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Abstract. The study of irregular wave field is complex due to its random hydrodynamic char-
acteristics. Many experimental studies have been performed in the past to study irregular waves.
However, numerical investigations are less time consuming and expensive as compared to the
experimental studies. For a good validation of the numerical model, it is essential to reproduce
the laboratory waves numerically. The reconstruction of the numerical irregular free surface el-
evation is necessary because the paddle signal for the wave-maker in experiments is unknown in
most of the cases. It is quite challenging to reconstruct the time history of free surface elevation
of irregular waves because of the random wave phases and wave periods. In the present work, a
numerical investigation is performed using the open-source computational fluid dynamics (CFD)
model REEF3D to test and validate the reconstruction of free surface profiles for irregular wave
propagation. Two-dimensional irregular waves are generated by super-positioning of the regu-
lar wave components. In the current reconstruction approach, the free surface is reconstructed
by representing the irregular free surface elevation as a summation of its Fourier components.
First, the free surface reconstruction method is tested for irregular waves in a two-dimensional
wave tank with constant water depth. The reconstructed free surface elevations shows a good
match with the theoretical wave profiles. Further, the method is used to reconstruct the wave
transformation over an impermeable fully submerged bar where the complex phenomena such as
shoaling and wave breaking occur. The reconstructed numerical free surface elevations along the
wave tank are compared with the experimental free surface elevations. The complex phenomena
such as shoaling and breaking are represented with reasonable accuracy in the numerical model.

1 INTRODUCTION

Offshore structures like offshore wind turbines are exposed to irregular breaking wave loads.
Offshore engineering applications require a detailed study of the wave hydrodynamics for a safer

1

884



Ankit Aggarwal, Mayilvahanan Alagan Chella, Hans Bihs, Csaba Pákzodi and Øivind Asgeir Arntsen

design. Thus, the study of irregular breaking waves is important for the associated loads. The
complexity involved in the different stages of breaking makes it difficult to study and investigate.
Many experimental investigations have been performed to study the transformations of irregular
waves in shallow and deep water. Vincet et al. [1] investigated the transformation of monochro-
matic and directional irregular waves passing over a submerged elliptical mound in a controlled
laboratory experiment. Beji et al. [2] investigated the irregular wave propagation over a sub-
merged bar. They examined the wave transformation processes such as wave shoaling, breaking,
post-breaking and deshoaling under irregular waves. Ting et al. [3] studied the wave and tur-
bulence characteristics in broad-banded irregular waves over a slope. They also investigated
the probability distributions for the wave height and peak velocities for the irregular breaking
waves.
Computational fluid dynamics (CFD) can be used as an effective tool to investigate the phe-
nomenon like wave breaking in detail. Many researchers in the past used CFD based two phase
flow models for simulating breaking waves [4][5][6][7][8]. The complex dynamics evolve during
the breaking process such as the formation of overturning wave crests, enclosed air-packet and
the splash-up phenomena. Their results revealed important flow structures in breaking waves.
Bredmose et al. [9] investigated breaking wave impacts on monopiles with the focused wave
groups using CFD. They compared the numerical and theoretical free surface in time-domain
by using the linear reconstruction of waves. However, their numerical model under predicts the
irregular wave surface. Also, the phases were not correctly represented by the numerical results.
The goal of the present work is to study and validate the reconstruction method for free surface
with non-breaking and breaking irregular waves. The investigation is performed is for irregular
waves propagating over a submerged bar using REEF3D [10]. The numerical free surface eleva-
tions are compared with experimental measurements for different wave gauge locations over the
bar. The free surface elevation is reconstructed using the Fast Fourier Transformation (FFT)
[11]. The numerical model is able to simulate the wave transformation process including shoaling
during the different stages of breaking.

2 NUMERICAL MODEL

The present numerical model is based on the governing equations of fluid dynamics: continuity
equation and the Reynolds Averaged Navier-Stokes equations (RANS) with the assumption of
an incompressible fluid given as:
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where, u is the velocity averaged over time t, ρ is the fluid density, p is the pressure, ν is the
kinematic viscosity, νt is the eddy viscosity, i and j denote the indices in x and y direction,
respectively and gi is the acceleration due to gravity.

The numerical model uses a fifth-order finite difference Weighted Essentially Non-Oscillatory
(WENO) scheme in multi-space dimensions for the spatial discretization [12]. The third order
TVD Runge Kutta scheme is used for the time discretization [13]. An adaptive time stepping
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Figure 1: Setup of the numerical wave tank (side view)

scheme is used in the numerical model [14]. The present study uses the k − ω model [15]
along with the Reynolds Averaged Navier Stokes (RANS) equation. The level set method is
used to capture the free surface [16] . Detailed information about the numerical model can be
obtained in Bihs et al. [10]. REEF3D has been used in the past for a wide range of marine
applications, such as wave-structure interaction [17], breaking wave forces [18], floating body
dynamics [19] and sediment transport [20]. For the reconstruction of irregular waves, the Fast
Fourier Transformation (FFT) algorithm is used. The wave amplitudes (Ak), angular frequencies
(ωk) and the phase angles (ϵk) are computed for the target irregular wave train at the wave
generation using FFT. A time series of free surface elevations can be written as a summation of
the Fourier components [11]:

η(t) =

N∑
k=1

Cke
ikωt (3)

where, Ck denotes the Fourier coefficients.

The computed wave amplitudes (Ak), angular frequencies (ωk) and the phase angles (ϵk) are
given as an input to the numerical model. The first-order irregular waves are generated by the
super-positioning of the linear regular waves components [21][22].

