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ABSTRACT
A 3-Dimensional numerical wave tank based on the fully
nonlinear potential flow theory has been developed in
OpenFOAM, where the Laplace equation of velocity potential is
discretized by Finite Volume Method. The water surface is
tracked by the semi-Eulerian-Lagrangian method, where water
particles on the free surface are allowed to move vertically only.
The incident wave is generated by specifying velocity profiles at
inlet boundary with a ramp function at the beginning of
simulation to prevent initial transient disturbance. Additionally,
an artificial damping zone is located at the end of wave tank to
sufficiently absorb the outgoing waves before reaching
downstream boundary. A five-point smoothing technique is
applied at the free surface to eliminate the saw-tooth instability.
The proposed wave model is validated against theoretical results
and experimental data. The developed solver could be coupled
with multiphase Navier-Stokes solvers in OpenFOAM in the
future to establish an integrated versatile numerical wave tank
for studying efficiently wave structure interaction problems.
Keywords: OpenFOAM, Finite Volume Method, Fully
Nonlinear Potential Flow, Numerical Wave Tank.

INTRODUCTION

Simulation of water waves propagating in shallow water and
deep water zones in a computationally robust and cost-efficient
manner is still a big challenge for both nearshore and offshore
engineering applications. When dealing with fully nonlinear
wave-structure interaction for industrial problems, it usually
requires an efficient and accurate numerical model. Driven by
this demand, various numerical models, based on Navier-Stokes
(N-S) equations, Boussinesq equations, and Fully Nonlinear
Potential Flow Theory (FNPFT), have been proposed to address
the engineering problems of nonlinear wave interaction with
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offshore/coastal structures. Recently, two open-access numerical
wave generation and absorption solvers, i.e., waves2Foam [1]
and IHFOAM [2, 3] based on incompressible two-phase N-S
equations, have been proposed. These solvers have been
extensively used to investigate a wide range of offshore and
coastal engineering problems [4-7]. Due to the application of
Volume of Fluid (VoF) method [8], these solvers can handle
violent wave structure interactions involving wave breaking and
air entrainment, where the potential flow model fails
substantially. Unfortunately, the numerical wave tanks based on
N-S equations are extremely time-consuming especially for very
large scale problems. For non-breaking wave propagation and
transformation, as an alternative, FNPFT model can provide
accurate numerical results much more efficiently, and this is
highly desirable in engineering applications [9-12].

Successful implementation of the FNPFT model can be
found in the literature, where researchers used Finite Difference
Method (FDM) [13, 14], Finite Element Method (FEM) [15, 16],
Finite Volume Method (FVM), Higher Order Boundary Element
Method (HOBEM) [17, 18] to solve the Laplace equation. .
However, the investigation of the FNPFT model in a finite
volume based framework is very limited. To the best knowledge
of the authors, the only attempt dealing with the FNPFT model
in a finite volume framework was reported by Mehmood et al.
[19], where they presented a few preliminary results of 2D linear
wave propagation in an empty wave tank. Whether the developed
finite volume based numerical model can deal with nonlinear
waves or more complex 3-D wave structure interaction
problems, which is a must for real applications, has not been
demonstrated by the authors.

The objective of this study is to develop an efficient 3-D
FNPFT model based numerical wave tank using the finite
volume solution methodology. We use the open source CFD
library OpenFOAM as the framework to implement the 3-D
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FNPFT model. The remainder of the paper is organised as
follows. In Section 1.1, the mathematical formulations and
numerical implementation for 3-D FNPFT are described in
detail, followed by Section 1.2, which presents the numerical
results and corresponding discussions. Lastly, the conclusions
are drawn in Section 1.3.
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FIGURE 1: SKETCH OF NUMERICAL DOMAIN.

1.1 Mathematical formulations

Based upon the assumption of the irrotational flow and
incompressible inviscid fluid, Laplace equation of velocity
potential is considered here. A 3-D Cartesian coordinate system
is used in the model, where the origin is located at the still water
level and the y-axis is pointing vertically upwards in Fig. 1. The
governing equations is described as:

V2 =0 (1)

where ¢ is velocity potential and V is gradient operator. To
solve free surface problems of water wave, both kinematic and
dynamic boundary conditions in the following need to be
specified at the free surface of numerical domain:
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where 7 is free surface elevation, g= 9.81m/s? is gravitational
acceleration, and t is time. Eqn. (2) can be formulated into Eqn.
(4) by considering water particle velocity at the free surface [20].
Due to the mesh only moving vertically with the free surface and
considering a semi-Eulerian-Lagrangian method, Eqn. (3) can be
modified into Eqn. (5) with °2 = 204 U,,- V() and U=
0, 0, Z—’Z). For this modification, readers are referred to [21, 22]

for details.
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where U, is the fluid particle velocity at free surface, n is the
unit normal vector of free surface pointing outwards from the
domain, and n, is the vertical component of the unit normal
vector n. A sketch of numerical domain is presented in Fig. 1.
In order to avoid the reflection wave, a wave damping zone is
located at the end of numerical wave flume. In this zone, two
additional terms should be added to both kinematic and dynamic
boundary conditions, then in the damping zone Eqns. (4) and (5)
become:
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where v(x) = w( BA ) » x> %0 in which X, is the start

