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The paper presents a benchmark of four freely available solvers for Navier–Stokes equations: Gerris, OpenFOAM,
Thétis and Truchas. These models are selected because they have been reported to deal successfully with ocean-
ographic and coastal engineering applications. The benchmark includes two free surface problems: propagation
of a solitary wave and runup of a solitary wave on a plane beach. The fluids are inviscid, which allows a detailed
study of energy conservation and comparison of the results with a reference solution given by a boundary inte-
gral solver. The Navier–Stokes solvers use the finite volume discretization and free surface capturing techniques
based on the volume-of-fluid (VOF) method. In the first benchmark test, we investigate the influence of numer-
ical dissipation and other spurious effects on the energy balance of thewave. In the second problem, we focus on
the runup heights and compare themwith the reference solution. The beach in the runup problem is represented
with a solid body immersed in the Cartesian mesh. The solid boundaries are describedwith a VOF type approach
or a staircase representation, depending on the features of the solver. In addition to the immersed boundary de-
scription a couple of body fitted meshes are tested for the runup case.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Flow simulations in oceanography and coastal engineering are dom-
inated by depth averagedmodels. Suchmodels offer high efficiency and
simple treatment of the free surface, at the cost of loss of information
concerning vertical distribution of flow properties. Even though they
are well suited for wave propagation, they are often insufficient for
problems involving complex flows on a variety of scales, like evolution
of turbulence, green water loading or sub-aerial landslides. For this rea-
son, primitive models, like Navier–Stokes solvers, are used in a growing
number of applications. Examples of these include numerical prediction
of green water on deck (Nielsen, 2003), modeling of fluid–structure
interactions (Formaggia et al., 2008) or simulations of landslide-
generated waves (Montagna et al., 2011) with deformation of solid
bodies (Abadie et al., 2010). Some authorsmodel the influence of turbu-
lence by the use of the large-eddy-simulation approach, in applications
like runup of waves generated by landslides (Liu et al., 2005), air
entrainment under plunging breaking waves (Lubin et al., 2006) or
propagation and breaking of solitary waves over submerged obstacles
(Lubin, 2004). Likewise, simulations based on the Reynolds averaged
Navier–Stokes equations have been performed for the computation of
spilling breaking waves (Jacobsen et al., 2012) or for the computation
ewski), joris@math.uio.no
of the propagation of a solitary wave, its interaction with a solid body
and the breaking of a solitary wave on a sloping beach (Higuera et al.,
2013a, 2013b). Somewhat more related to the present work is the
work by Lin et al. (1999), where a non-breaking solitary wave runup
has been computed by using a Navier–Stokes solver. However, even
though Navier–Stokes solvers, due to their flexibility, are applied in a
growing number of free surface problems related to oceanography
and coastal engineering, a unified testing to assess their accuracy with
respect to a nontrivial, highly accurate reference solution is not
commonly formulated.

Free surface flows involve two fluids of different physical properties.
Unlessmixing ismodeled, a jump in parameters is expected at the inter-
face separating thefluids. There are severalways tomodel the interfaces
in the Navier–Stokes solvers. Representing the interface with marker
points, as in the interface tracking methods, automatically keeps the
transition between fluids sharp, but brings difficulties with topological
changes. An alternative approach is the interface capturing methods,
where different fluids are marked by a scalar field and the position of
the interface can be found by means of this scalar field. The advected
scalar field may represent the distance from the interface, as in the
level-set method, or the volume fractions, as in the volume-of-fluid
(VOF)method. Advecting the volume fractionswith the transport equa-
tion, requires special treatment for keeping the transition sharp. It may
involve introduction of artificial compressibility terms or use of special
numerical schemes, e.g. the total variation diminishing (TVD) method
(Fletcher, 1991). Alternatively, the volume fractions can be advected
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by a geometrical method, using the defined location of the interface, as
in the VOF-PLIC (Piecewise Linear Interface Calculation) method
(Tryggvason et al., 2011). Geometric advection of the interface has
been proven to be fully mass conserving and very accurate in many ap-
plications, but can introduce small, spurious droplets, being ejected
from the interface (Abadie et al., 2010). The use of the TVD method
has been found more robust in certain applications (Abadie et al.,
2010; Mory et al., 2011), as it smooths out the smaller features of the
interface.

Similar to the interface capturing methods, which enable simula-
tions of several fluids on a single mesh, a VOF type treatment can be
used tomodel a solid body immersed in the fluid (Popinet, 2003). Alter-
natively, the presence of such a body can bemodeled with source terms
in the governing equations, as in the immersed boundarymethod. Such
methods largely reduce the meshing effort in cases involving complex
geometries and give good prospects for simulations of moving bodies,
but usually at the cost of limited accuracy compared to body-fitted
meshes.

This work has been undertaken in search for a robust and accurate
method for advanced flow simulations in the oceanographic and coastal
engineering context. The length and time scales in this context are ex-
tremely large and a detailed resolution of small scale features like drop-
lets, boundary layers or small scale turbulence is not feasible. A solver
should therefore ideally present a way to keep track of the influence
on the large scales by these small scales in a sensible manner. However,
thepresentwork is not on thedevelopmentnor on the testing ofmodels
keeping track of these influences, like large eddy simulations or
Reynolds averaged Navier–Stokes based simulations. The present strat-
egy is to formulate a nontrivial flow case where these small scale fea-
tures are switched off. The flow solver designed for advanced flow
simulations should then in the ideal case recover the reference solution
with a certain level of accuracy. In the following, we shall see that this is,
however, not always the case and that different issues can prevent the
numerical solutions by this kind of solvers to converge smoothly to
the reference solution.

