described
in [32]. The length of the wave absorption zone was close to
one wavelength. In the NWT, the wave was generated
immediately after the piston. However, the target wave was
generated at approximately 25 m downstream of the
wavemaker. The waves for the validation cases were completed
both in deep and shallow water conditions. The layout of the
numerical wave tank with wave damping zone is presented in

Fig. 2.
<>
Piston type i Air/Void 2D
wave generator Target location
. Water surface !/for wave match &
I Wave
Water wave zone Water'depth absorption /
(Variable) .
damping zone

=~ A

NWT Total length 75 m

.

Fig. 2. Definition sketch of the NWT for modelling of free surface waves.

B. FVM Numerical Wave Tank

The NWT modelled in Star-CCM+ was as long as 9
wavelengths but very narrow for pseudo-2D application with
symmetry conditions on sidewalls. The water depth was varying
to match the test condition. Also, the wave damping zone was
created on the outlet pressure with 2 wavelengths. The wave
damping coefficient was adjusted as following Peric’s
suggestion [33]. A schematic of the FVM model domain is
presented in Fig. 3.

7 Wave lengths

5Wave lengths I Air

Water

depth,

Variable
2 Wave lengths

Fig. 3. Schematic representation of numerical domain for FVM based approach

For incident waves, the 5 order Stokes wave model was
applied to consider the water depth effect properly. Five
prismatic layers were attached to the structure and bottom. A
fine mesh was generated around the free surface area based on
0.3% of wavelength and 3% of wave height, see Fig. 4.

6

Fig. 4. Typical grids for FVM based approach.

C. FDM Numerical Wave Tank
The computational domain was 90m long and 80m wide.

Fig. 5 Computational domain for FDM (not to the scale)

In all three models, several numerical probes were utilized
along the centerline of the domain for data acquisitions.

D. Simulation Cases

Free surface waves, both regular and irregular types and
both shallow and deep water waves were investigated
numerically in the present study. The axis of the models was
parallel to the wave crests. The definition sketch of free surface
waves is shown in Fig. 5. Deep and shallow water waves were
investigated in the present study. Table 2 shows the incident
wave properties used in this work. Here H (= 2a, a is the
amplitude) is the wave height and T is the period for regular
waves, H, is the significant wave height, and 7} is the significant
wave period for irregular waves.

X2
¥

Calm Water Surface

Ay 2

Wave Length, 3.
Water Depth, h(variable)

i

Fig. 5. Definition sketch of the free surface waves.

TABLE 2: SIMULATION CASES FOR THE WAVE VALIDATIONS AND

COMPARISON STUDY.
Water . .
Height, | Period | Wave Wave

1D gel::l l)l H/Hs (m) [T/Ts (s)| Type Shape SPH |FVM | FDM

1| 0.505 0.10 1.11 Inter Regular | X X X
Inter-

2 | 0.505 0.10 1.67 Shallow Regular | X X X

3 | 0.505 0.10 3.33 | Shallow | Regular | X X
Inter-

4| 0.505 0.10 1.42 Shallow Irregular | X X

5 2.8 0.49 3.00 Inter | Irregular | X X

The current weakly compressible SPH computations are
executed up to t=60s from the beginning for the regular waves
and up to t=360s for the irregular waves, and it costs about 66
and 160 hours of CPU time using a personal computer (CPU
2.66 GHz and RAM 128.0 GMB with GPU capability). The
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FVM and FDM calculations were also carried out using the
same PC.

E. SPH Convergence Study

The SPH NWT was used to perform a wave profile
convergence study for the regular wave with ID 2. This case is
chosen for the particle size or inter-particle distance and the
smoothing length refinement study because this is a transitional
wave. Table 3 and Fig. 6 summarized the results of the particle
size convergence study and comparison with the corresponding
OEB measurements in terms of wave height and period. Fig. 6
shows the particle size refinement study in terms of surface
elevation, which was recorded at the wave measurement
location (25 m downstream of the wave piston, approximately
3 times the wavelength. Based on the results, the inter-particle
distance of 0.005 m was deemed sufficient and used for the
remainder of the simulations.