3 VALIDATION WITH THEORY

3.1 Computational setup

The numerical model is tested and validated by comparing the numerically reconstructed
wave free surface elevation and the theoretical free surface elevation. The numerical simulations
are performed in a two-dimensional (2D) numerical wave tank (NWT) without any structures as
shown in Fig. 1. The NWT which is 25 m long and 1 m high with a water depth of 0.5 m is used
in the simulations. Three wave gauges are placed along the NWT to study the numerical wave
propagation and changes in the wave surface elevation and the numerical results are compared
with the theoretical results.

The numerical tests are conducted for three different grid sizes dx = 0.10 m, 0.05 m and 0.025
m for the grid refinement study. The irregular waves are generated with a significant wave height
Hs = 0.054 m and a peak period Tp = 2.5 s. Fig. 2 presents a comparison of the numerical
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and theroretical irregular wave free surface elevation for three different grid sizes dx= 0.10 m,
0.05 m and 0.025 m at different wave gauge locations. It is observed that for the wave gauge
located next to the wavemaker (W1), phase differences are observed between the numerical and
theoretical results with dx = 0.10 m (Fig. 2(a)). These phase differences are slightly reduced
for the grid size dx = 0.05 m and they are reduced to almost zero for the grid size dx = 0.025
m. The numerical wave crests and troughs are in a good agreement with the theoretical results
for all grid sizes.
The wave propagation over constant water depth is studied with two more wave gauges along
the NWT. The numerical results show some phase differences with the theory for the wave
gauge located at x = 10 m (W2) and 20 m (W3) for dx = 0.10 m and 0.05 m. With the grid
size dx=0.025m, the theoretical waves are accurately captured with the correct phases in the
numerical simulations (Figs. 2 (c) and 2(e)). Figs. 2(b), (d) and (f) present the irregular wave
surface elevation for a longer time series at three different wave gauge locations with the grid
size dx = 0.025 m. It is noticed that the numerical model is able to accurately reproduce the
theoretical irregular wave train (Figs. 2(b)(W1), 2(d)(W2) and (f)(W3). The wave generation,
wave propagation and the numerical wave crests and wave troughs are computed with good
accuracy. Thus, it can be concluded that the numerical model is able to accurately reconstruct
the irregular waves. Fig. 3 presents the simulated free surface changes with velocity magnitude
(m/s) variation during the propagation of the irregular wave train. A scaled up view of the wave
free surface elevation shows the irregularity in the wave train.

4 IRREGULAR BREAKING WAVES OVER A SUBMERGED BAR

4.1 Setup of the numerical wave tank

In this section, the numerical simulations are performed in a 2D NWT to study the wave prop-
agation and transformation of irregular breaking waves over a submerged bar. The numerical
results for the free surface elevation are compared with the experimental results in time-domain.
[2]. The numerical wave tank is 22 m long and 0.8 m high with a water depth of 0.4 m. A
submerged trapezoidal bar with a weather side slope of 1:20 and 2 m horizontal crest followed
by a 1:10 lee side slope is placed at a distance of 6 m from the wave generation. The JONSWAP
spectrum is used for irregular wave generation in the experiments. The numerical setup is shown
in Fig. 4. In the numerical setup, three different wave gauges are placed along the numerical
wave tank (NWT) at x = 6.0 m, 11 m and 13 m. The numerical tests are performed with input
of significant wave height Hs = 0.054 m and peak time period Tp = 2.5 s.

4.2 Results

Fig. 5 presents the comparison of the numerical and experimental wave free surface elevation
over time at different wave gauge locations. Numerical irregular wave train is in a good agreement
with the experimental data measured at the wave gauge located at the toe of weather side slope
(W1) (Fig. 5(a)). When the waves propagate over the bar with decreasing water depth, it
leads to shoaling. The wave crests and wave troughs show a good match with the experimental
results. This complex shoaling process over a submerged bar is well captured in the numerical
model as shown in Fig. 5(b) (W2). When the waves propagate over the flat part of the bar, the
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Figure 2: Comparison of numerical and experimental wave free surface elevation (m) over time
(sec) at a) W1 (shorter time series with different dx) b) W1 (longer time series with dx = 0.025
m) c) W2 (shorter time series with different dx) d) W2 (longer time series with dx = 0.025 m
e) W3 (shorter time series with different dx) f) W3 (longer time series with dx = 0.025 m)
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Figure 3: Simulated free surface changes with velocity magnitude (m/s) variation during the
propagation of the irregular wave train
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Figure 4: Setup of the numerical wave tank (side view)

water depth is significantly reduced. The wave crests become sharp and eventually the waves
break (Fig. 5(c)). The numerical results show a good comparison with the experimental results
for the wave gauge located at x = 13 m (W3) over the flat bed.
Thus, the numerical results of present study show that the numerical model is able to reconstruct
the breaking irregular waves propagating over the submerged bar accurately.

5 CONCLUSIONS

The numerical model REEF3D is used to validate the wave reconstruction method for irreg-
ular waves. The waves are reconstructed using the Fast Fourier Transformation (FFT). First,
a grid refinement study is conducted to study the effects of grid size on numerical results. The
numerical simulations are carried out in a two-dimensional (2D) wave tank without any struc-
tures. The grid refinement study evinces that the results with the grid size (dx = 0.025 m) show
a good agreement with the theory. The wave amplitudes and phases are correctly reproduced
in the numerical model. Next, a complex case of irregular breaking waves over a submerged
bar is investigated. The free surface elevations computed at three different locations along the
bar are compared with the experimental results. A good match between the experimental and
numerical results shows that the correct inlet wave is reproduced in the numerical model. The
numerical wave amplitudes and wave phases during the wave transformation processes such as
shoaling and breaking are represented in the numerical model with reasonable accuracy.
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Figure 5: Comparison of numerical and experimental wave free surface elevation (m) over time
(sec) at a) W1 b) W2 c) W3
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