There are several freely available Navier–Stokes solvers, able to per-
formmulti-phase simulations. Among those, four finite volume solvers,
all using the VOF method, were selected for this paper: Gerris,
OpenFOAM, Thétis and Truchas. They were selected because they
were reported successful in a variety of problems on different scales
and validated against experimental data obtained for sample problems
relevant in the coastal engineering context.

Nevertheless, lack of thorough, comparative benchmarkingmakes it
difficult to choose the best tool for a given problem, e.g. wave propaga-
tion with an acceptable level of damping. A unified comparison of such
solvers for well defined non-trivial problems would be helpful.

In this paper, two benchmark problems are defined and evaluated
for the above-mentioned solvers. Both problems are two-dimensional
and simulated on Cartesian grids. The fluids are modeled as inviscid,
which, being a reasonable assumption for some kinds of flows, also en-
ables comparison with the well controlled potential theory in order to
estimate the influence of numerical viscosity and other spurious effects.
In the first problem, a solitary wave is propagated over a certain dis-
tance. In this studywe investigate to what degree the shape and energy
of the wave remains constant, as it should according to the chosen
physical model. A similar benchmark test was already used to validate
Truchas (Wu, 2004) and another Navier–Stokes solver, Aquilon
(Lubin, 2004), with allegedly good results. Our study is, however,
more thorough, comparative and involves convergence tests. In the
second benchmark problem, a solitary wave runs up on a plane beach.
This test is significantly more difficult, because a thin swash tongue is
generated along a solid boundary. This feature is demanding to capture
properly by the methods under investigation. As all the simulations are
performed on Cartesian meshes, immersed solid models are used when
possible. The results of the runup are compared with a reference solu-
tion given by an accurate, fully non-linear boundary integral method
solver. During the simulations, several difficulties and spurious effects
were encountered and documented. To some extent the matter behind
these issues is investigated. However, it is not feasible to study them all
in detail, due to the variety of solvers used in this work.

The paper is organized as follows. Section 2 describes the Navier–
Stokes solvers,with the emphasis on thedifferences between the imple-
mented numerical techniques. Several remarks on initialization and
post-processing are also given. Section 3 presents in detail the bench-
mark tests, which the above solvers are subject to, together with some
information about the boundary integral method used for generation
of the reference solutions. The results of the simulations are presented
and discussed in Section 4, revealing a number of artifacts and giving
an assessment on the usability of the models.

2. Numerics

2.1. Mathematical model

The governing equations for the free surface flow are the incom-
pressible Navier–Stokes equations in the fluid domain Ω:

∇ � u!¼ 0 ð1Þ

∂t u
!þ u!�∇

� �
u!¼ −1

ρ
∇pþ νΔ u!þ g!: ð2Þ

However, we benchmark the Navier–Stokes solvers for cases where
the viscosity is switched off. This way the numerical solution can be
compared to an accurate reference solution for the inviscid flow. There-
fore, we set ν = 0 for the main part of the discussion. The resulting
equations are called the Euler equations. These are used for both, the
water and the air phase, since a one-fluid formulation is used. All simu-
lations were performed for a high density ratio between air and water,
1:1000, with no deliberate smoothing at the interface. By setting ν to
zero, boundary layers and turbulence will not be present in the prob-
lems constituting this benchmark. Therefore, we do not need to consid-
er turbulence modeling nor resolution issues at the boundaries.

Subsequentially, we apply the slip boundary conditions at solid
boundaries.We also neglect the surface tension, therefore the following
boundary conditions hold at the free surface:

pjfs ¼ 0; ð3Þ

w!� n!¼ u!jfs � n!; ð4Þ

where u!jfs is the velocity of the fluid at the boundary,w!is the velocity of
the boundary and n! is the normal at the boundary. The outflow bound-
ary conditions, used for the top of the computational domain, read

∂ u!
∂n ¼ 0; ð5Þ

u!� t
!¼ 0; ð6Þ

where t
!

is a unit vector tangential to the boundary. The outflowbound-
ary condition is used only in simulations in which the gravity vector is
aligned with the mesh. In the rotated domain (see Section 3), the slip
boundary condition is applied at all the boundaries of the domain.

To document the effect of viscosity, a fewsimulations in Section 4.2.5
are performed with ν = 10−6 and no-slip boundary conditions at the
solid boundaries.

Navier–Stokes type models solve Eqs. (1) and (2) directly on a com-
putational grid. Combined with an interface capturing method, the
solvers may describe problems with complex configurations of the
interface.
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If there is initially no rotation present in an inviscid fluid, the velocity
derives from a potential u!¼ ∇ϕ. Then, a boundary integral equation
can be derived reducing the dimension of the problem by one. Methods
of this kind are very accurate and are used in the present discussion to
generate the reference solution for the runup of a solitarywave. Howev-
er, they cannot deal with features like breaking waves and topology
changes of the interface. Boundary integral equation methods are com-
monly used in coastal engineering related problems and more details
can be obtained in Longuet-Higgins and Cokelet (1976), Vinje and
Brevig (1981), Grilli and Svendsen (1989, 1990), Cooker et al. (1990),
Cooker and Peregrine (1992), Grilli et al. (1994, 1997).

2.2. Computational methods

In the finite volumemethod, used by all of the solvers in the current
investigation, the computational domain is subdivided into a number of
cells, over which the governing equations are integrated. Pressure and
material properties are located at cell centroids, while the velocity
may either be stored at cell centroids (Fig. 1b) or on cell faces (staggered
grid approach, see Fig. 1a). The cell-centered approach requires interpo-
lation of the velocity on cell faces at each time-step. Several
discretization schemes for the advection term can be adopted, from
which the upwind scheme is preferred in this paper, due to its rugged
stability. The main solution procedure is based either on the projection
method (Tryggvason et al., 2011) or the Pressure Implicit with Splitting
of Operators (PISO) method (Issa, 1985).