TABLE 3: PARTICLE RESOLUTION CONVERGENCE STUDY FOR THE TARGET
WAVE HEIGHT OF 0.1 M (6 M FULL SCALE) AND PERIOD OF 1.674 SEC (12.91
SEC. FULL SCALE).

Particle Total . % . %
Size | Particles | Terid | pgp | Height | poe
[m] M] [sec.] [~ [m] [~/
0.01 038 1674 | 043 | 0.096 | 3.583

0.00875 | 0.53 1671 | 024 | 0098 | 1.534

0.0075 0.68 1671 | 024 | 0099 | 1.170
0.005 148 1672 | 033 | 0.100 | 0254
0.0375 265 1674 | 043 | 0.101 | 0515

0.06

Elevation [m]

—dp=0.01m —dp=0.00875 m —dp=0.0075 m
-0.06 —dp=0.005 m —dp=0.00375m
30 31 32 Time [s] 33 34 35

Fig. 6. Particle resolution convergence of SPH predicted water surface
elevation for the target wave height of 0.1 m (6 m full scale) and period of
1.674 sec (12.91 sec. full scale).

Table 4 and Fig. 7 summarized the smoothing length
convergence study results and comparison with the target wave
height and period. Particle size of 0.0075m was used for all of
these simulations. Fig. 7 shows the smoothing length
refinement study in terms of surface elevation. Based on the
results, the smoothing length parameter value of 1.75 was
deemed sufficient and used for the remainder of the simulations.

TABLE 4: SMOOTHING LENGTH CONVERGENCE STUDY FOR THE MODEL
VALIDATION FOR THE TARGET WAVE HEIGHT OF 0.1 M (6 M FULL SCALE) AND
PERIOD OF 1.674 SEC (12.91 SEC. FULL SCALE).

Smoothing %
Length Period % Diff. Height Diff.
[l [sec.] [l [m] [
1 1.669 -0.43 0.067 33.2
1.25 1.669 -0.24 0.082 17.9

Smoothing %
Length Period % Diff. Height Diff.
1.5 1.671 -0.24 0.097 3.1
1.75 1.671 -0.33 0.099 1.2
2 1.671 -0.43 0.099 1.03

Elevation [m]

—SL=1.0

—SL=1.25
—5L=1.75

34 35

—SL=1.5
Time [s] 33

30 31 32

Fig. 7. Smoothing length convergence of SPH predicted water surface
elevation for the target wave height of 0.1 m (6 m full scale) and period of
1.674 sec (12.91 sec. full scale).

F. FVM Convergence Study

A brief grid dependency study was carried out for the FVM
model in Star-CCM+ for the ID 2 case. The base mesh size
wave varied between 0.2 mm to 0.05 mm, and 0.1 mm was
judged as sufficient for the simulations. Time step size was set
to 0.5% of the wave period. However, the applied time step and
the grid size may not be sufficient to capture the wave profile
for very shallow water waves, but it is expected to be small
enough to simulate the wave elevation for transitional and deep
water waves.

For any numerical analysis, the performance of the
numerical computation and the accuracy of data can be
improved by many factors like the method itself, boundary
conditions, grid/particle size, time interval, turbulence model,
damping parameters, etc. In this FVM-based analysis, only grid
size and time interval are taken care of for improvement, which
can be modified by the researcher in the numerical computation
analysis. We have not investigated the effect of the turbulence
models, boundary conditions, damping factors, which should be
investigated thoroughly.