0, x < X
point of wave damping zone, [ is the damping coefficient that
equals to damping zone length, A is incoming wave length, and
w is incoming wave frequency. Adding these two damping
terms in both kinematic and dynamic boundary conditions will
efficiently reduce the wave reflection from the end of wave
flume.
When progressive wave is generated, the inlet in Fig. 1 is

expressed as:

¢
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where U, is the analytical velocity component in the x direction
of target wave. When the proposed 3-D FNPFT model is used to
investigate sloshing phenomenon in a tank, the inlet and outlet
are specified as impermeable boundaries as follow, which are
also used at lateral walls and bottom of numerical domain:
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The mesh at the free surface in Fig. 1 deforms based on the
kinematic boundary conditions in Eqns. (4) and (6) and the
remaining mesh inside the domain is updated accordingly, which
will be used to solve Eqn. (1) in the next time step. Then, velocity
field of whole domain will be obtained by solving U = V¢ and
adopted to update free surface elevation 7 and mesh point
deformation at free surface, which are smoothed by five-points
smoothing technique. This loop is the simulation process of this
3-D Fully Nonlinear Potential Flow Theory model in
OpenFOAM.

€

1.2 Results and discussion

In this section, the newly developed FNPFT model in
OpenFOAM will be used to investigate 3-D sloshing, wave
generation, and two wave shoaling cases, respectively. First, the
3-D sloshing case is introduced and compared with analytical
results and numerical results available in the literature. By
introducing wave generation boundary condition (see Eqn. (8)),
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the progressive wave is generated in the 3-D numerical wave
tank, and validated against analytical results. Afterwards, a
representative benchmark shoaling case along a submerged bar
is numerically simulated using proposed FNPFT model with
comparison to experimental data. Lastly, a 3-D numerical wave
propagation in a wave tank, where a semi-circular slope is
located in the middle, is presented to demonstrate the capacity of
present model in simulating 3-D wave propagation and
transformation.

The first validation case to be presented is a classical 3-D
wave sloshing in a container with the effect of gravity. The
container in Fig. 2 has a length 1m and a width 0.2 m, as well as
the initial slope of 0.02 and still water depth 0.2 m. When
simulation starts, the gravity and the wave level difference
between two ends of the container can drive the fluid to move
periodically in this 3-D container.
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FIGURE 2: SKETCH OF A 3-D WAVE SLOSHING
CONTAINER.

Simulated results of wave sloshing using present FNPFT
model are compared with analytical solutions according to linear
wave theory (see [23] for details). In OpenFOAM, two mesh
layouts are used in the cases, including 120x30x20 cells and
60x12x20 cells in x, y, and z direction, respectively, with vertical
mesh refinement near free surface. The comparison between
numerical and analytical results for wave sloshing are presented
in Fig. 3, from which it can been seen that the numerical results
based on FNPFT in OpenFOAM present better agreement with

analytical results. Moreover, the case with refined mesh provides
more accurate results compared to the coarser mesh case and the
numerical results in [24].
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FIGURE 3: COMPARISON OF NUMERICAL AND
ANALYTICAL FREE SURFACE ELEVATION OF WAVE
SLOSHING

To investigate the capacity of present FNPFT model in wave
generation, a 3-D numerical wave tank was established as shown
in Fig. 1 with a wave generation boundary condition at the inlet
(see Eqn. (8)) and a wave damping zone near the outlet (see
Eqns. 6 and 7). A wave with wave amplitude 4 of 0.025m, wave
period of 1.0s and water depth d of 0.28m, was selected and
validated against analytical solutions. A 3-D numerical wave
tank with length of 11 m, width of 1 m, and depth of 0.28 m was
set-up for validation. In this case, the length of wave damping
zone is set twice wave length, hence f in Eqns. 6 and 7 equals
2. The mesh size for this numerical wave tank is 400x30%20 in
X, y, and z direction, respectively, and the mesh is vertically
refined in the vicinity of free surface.

In this case, the wave has been simulated for 30 wave
periods to examine the stability of the proposed FNPFT model
in wave generation. Two snapshots of this 3-D numerical wave
tank are presented in Fig. 4, where the mesh refinement and
vertical mesh deformation in the direction are clearly indicated.
During wave propagation, the mesh moves up and down
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vertically according to kinematic boundary condition in Eqns.
(4) and (6).
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FIGURE 4: SNAPSHOTS OF VELOCITY MAGINITUDE
FIELD AND MESH MOVEMENTS NEAR THE INLET

In Fig. 5, the time histories of numerical progressive wave
at three wave gauges (x = 0.5 m, 5.5 m, and 8 m) is presented
together with analytical results of second-order Stokes wave
theory. The error is defined as the normalization of the difference
between numerical and analytical results by target wave
amplitude. It can be obviously seen at the Wave Gauge 1 (WGI)
in Fig. 5 that the wave generated from inlet boundary has very
good agreement with analytical solution, while slight
discrepancy can also be noted due to minor wave reflection from
the outlet. In the centre of wave tank, where WG2 is located,
similar difference between numerical and analytical results is
also shown due to the effect of wave reflection. This
phenomenon is more significant at WG3 due to its location closer
to the wave damping zone. Therefore, after approximately 16
wave periods, the wave phase becomes slightly different from
analytical solution, while the wave amplitude is still acceptable.
In overall, the good agreement between numerical and analytical
results in Fig. 5 indicates that the present FNPFT model is able
to numerically reproduce progressive waves in the 3-D wave
tank.