In the VOFmethod (Tryggvason et al., 2011), each fluid involved in a
simulation is marked with the volume fraction γ which it occupies in a
cell. The volume fractions take values from 0 to 1, where we let γ = 1
stand for a cell full of liquid and γ=0 for a cell full of gas. The fluid den-
sity in a cell is directly related to the volume fraction:

ρ ¼ γρl þ 1−γð Þρg ð7Þ

where ρl and ρg stand for the densities of liquid and gas, respectively. To
describe the flow in a whole domain one can use a single velocity field,
as in the one-fluid formulation (Tryggvason et al., 2011), or a separate
velocity field for each of the fluids, as in the two-fluid formulation.
The one-fluid approach is relatively simpler, as it does not require any
additional treatments apart from the ones already described, and is
therefore the only one used by the tested solvers.

The volume fractions are advected by the velocity field. The advec-
tion is governed by the transport equation,which, for an incompressible
flow, reads:

∂γ
∂t þ∇ � u!γ

� �
¼ 0: ð8Þ
(a) Staggered grid configura-
tion, with staircase representa-
tion of the solid.

(b) Cell-centered grid configu-
ration, with VOF treatment of
the solid.

Fig. 1. Sketches of computational cell types used in the NS solvers. Solid fraction is
sketched in yellow and the water fraction in blue. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
Numerical solution of the above advection equation requires special
treatment around the discontinuity in order to keep the interface sharp.
Such a treatmentmay introduce an artificial compressibility term, either
as a direct addition to the governing equation, or resulting from a nu-
merical scheme. This procedure, however, always results in smoothing
of the interface over one or more cells.

Alternatively, the advection of the volume fractions can be per-
formed by a geometric method. In the PLIC method, which is an exam-
ple of such an approach, the interface is defined as a plane in each cell
containing a mixture of fluids. Once the interface is reconstructed, it is
used for the computation of the fluxes on the faces of the computational
cells (Tryggvason et al., 2011).

For OpenFOAM a few simulations on body fitted meshes are per-
formed for the runup case. However, in order to ease the comparison
of solvers in the benchmark tests, the main simulations presented in
this paper were performed on regular, Cartesian meshes. For such
meshes, a solid body must be described as immersed. In a VOF type
approach, the solid is described by its volume fractions and the solid
boundary is approximated with a plane in each crossed cell, see
Fig. 1b. When no higher order description method is available, a
staircase representation is used, see Fig. 1a. In this approach, the cells
intersected by a solid boundary are treated as either full or empty,
depending on the location of the intersection. Such a description corre-
sponds to a physical boundarymadewith blocks of cell size, therefore it
brings additional roughness to the solid surface. A sort of artificial
roughness is expected from the VOF type description as well, as the
reconstruction schemes do not necessarily describe an arbitrary linear
interface in the exact way (Tryggvason et al., 2011), especially when
more then two phase fractions (e.g. two fluids and a solid) are involved
in a single cell.

2.3. Navier–Stokes solvers

2.3.1. Gerris
Gerris is an open-source solver, with the solution procedure based

on the projection method (Popinet, 2003). The solver is using quad/
oc-tree structured grids, which enable the use of an advanced adaptive
mesh refinement technique. This feature is, however, not used in this
work. The flow is described by using the one-fluid formulation with
cell-centered variables. The solver has support for two gravity models:

• Source term approach – gravity is applied in a whole domain as a
source term in the momentum equation.

• Reduced gravity approach – gravity is applied in a bond around the
interface, similar to the surface-tension force.

The second model is more common among Gerris example files, al-
though it was found unstable for stretchedmeshes,which are, however,
not used in the present work. Both models are evaluated in this work.
The time-step is adaptive, with the maximum Courant number equal
to 0.5 for the VOF advection and 1 for the flow. The Gerris solver with
2D libgfs library version 1.3.2 (130112-095727) is used in this paper.
In the oceanographic and coastal engineering context, the Gerris solver
has been used for the air–water flow around a Series 60 cargo ship
(Popinet, 2013) and the simulation of landslide induced waves
(Popinet, 2013; Viroulet and Kimmoun, 2012).

2.3.2. OpenFOAM
OpenFOAM is an open-source solver, using unstructured meshes

with cell-centered values (OpenFOAM Foundation, 2013). The solution
procedure is based on the PISO algorithm and implicit time
discretization. Advection of the volume fractions is based on the solu-
tion of the transport equation. The solver uses the one-fluid formulation
of the velocity field. The information about the relative velocities in the
mixed cells is used to define an additional convective term in the trans-
port equation (Berberović et al., 2009). This term has a compressing
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effect on the interface and enables the use of standard numerical
schemes for the whole domain.

Due to the lack of an official immersed boundary module, the stair-
case representation is adopted for the solid, for comparison to the
other solvers. The excessive mesh is removed from the computation
by using the snappyHexMesh pre-processing tool, available in the pack-
age. The time-step is adaptive,with themaximumCourant number cho-
sen as 0.5 for both the flow and the VOF advection. InterFoam solver
version 2.1.1, from the official OpenFOAM package, is used in this
paper. The simulations of wave generation, propagation and absorption
in Higuera et al. (2013a, 2013b) and Jacobsen et al. (2012) are examples
on application of the OpenFOAM solver for coastal engineering related
flows.