V. RESULTS AND DISCUSSIONS

This paper presents a suite of metrics and methodologies,
considering three key performance parameters: accuracy,
computational requirements and available features for
providing a consistent framework for the quantitative
assessment of different techniques. Numerically simulated free
surface elevations, wave periods, and spectrum (applicable to
irregular waves) are compared with experimental data
previously acquired at the Offshore Engineering Basin (OEB)
of the NRC-OCRE. The accuracy of the numerical models in
terms of deviations from target wave parameters and the basin
measurements are presented. A brief discussion on the
computational requirements and available features is presented;
however, a detailed quantitative analysis is not presented. The
results and discussions are presented for the deep water and
shallow water waves separately. Both regular and irregular
waves are discussed for both water depth conditions.
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A. Deep Water Regular Waves

Fig. 8 and Fig. 9 present a comparison of basin
measurements and numerical predictions for wave elevation
and periods for wave IDs 1 and 2, respectively. The predictions
are obtained from the SPH, FDM and FVM -based tools. The
results are presented in the basin (model) scale. Fig. 10, and Fig.
11 present the SPH and FVM predicted surface elevation for the
entire simulation domain with a selected window zoomed in.
Table 5 compares the average wave height and periods of the
two regular waves between the predicted and the target waves.
All three models are found to reproduce waves with an accuracy
comparable to physical wave makers in the wave basin
experiments for the regular deep-water waves; however, the
SPH model provided the most accurate wave in terms of height
and period and in terms of wave profile.

0.06 —QOEB —SPH —FDM —Star-CCM+
0.04
£E o002
c
2 0
= |
g -0.02
w
-0.04
-0.06
35 37 39 41 43 a5
Time [sec.]

Fig. 8. Wave ID 1, Predicted by SPH, FDM and FVM, Compared with OEB
Measurements; Model Scale h=0.505m, H=0.1m, T=1.112 sec.

0.06 —FDM

0.04
0.02 |

0
-0.02
-0.04

-0.06
35 37

—OEB_Measure —SPH —Star-CCM+
I A ™)

Elevation [m]

39, 41 43 45
ime [sec.]

Fig. 9. Wave ID 2, Predicted by SPH, FDM and FVM, Compared with OEB
Measurements; Model Scale h=0.505 m, H=0.1 m, T=1.667 sec.

Fig. 10. The SPH Predicted Wave Elevation; Model Scale h=0.505 m, H=0.1
m, T=1.667 sec.

Fig. 11. The FVM Predicted Wave Elevation; Model Scale h=0.505 m, H=0.1
m, T=1.667 sec.

TABLE 5: COMPARISON OF WAVE HEIGHT AND PERIOD OF THE MEASURED
AND PREDICTED REGULAR WAVES WITH THE TARGET WAVES; MODEL SCALE
H=0.505 M, H=0.1 M, T=1.667 SEC.

Height Period
(m) % Diff | (sec.) % Diff
Wave ID 01, H=0.1 m, T=1.11 sec.
OEB 0.1078 -7.8 1.11 0.1
SPH 0.0973 2.7 1.11 -0.3
FDM 0.0981 1.9 1.13 -1.8

8

Height Period
(m) % Diff | (sec.) % Diff
Star-CCM+ 0.0982 1.8 1.12 -0.8
Wave ID 02, H=0.1 m, T=1.667 sec.
OEB 0.1028 2.8 1.67 0.1
SPH 0.1003 -0.3 1.67 -0.2
FDM 0.0992 0.8 1.67 -0.1
Star-CCM+ 0.1055 -5.5 1.60 3.8

B. Deep Water Irregular Waves

Fig. 12 and Fig. 13 present a comparison of basin
measurements and numerical predictions for wave elevation
time series and wave power spectral density for the transitional
water extreme wave with ID 4, respectively. Table 6 present a
quantitative comparison of the total spectral energy, significant
wave height and modal wave periods of the extreme irregular
wave between the predicted and the target waves. Both SPH and
FDM models reproduced waves with an accuracy comparable
to physical wave makers in the wave basin experiments for the
deep-water regular waves; however, the SPH model provided
the most accurate wave in terms of height and period well as in
terms of wave profile. Note that the basin wave was generated
based on a Torsethaugen spectrum, hence the deviation of the
spectrum profile from the predicted ones.

[—SPH_Predict — FDM_Predict — OEB_Measure|

20

Elevation [m]
=) S

=
=)
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Time (Sec.)
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Fig. 12. The measured and predicted time series of the transitional water
irregular wave.
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Fig. 13. The Comparison of Power Spectrum between the Measured and
Predicted Transitional Water Irregular Extreme Wave.