In order to further demonstrate the ability of present FNPFT
model in predicting wave transformation, a progressive wave
over a submerged bar is presented, which is the so-called wave
shoaling case. The set-up of 3-D numerical wave tank for wave
shoaling can be found in Fig. 6, where the tank length is 35 m,
tank width is 1 m, and the water depth varies along the wave
tank. Four wave gauges (WGs), which are located at x = 2.0 m,
12.5 m, 14.5 m. and 17.3 m, respectively, are selected in the
wave tank to measure the incident wave and shoaling progress

along the submerged bar. In this case, the progressive wave is
generated from the inlet boundary with wave amplitude of
0.01m, wave period of 2.02 s, and water depth of 0.4 m. The
mesh size for the 3-D numerical domain is 700%30%20 in x, y,
and z direction, respectively. The mesh refined in the proximity
of free surface and in the region with submerged bar in x
direction in order to capture shorter waves after shoaling above
the submerged bar.

Wave elevation at Wave Gauge 1: x =0.5m

<

Wave elevation at Wave Gauge 3: x =5.5m
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FIGURE 5: COMPARISON OF NUMERICAL AND
ANALYTICAL WAVE PROFILES OF A PROGRESSIVE
WAVE AT VARIOUS WAVE GAUGES

In Fig. 7, the time histories of free surface elevation at four
wave gauges are presented and compared with experimental data
from [25]. At WG], the incident wave agrees very well with the
experimental result, while a slight discrepancy can be found at
WG4 (x = 17.3 m). But overall good agreement is clearly seen
from the two remaining wave gauges. Therefore, it can be
concluded that the wave shoaling has been accurately predicted
using this newly developed 3-D FNPFT model in OpenFOAM.

The last numerical simulation shown in Fig. 8 is a wave
shoaling case over a semi-circular slope located in the middle of
the wave tank. The still water depth is defined as follows: (1) the
water depth at left flat bottom is 0.4572 m with 0<x<10.67-G(z),
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where G(z) =,/z(6.096 — z); (2) the water depth at semi-circular
slope is described as 0.4572 + 215 (10.67 — G(z) —x) at

10.67 — G(2z) < x < 18.29 — G(2); (3) the water depth at right
flat bottom is 0.1524 m with 18.29 — G(z) < x < 35.0. In this
case, a wave with 4 = 0.0075 m and 7' = 2 s is generated at the
inlet at the deeper region and propagates to the shallower region
through a semi-circular slope. It is then absorbed by a damping
zone located at the right end of wave tank. During this process,
a focusing region may be produced over the submerged semi-
circular slope.
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FIGURE 6: SKETCH OF NUMERICAL WAVE TANK FOR
THE SHOALING TEST CASE
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FIGURE 7: COMPARISON OF NUMERICAL RESULTS
AND EXPERIMENTAL DATA AT FOUR WAVE GAUGES

FIGURE 8: SKETCH OF A WAVE PROPAGATION OVER
A SUBMERGED SEMI-CIRCULAR SLOPE (NOT IN
SCALE)

A 2-D behaviour wave is generated from the inlet at left side
of wave tank shown in Fig.9 (a), and propagates over the bottom
topography. Due to the existence of a submerged semi-circular

slope, the wave builds up 3-D effects in the focusing zone. Then
it the keeps propagating over the shallower region before being
absorbed by the damping zone. In the focusing zone, the free
surface elevation has been significantly amplified with strongly
3-D effects compared to the wave amplitude generated at the
inlet. It can be demonstrated that the present FNPFT model is
able to properly capture the 3-D effects of wave propagation and
transformation in a wave tank.
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FIGURE 9: THE CONTOUR PLOTS OF FREE SURFACE
ELEVATION AT DIFFERENT TIME
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1.3 Conclusion

This paper presented a study on the development and
validation of a 3-D FNPFT model in OpenFOAM. Based on the
results from the validation test cases, it can be concluded that this
newly developed FNPFT model in OpenFOAM is able to
accurately capture the flow details of non-breaking free surface
problems, including wave sloshing, wave propagation and
transformation, wave shoaling over a submerged object. This
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proposed FNPFT model is currently being integrated with
Navier-Stokes multiphase flow solvers [26, 27] in OpenFOAM
to construct an efficient hybrid numerical wave tank model for
studying wave structure interaction problems. Compared to other
hybrid free surface solvers using different numerical methods,
the current approach is advantageous as both the FNPFT model
and the Navier-Stokes solver are based on the finite volume
method and in the same framework of OpenFOAM, which has
clear implications for better solver compatibility and parallel
efficiency.
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