2.3.3. Thétis
The Thétis solver is based on the one-fluid formulation and uses

structured meshes with a staggered placing of variables (Abadie et al.,
2010; Glockner, 2011). It uses the augmented Lagrangian method for
the pressure velocity coupling. In this paper, the VOF-PLICmethod is ex-
clusively used for the advection of the volume fractions, even though
the VOF-TVD and the level-set methods are also implemented in the
solver. A staircase solid boundary description is adopted, but, opposed
to the OpenFOAM solver, the excessive region is not removed from
the computation. The boundary is introduced by a penalizationmethod,
making the immersed solid impermeable for the fluid. A higher order
approach exists but the authors where unsuccessful in using it. The
adaptive time-step is not supported, therefore the average time-step
found in other solvers is prescribed. In this work, the 2.1 version of
Thétis is used. Thétis has been used by Abadie et al. (2010) for the sim-
ulation of landslide-generated waves with deformation of solid bodies.

2.3.4. Truchas
Truchas is an open-source solver, based on the one-fluid formulation

and using unstructured grids with cell-centered variables (Francois
et al., 2006). The solution procedure is based on the projection method
with explicit time discretization. The PLICmethod is used for the advec-
tion of the volume fractions and a VOF type description is adopted for
the solid boundaries. Details of the method, in particular related to the
movement of the contact line, can be found in the manual distributed
with the software (The Telluride Team, 2008). The time-step is adaptive,
with themaximumCourant number chosen as 0.5 for both the flow and
the VOF advection. Truchas version 2.6 is used in this paper. Liu et al.
(2005) used Truchas for the simulation of surface waves generated by
a sliding wedge.

2.4. Initialization and post-processing

Simulations performed for this paper are initialized by using solitary
wave data. The surface velocity and the surface elevation of a fully non-
linear solitary wave of a given amplitude are generated by the method
of Tanaka (Tanaka, 1986). The velocities in the bulk of the fluid are
then found by application of Cauchy's formula (Pedersen et al., 2013).
The kinetic and potential energies of the generated waves of given am-
plitudes are given in Table 1. The initial data for solitary waves can also
be based on analytical solutions (e.g. Grimshaw's/Fenton's third order
solution (Fenton, 1972)), but they diverge from the fully non-linear so-
lution with increasing amplitude to depth ratio, leading to additional
perturbations at the initial phase of the simulations. A comparison of
Table 1
Kinetic and potential energies of the solitary wave, given by the reference solution.

Kinetic energy [J] Potential energy [J]

a/d = 0.1 254.689 245.137
a/d = 0.3 1452.05 1317.17
different analytical and numerical approaches to the generation of soli-
tary waves is given in Lubin and Lemonnier (2004).

The data fields of the solitary waves are prescribed either by using
the solver's internal integration schemes (Gerris, Thétis), orwith the au-
thors' own pre-processing scripts (OpenFOAM, Truchas). The velocity
has been prescribed only to the cells with non-zero water fraction.

In post-processing, the kinetic energy of the water fraction is
computed by using the following sum over all computational cells:

Ek ¼ ρw

XN

i¼1

Viu
2
i

2
f wi; ð9Þ

where ρw is density of water, V is volume, u is velocity and fw is volume
fraction of water. Index i denotes the cell. This approach is slightly mod-
ified for Thétis, in which output (VTK files) is given in points, instead of
cells. The cell values were obtained for Thétis by mapping of point data
onto cell data by means of the Visualization Toolkit (VTK) routines
(Kitware Inc., 2013).

The computation of the potential energy is not directly based on the
volume fractions, as it would lead to wrong results in the case of
OpenFOAM in which the volume fraction field is smoothed out over
several cells around the interface. Instead, the numerical integration of
the interface is performed, using the formula:

Ep ¼ 1
2
ρwg

XM−1

j¼1

η j þ η jþ1

� �2
xjþ1−xj

� �
; ð10Þ

where the interface is given byM points (xj, ηj). The exact location of the
interface is estimated as a contour linemarking a 0.5 level of the volume
fraction field. Extracting a contour is straightforward if the point data is
given at the output (OpenFOAM, Thétis). If only cell data is available
(Gerris, Truchas), interpolation from cell data to point data is performed
first. Both operations are done by using VTK.

Computation of energy, using the contour line approach presented
above, is performed only for the propagation of a solitary wave. The
procedure would require modifications for the runup case.

3. Benchmark tests

This section describes the two benchmark tests performed for this
paper. In both problems, two heights of a solitary wave are studied:
amplitude to depth ratio (a/d) equal to 0.1 and 0.3. The water depth d
is set to 1m. To study the convergence of the results, three subsequently
refined grids are used for each problem.

3.1. Propagation of a solitary wave

In this benchmark test, employed in Lubin and Lemonnier (2004), a
solitary wave propagates over a certain distance. A solitary wave should
ideally maintain a constant level of energy, when disregarding the dissi-
pation by the boundary layers at thebottomand at the interface between
water and air. However,finite volume solvers are expected to suffer from
numerical viscosity, resulting in dissipation and reduction of the wave
energy even for zero physical viscosity. The goal of this investigation is
to estimate the influence of the numerical dissipation, as well as other
spurious effects, e.g. spurious currents. Since the solvers simulate also
the flow in the air phase, transfer of momentum and energy to the air
phasemight add to the numerical dissipation. For these reasons, the evo-
lution of the total mechanical energy of the wave, being the sum of the
kinetic and potential energies, is studied in detail.

Propagation of a solitary wave has been used as a validation for
Truchas by Wu (2004) for a single amplitude of a/d = 0.1 and a single
resolution. Without going much into detail, he reports that the results
match the reference solution ‘very well’. Lubin (2004) performed a
more thorough analysis for the Aquilon solver, a predecessor to Thétis.