TABLE 6: COMPARISON OF SPECTRUM ENERGY (MO0), SIGNIFICANT WAVE
HEIGHT (HS) AND MODAL PERIOD (TP) OF THE MEASURED AND PREDICTED
TRANSITIONAL EXTREME IRREGULAR WAVES WITH THE TARGET WAVES.

SPH FDM OEB Ideal
m0 31.62 36.47 27.93 | 30.27
Hs 22.49 24.15 21.14 | 22.00
Tp 20.20 21.78 20.00 | 20.05
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C. Shallow Water Regular Waves

Fig. 14 compares the basin measurements and numerical
predictions for wave elevation and periods for the extremely
shallow water wave with ID 3. The predictions are obtained
from the SPH and FDM models; however, the FVM —based
tools could not produce the desired results, hence not presented.
The results are presented in the basin (model) scale. Fig. 15
presents the SPH predicted surface elevation for the entire
simulation domain with a selected window zoomed in. Table 5
present a quantitative comparison of the average wave height ad
periods of the two regular waves between the predicted and the
target waves. Table 6 presents a quantitative comparison of the
average wave height and shallow water regular wave periods
between the predicted and the target waves. Both SPH and FVM
models reproduce waves accurately comparable to physical
wave makers in the wave basin experiments for both the deep
and shallow water waves; however, the SPH model provided
the most accurate wave in terms of height and period well as in
terms of wave profile. The basin floor distorts the wave trough
for extremely shallow water. This effect was well-captured by
the SPH model.

0.06
'£0.04
§o0.02
0
.02

-0.04

levat

30 32 34 36 38 40
—SPH —OEB —FDM Time [sec.]

Fig. 14. Wave ID 3, Predicted by SPH, and FDM, Compared with OEB
Measurements; Model Scale h=0.505m, H=0.1m, T=3.334 scc.

Fig. 15. The wave profile of wave ID 3, Predicted by SPH; Model Scale
h=0.505 m, H=0.1 m, T=3.333 sec.

TABLE 7: COMPARISON OF WAVE HEIGHT AND PERIOD OF THE MEASURED
AND PREDICTED SHALLOW WATER REGULAR WAVES WITH THE TARGET
WAVES; MODEL SCALE H=0.505 M, H=0.1 M, T=3.334 SEC.

Height % Period %
(m) Diff (sec.) Diff

OEB 0.093 6.6 3.33 0.0
SPH 0.097 3.1 3.35 -04
FDM 0.086 144 3.33 0.0

D. Shallow Water Irregular Waves

Fig. 16, Fig. 17, Fig. 18 compare the basin measurements
and numerical predictions for wave elevation time series and
wave power spectral density for the shallow water extreme
wave with ID 5, respectively. Table 8 present a quantitative
comparison of the total spectral energy, significant wave height
and modal wave periods of the extreme irregular wave between
the predicted and the target waves. Both SPH and FDM models
are found to reasonably reproduce waves with an acceptable
accuracy comparable to physical wave makers in the wave basin
experiments for the shallow regular waves; however, the SPH
model provided the most accurate wave in terms of height and
period as well as in terms of wave profile. Note that the basin

wave was generated based on a JONSWAP spectrum with a
peakedness of y=2.0; the SPH and FDM predicted spectrum
profile is well matched to that of the measurements.
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Fig. 16. The measured and predicted time series of the shallow water irregular
wave.
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Fig. 17. The Comparison of Power Spectrum between the Measured and
Predicted Shallow Water Irregular Wave.
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Fig. 18. Comparisons of the probability of exceedance (PoE) of wave heights
between the Measured and Predicted Shallow Water Irregular Wave.

TABLE 8: COMPARISON OF SPECTRUM ENERGY (MO0), SIGNIFICANT WAVE
HEIGHT (HS) AND MODAL PERIOD (TP) OF THE MEASURED AND PREDICTED
SHALLOW WATER IRREGULAR WAVES WITH THE TARGET WAVES.