Fig. 2. Setup of the solitary wave runup problem. The picture presents results obtained
with the Gerris solver, for the best resolution. The height of the wave is a/d = 0.3.
Snapshots were taken at t = 0, 3.75 and 6 s, respectively.

(a) Horizontal domain

(b) Rotated domain

5P.A. Wroniszewski et al. / Coastal Engineering 91 (2014) 1–17
The present study is similar to Lubin's with the addition, that we com-
pare different solvers with each other and analyze the convergence.
Moreover, we have a closer look at the behavior of the total mechanical
energy of the system.

In our test, solitary waves of two heights are being propagated for
12 s, with the initial position at x= 15m. Sizes of the computational do-
mains and parameters of the grids are collected in Table 2. The final po-
sition of the wave is around 15 m away from the end of the
computational domain.

3.2. Runup of a solitary wave

In this benchmark test, the simulation is initiatedwith the same sol-
itary waves as for the propagation, but this time the waves run up on a
plane beach, see Fig. 2. As thewave reaches themaximumheight, a thin
film of water is generated on the beach. This setup, relatively simple for
a boundary integral solver, brings difficulties to finite volume solvers.

The test is performed mainly in two configurations (Fig. 3). In the
first, the domain is horizontal, and the beach is introduced as an im-
mersed solid. In the other configuration the domain is rotated, so that
one of the mesh boundaries becomes the beach, while a solid is used
for the bottom of the channel. Comparison of these two configurations
gives us a quantitative estimate on the accuracy of solid–fluid interac-
tions, which includes interface advection in the vicinity of a solid. As
was explained in Section 3, the Gerris and Truchas solvers possess
higher order schemes for immersed solids, while OpenFOAM and Thétis
rely on the staircase representation.

Solitary wave runup has also been used by other authors (Biausser
et al., 2003; Lin et al., 1999; Lubin, 2004) in order to investigate mainly
breaking waves. However, in the present discussion, non-breaking
waves are used, since they allow comparison with the reference solu-
tion. Lin et al. (1999) did also computations for the case of a non-
breaking wave on a 30-degree beach and observe good agreement be-
tween their inviscid Navier–Stokes solver and their boundary integral
equation solver. A detailed comparison, not to mention an analysis of
the numerical error for the runup in Lin et al. (1999) is, however, lack-
ing. We shall see that, in addition, the 30-degree case is basically not
enough to thoroughly test the solvers.

In the present work, the reference solution was obtained by means
of a fully non-linear boundary integral solver based on potential theory.
The boundary integral method used in this discussion is similar to the
one in Dold (1992) and Cooker et al. (1990), with the exception that
the high order polynomials are replaced by cubic splines, which allows
us to extend the method to runup calculations. More details on the im-
plementation can be found in Pedersen et al. (2013). This method is
very accurate for the runup, provided that the numerical integrals of
the swash tongue are computed carefully. However, duringwithdrawal,
when the flow depth becomes extremely small and a shoreward facing
bore is forming, the simulations can eventually become inaccurate and
then unstable.

The runup of a solitarywavewas performed for two angles of the in-
clination of the beach: 10 and 30°. The key parameter used for the eval-
uation of the solvers is the runup height, which is the maximum
elevation of the free surface recorded during a simulation. The reference
runup height to depth ratios, computed by means of the boundary
integral solver, for the 10-degree inclination are equal to 0.369 for an
a/d = 0.1 solitary wave and 1.275 for a/d = 0.3. For the inclination of
Table 2
Mesh parameters used for simulations of the solitary wave propagation.

a/d 0.1 0.3

L × H 69 m × 1.5 m 72.6 m × 2.2 m
Resolution 1 1472 × 32 1056 × 32
Resolution 2 2944 × 64 2112 × 64
Resolution 3 5888 × 128 4224 × 128
30° and a/d = 0.3, the reference runup height is 0.869. The accuracy of
the reference data was verified up to the third decimal by grid refine-
ment tests.

The parameters of the grids used for computations are collected in
Table 3. In all cases, the initial position of the solitary wave is 15 m
away from the beach. The times of simulation are set to 8 s for the 10-
degree slope and 6 s for the 30-degree slope. The simulations end
soon after the maximum height was achieved. The Navier–Stokes
solvers used for the benchmark tests are able to simulate thewithdraw-
al of the wave, with possible breaking, but in this study we concentrate
on the area well covered by the reference solution. It needs to be said
that some simulations by some solvers did blow up during simulation
of the withdrawal whereas the runup went fine with the chosen set of
parameters.

The order of convergence is estimated by means of the following
formula:

O ¼ ln ϵN
ϵ2N

ln2
ð11Þ

where ϵN is the runup height error, defined as:

ϵN ¼ hmax−href
href

� 100 ð12Þ

where hmax is the runup height, achieved for a particular mesh, and href
is a reference value. In the 2N case, as compared to theN case, the size of
the mesh is doubled for every dimension.
Fig. 3. Two configurations for the runup problem. The volume occupied by the immersed
solid is not shown, whereas the colors indicate the volume fraction field. (For interpreta-
tion of the references to color in thisfigure legend, the reader is referred to thewebversion
of this article.)



Table 3
Mesh parameters used for simulations of the solitary wave runup.