SPH FDM OEB Ideal
m0 2.19 2.23 1.83 2.25
Hs 5.92 5.97 5.42 6.00
Tp 10.86 11.52 11.10 | 11.00

Table 9 presents a comparison of the computational time
between the three modelling approaches. Although it was
observed that the SPH model revealed better results than the
other two models for the limited waves considered here, the
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computational time was significantly larger in SPH simulations
compare to the other two models, particularly the FDM model.
Table 10 presents a preliminary comparison of the available
wave modelling features between the three models. The
comparison is subjective and should be considered tentative.

TABLE 9: COMPARISON OF COMPUTATIONAL TIME BETWEEN THE THREE

MODELLING APPROACHES.
1p | Regular/ SPH FDM FVM
Irregular

1 Regular | 28 hrs (60 sec.) | 0.5 hrs (60 sec.) | 12 hrs (15 sec.)
2 | Regular | 28 hrs (60 sec.) | 0.5 hrs (60 sec.) | 12 hrs (15 sec.)
3 | Regular |28 hrs (60 sec.) | 0.5 hrs (60 sec.)

4 | JONSWAP |55 hrs (360 sec.)| 2.5 hrs (360 sec.)

5 P-M 96 hrs (360 sec.)| 2.5 hrs (360 sec.)

TABLE 10: COMPARISON OF AVAILABLE FEATURES BETWEEN THE THREE

MODELLING APPROACHES.
Features SPH FVM FDM
1) Modetseup | G | imercomuming| - Quick
2 Shﬂ(l)zzl‘:ger Excellent Developing Very well
3 lrr;gou(lzlr“vr\:z;ve Excellent Developing Very well
4 Tn;l(:gl;}lei?lcge Developing Excellent Not done yet
5| Breaking waves Excellent Challenging Very well
Regarding the three assessment criteria, significant

differences were found between the three methods, and no
single method performed best in all aspects of the assessment
across the different test cases. The deterministic comparisons
between the basin measurements and numerical predictions
revealed the deficiencies in both facilities. The challenge
remains for wave basins to reduce unwanted basin effects and
numerical facilities to accurately model waves properly account
for boundary effects and numerical diffusions. In addition, only
flat-bottom domains were considered in the investigation,
leaving the wave modelling for uneven bottom for future
studies.

CONCLUSIONS

The prediction performance of three numerical techniques,
namely an open-sourced smoothed particle hydrodynamics
(SPH) code, a finite difference method (FDM) based a 3D
dispersive numerical model with enhanced dispersion
characteristics, and a commercial CFD code (Star CCM+), has
been investigated by comparing their accuracy relative to
corresponding basin measurements and target parameters for
huge regular and irregular waves of different steepness in both
deep water and shallow water conditions.

Numerically simulated free surface elevations, wave
periods, and spectrum (for irregular waves only) are compared
with experimental data. All three models reproduced waves
with an accuracy comparable to physical wave makers in the
wave basin experiments for the deep-water regular and irregular
waves. It was observed that the SPH model revealed better
results than the other two models for the limited shallow-water
waves considered here, although the computational time was
significantly larger in SPH simulations compare to the FDM
model. All simulations carried out by SPH, and FVM methods
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were completed in 2D; the FDM simulations were carried out
in full 3D.

The challenge remains for wave basins to reduce unwanted
basin effects and numerical facilities to accurately model waves
with proper account for boundary effects and numerical
diffusions. In addition, only flat-bottom domains were
considered in the investigation, leaving the wave modelling for
uneven bottom for future studies.

Future studies should include investigating the effect of
various influential factors such as the turbulence models,
boundary conditions, damping coefficients, etc., to obtain more
accurate results from the FVM predictions.

The current study should be extended to predict the waves
for an extended period to ensure minimum numerical diffusions
and loss of energy and minimum wave reflections. The FVM
often fails to predict waves without decays for an extended
period. The effect of bottom friction and shape on the wave
profile and other characteristics should be investigated. The
capabilities of the SPH and FVM models for the spatial
distribution of the wave should also be investigated.
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