Horizontal Rotated

a/d 0.1 0.3 0.1 0.3

L × H 34 m × 1.7 m 39 m × 2.6 m 35.1 m × 4.4 m 40.5 m × 4.5 m
Resolution 1 640 × 32 480 × 32 256 × 32 288 × 32
Resolution 2 1280 × 64 960 × 64 512 × 64 576 × 64
Resolution 3 2560 × 128 1920 × 128 1024 × 128 1152 × 128

Table 5
Crest positions and full-width at half maximum of the solitary waves after propagation,
normalized by the reference values for the position and the reference width, respectively.

xfin/xref Δxfin/Δxref
Resolution 1 2 3 1 2 3

(a) [a/d = 0.1, xref = 39.41 m, Δxref = 6.62 m.]
Gerris (source term gravity) 1.016 1.008 1.004 0.990 1.012 1.003
Gerris (reduced gravity) 0.999 0.998 1.000 0.976 0.968 0.990
OpenFOAM 0.999 0.999 0.999 1.011 0.997 1.001
Thétis 1.020 1.013 1.008 0.989 0.951 0.982
Truchas 1.001 0.999 1.000 0.990 0.998 0.999

(b) [a/d = 0.3, xref = 42.75 m, Δxref = 3.95 m.]
Gerris (source term gravity) 1.027 1.012 1.005 0.940 0.978 0.991
Gerris (reduced gravity) 1.000 0.999 0.998 0.988 0.998 1.000
OpenFOAM 0.999 0.999 0.999 0.987 0.998 0.998
Thétis 1.039 1.020 1.006 0.780 0.945 0.975
Truchas 0.999 1.000 1.000 1.004 1.002 1.002
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As mentioned in the beginning of this section, the benchmark test is
performedmainly in two configurations, the horizontal and the rotated
one. In order to give the reader an impression of how the results change
when using a body fitted grid, we added a part, Section 4, on a simula-
tion using OpenFOAM on simple body fitted meshes. A full discussion
of the body fitted case is, however, beyond the scope of the present
work, since it would need to address questions about the type of grid,
e.g. structured, unstructured, about the type of cells, e.g. hexahedral
and tetrahedral, or about the quality of the grid, e.g. optimization with
respect to orthogonality and cell size.

The present benchmark is a highly idealized case, as flows with zero
viscosity are very seldom. Nevertheless, it tells us already a lot about the
functioning or nonfunctioning of the basic parts of the solvers. More ad-
vanced modeling, like turbulence modeling or modeling of the bottom
friction effects will add a layer of difficulties which would need to be
tested independently. Testing of these more advanced features is, how-
ever, not the aim of the present discussion. In order to give the reader an
impression about how these additional model features add to the prob-
lem, we performed a couple of basic simulations using OpenFOAM on
the problem of the viscous runup on a beach of 10-degree inclination,
cf. subsection 5.

4. Results and discussion

4.1. Propagation of a solitary wave

All the solvers were able to propagate a solitary wave over a given
distance in the form of a single crest. From Table 4, collecting the final
heights of the solitary waves recorded at the end of the simulations,
we see that in every case the results seem to converge with refinement
to the nominal height of the wave. Nevertheless, for some solvers the
final heights are lower than the nominal value, while for others they
are higher. The latter behavior requires further study, as the growth of
the solitary waves is alarming.

In addition to thewave heights, we recorded the final position of the
crest and the final full-width at half maximum of the wave, cf. Table 5.
From this table, we observe that for most of the solvers the solitary
Table 4
Final heights of a solitary wave after the propagation, normalized by the nominal value of
the amplitude. Normalized times of computation.

hfin/a tcomp/tref

Resolution 1 2 3 1 2 3

(a) [a/d = 0.1, tref1 = 183 s, tref2 = 1128 s, tref3 = 9261 s.]
Gerris (source term gravity) 0.999 1.044 1.006 1.85 2.86 2.58
Gerris (reduced gravity) 1.051 1.005 1.003 2.29 2.57 2.1
OpenFOAM 0.986 0.987 0.991 1 1 1
Thétis 1.029 1.020 1.007 4.68 4.36 3.12
Truchas 1.020 1.008 1.005 15 17.8 16.1

(b) [a/d = 0.3, tref1 = 153 s, tref2 = 1355 s, tref3 = 11,763 s.]
Gerris (source term gravity) 1.114 1.030 1.006 4.41 2.58 2.04
Gerris (reduced gravity) 0.977 0.982 0.985 3.05 3.35 2.84
OpenFOAM 0.989 0.992 0.995 1 1 1
Thétis 1.144 1.056 0.991 3.63 2.19 1.48
Truchas 1.034 1.017 1.008 13.5 12.3 20.9
waves travel with the correct speed. However, for those solvers
displaying an increased amplitude (Gerris with source term gravity
and Thétis), we observe also a higher simulated speed of the solitary
wave. For the full-width at half maximum, we observe for the same
solvers that the wave shortens during propagation. These facts call for
further discussion.

Fig. 4 collects the plots of the evolution of the total energies of the
waves in the a/d=0.3 case. The energies were normalizedwith the ref-
erence values, given in Table 1, therefore the initial level of energy is ex-
pected to be equal to 1. This requirement is not fully satisfied in the case
of Thétis (Fig. 4d), due to the mapping of point values onto cell values
during post-processing, described in subsection 4. The situation im-
proves with refinement, and the overall performance for all the solvers
lets us believe that the initialization and post-processing were done in a
proper way. The simulations for a/d = 0.1 reflected similar behavior.

The evolution of the energy of the system reveals several different
patterns. Simulations performedwith Gerris with the source term grav-
ity model, and with Truchas (Fig. 4a and e) result in the evident growth
of energy. In OpenFOAM a kind of balance is observed, with the energy
staying at a constant level after initial perturbations (Fig. 4c). In Thétis
the behavior is unpredictablewith regards to refinement, as the dissipa-
tion rate is definitely smallest for resolution 2 (Fig. 4d). Gerris, with the
reduced gravity model in use, produced results with a linearly decreas-
ing level of energy (Fig. 4b) and with the numerical dissipation rate de-
creasing with refinement.

One of the reasons for the dissipation of energy may be the numeri-
cal bulk viscosity of the discretization scheme of the convective terms.
This source of dissipation is supposed to be present in all of the tested
solvers, even if a net growth of energy is observed. Extensive numerical
dissipation is undesired, as it can limit the usability of the solver, but is
safer than the uncontrolled growth of the energy. For this reason, the re-
sults given by the Gerris solverwith the reduced gravitymodel (Fig. 4b),
are considered themost stable and reliable, even though the final ener-
gies are the lowest observed among the solvers.

The estimation of the numerical dissipation rate level needs to be
takenwith care, since for all the solvers different discretization schemes
for the convective terms can be chosen. For the above results only the
upwind scheme has been tested.

To better understand the issues behind the growth of energy, we
studied the velocity profiles along the vertical cross-section going
through the crests of the solitary waves. The time is chosen as
t = 10 s, so that the initial perturbations due to the initialization, visible
in Fig. 4, have been smoothed out. Fig. 6 comprises the velocity profiles
for the solitary waves with a/d = 0.3. The results obtained with all the
solvers, except for Truchas and Gerris with the reduced gravity model,
share a common feature, which is an increase of velocity in water
fraction close to the interface, see Fig. 6a, c and d.
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Fig. 4. Evolution of kinetic energy in water fraction during propagation of an a/d = 0.3 solitary wave.

Table 6
Maximum deviation of the profiles in Fig. 6 with respect to the reference solution.
The maximum has been sought among the cells completely submerged in the
water phase, i.e. having a volume fraction of 1. The values are for resolution 3.

Solver maxyju−uref j m=s½ �
Gerris (source term gravity) 0.358
Gerris (reduced gravity) 0.023
OpenFOAM 0.115
Thétis 0.396
Truchas 0.005
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The increase of velocity around the interfacemay seem surprising, as
one would rather expect a development of a spurious boundary layer,
smoothing out the jump of velocity at the free surface and acting as an
additional source of numerical dissipation. In our case, the increase of
velocity resembles the Gibbs phenomenon. The oscillation is most evi-
dent in the case of Thétis (Fig. 6d). The reason for such behavior may
lie in the discontinuity of the parameters of the fluids, but the exact
mechanisms are not pursued further.

The presence of spurious currents around an interface was reported
by several authors, especially for cases with static equilibrium in surface
tension driven flows (Francois et al., 2006; Popinet, 2009; Raeini et al.,
2012). Recently, Wemmenhove et al. (Wemmenhove et al., 2012)



Fig. 5. Velocity field in the case of an a/d = 0.1 solitary wave during propagation, with a
high velocity cell visible at the front face of the wave. Results obtained with Truchas.
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suggested that similar problems are present in the case of gravity driven
flows with interfaces at equilibrium, not aligned with the mesh. The
source of the problem is believed to lie in the application of gravity in
the mixed cells, and a new averaging of density at faces is suggested
as a possible solution. These findings seem to relate to our problem.
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Fig. 6. The horizontal velocity profiles along a vertical cross-section going through
The increase of velocity is visible in the vicinity of the interface, while
in the bulk of the fluid the velocities follow the reference solution rea-
sonably well (Fig. 6). Comparison of the two gravity models used in
Gerris suggests, that theway the body forces are applied can have a dra-
matic influence on the results. The source term gravity model induces
strong spurious currents around the interface and growth of energy of
the system (cf. Figs. 6a and 4a), while the reduced gravity model is al-
most free of spurious currents and reflects no signs of energy production
(cf. Figs. 6b and 4b). In Table 6, we list the maximum deviation of the
profiles in Fig. 6 with respect to the reference solution for the finest
resolution. The values are taken only for cells entirely submerged in
the water phase. As for most solvers, except Truchas, the overshoot is
much larger than the standard discretization error of the solver, the
values in Table 6 represent therefore a measure of the overshoot of
the profile. Since the characteristic particle velocity is about 1m/s, we
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the crest of a propagating a/d = 0.3 solitary wave, after 10 s of propagation.
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Fig. 7. The horizontal velocity profiles along a vertical cross-section going through the
crest of a propagating a/d = 0.3 solitary wave, after 10 s of propagation using the
OpenFOAM solver for different values of cα.

Table 7
The solitary wave runup heights and times of computation. The immersed solid beach is
inclined by an angle of 10°.

hmax/href tcomp/tref

Resolution 1 2 3 1 2 3

(a) [a/d = 0.1, reference value equals href = 0.369 m, tref1 = 48 s, tref2 = 315 s,
tref3 = 2888 s.]

Gerris 0.824 0.917 0.941 5.83 7.49 5.48
OpenFOAM 0.713 0.795 0.852 1 1 1
Thétis 0.866 0.925 0.914 207 107 52.6
Truchas 0.740 0.804 0.839 212 212 129

(b) [a/d = 0.3, reference value equals href = 1.275 m, tref1 = 41 s, tref2 = 308 s,
tref3 = 2949 s.]

Gerris 0.672 0.754 0.785 6.61 7.22 5.29
OpenFOAM 0.474 0.545 0.615 1 1 1
Thétis 0.482 0.565 0.627 91.9 61.6 35.4
Truchas 0.528 0.540 0.630 141 139 158
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see that the relative error due to the overshoot can be from less than 1%
to about 40% depending on the solver.

The velocity profiles obtained with Truchas seem to follow the
reference solution very well. Nevertheless, a closer look at the results
(Fig. 5) reveals, that single cells with artificially high velocities are
always present at the front of a solitary wave, which may be the source
of the observed increase of energy (Fig. 4e). The origin of these spurious
velocities has not been identified.

A strong increase of velocity is observed in OpenFOAM (Fig. 6c),
compared to the reference. It has to be stressed here, that the reference
solution is valid for a problem with a sharp discontinuity of density at
the interface. In OpenFOAM, the transition between the fluids is distrib-
uted over several cells. In this case, the surface dynamics may be remi-
niscent of a physically continuous stratification, altering the transfer of
momentum between the water and air fractions, as compared to a
jump. The detailed study of these mechanisms is beyond the scope of
this work, but it has to be taken into account that the increased veloci-
ties observed in OpenFOAM may be due to a different nature of the
problem that is actually simulated (Deshpande et al., 2012). The
observed stable level of energy seems to support this assumption
(cf. Fig. 4c). For each solver, the magnitude of spurious velocities
becomes smaller with refinement and the velocity profile converges to
a reference solution. Large discrepancies visible for the lower resolu-
tions in the case of Gerris with the source term gravity model (Fig. 6a)
and Thétis (Fig. 6d), find reflection in a high production of energy
(cf. Fig. 4a) and a large increase of height of the wave during propaga-
tion (cf. Table 4).

A feature of the VOFmethod in OpenFOAM is the compression of the
interface in normal direction to limit diffusion of the volume fraction
field. This compression is controlled by the parameter cα, which in our
case has been chosen to be cα = 1, corresponding to conservative com-
pression (OpenFOAM Foundation, 2013). In Fig. 7, profiles of the final
horizontal velocity are compared for cα = 0.5 and cα = 2 for the case
a/d = 0.3. Comparing to Fig. 6c, the profiles for the different values of
cα are relatively similar. For cα =1,we observe that below the interface
the profiles follow the reference profile somewhat better than for the
other values of cα. The reason might be that for lower values of cα the
compression is weaker and the volume fraction tends to diffuse more
into the air region making the transition between the phases less
steep. Somewhat surprising is the fact that for cα = 0.5, the overshoot
at the interface is larger than for enhanced compression. Compared to
enhanced compression, cα = 2, the profiles do not follow the reference
profile aswell as for cα=1. In this respect the conservative compression
cα = 1 seems to be a good value for two phase flow simulations.

The usability of the solver can be limited by the computational time
it requires for a particular problem. Comparing computational times
collected in Table 4, we see that OpenFOAM is definitely the fastest solv-
er tested, while Truchas is up to an order of magnitude slower than the
rest of the solvers.

Gerris, with the reduced gravity model used, seems to produce the
most reliable results among all the solvers, both in sense of the energy
dissipation and the velocity profile. Nevertheless, decrease of the influ-
ence of the spurious effects with grid refinement, observed among all
the other solvers, entitles them for further use, even though special
care is advised. It is feared, that spurious effects can have a dominant
role in long time simulations, balancing the numerical viscosity in the
best case, and blowing up the simulation in the worst. The source-
term gravity model in Gerris brings much worse results then the re-
duced gravity model, therefore only the latter is used in the further
sections.

4.2. Runup of a solitary wave

4.2.1. Immersed solid beach, 10-degree slope
After the study of energy dissipation during propagation of a solitary

wave, we proceed to investigate the abilities of the solvers to simulate
the runup of a solitary wave on a plane beach. The beach is modeled
as an immersed solid and is inclined by an angle of 10°. The recorded
runup heights are collected in Table 7. The growth of the runup height
with increasing amplitude, apparent for the reference solution, is
reproduced by the Navier–Stokes solvers. Still, all the computed runup
heights are lower than the reference values and the average error
grows with the height of the wave. The runup height errors, computed
for the best resolutions using formula (12), are around 10% for the
a/d = 0.1 case, whereas they are as much as around 30% for a/d = 0.3,
see Fig. 9 and Table 7. The possible factors responsible for the underes-
timation of the runup heights are studied in the next paragraphs.
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Fig. 8 shows the evolution of the maximum elevation of the free
surface for the more difficult, a/d = 0.3 case. The results improve with
refinement, but slowly. The low convergence rate is also demonstrated
in Fig. 9, presenting the errors of the results for both amplitudes. Never-
theless, the error decreases, with an exception of Thétis, which is not
displaying a monotonic behavior in the a/d = 0.1 case. The reason for
the low convergence rate in the studied problem may be the basic
difficulty in the advection of the interface close to the solid. The runup
leads to the formation of a thin, elongated swash tongue, due to the
small inclination of the beach and the high amplitude of the solitary
wave. Regardless of the refinement, always some elongated, single-
cell thick features appear, challenging the performance of the VOF
method. For all the solvers, the swash tongue splits into several parts
in the early draw down, and often already during the runup. In Truchas,
blowing up of the simulation happened several times, due to extensive
currents, ranging across the entire air fraction, initiated at the location of
the splitting of thewaterfilm. InGerris, small bubbles stuck to the beach
during runup, and moved downstream during draw down, influencing
the flow. Thétis revealed some local spurious currents and movement
of the free surface close to the contact line, which were responsible for
the deviation from the reference solution, visible in Fig. 8c just before
the runup actually starts. All the observed problems are believed to be
due to strong local effects present in the close neighborhood of the
solid boundaries. A main issue may be the changing stencil of the
VOF-PLIC reconstruction scheme, close to a solid or a boundary, as no
essential spurious behavior was observed in the bulk of the fluid in
any case. In this light, OpenFOAM, which solves the transport equation
for the volume fractions, is found to be the most stable, robust and
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Fig. 8. Evolution of the maximum elevation of free surface during runup of an a/d
reliable solver. The VOF advection method used by the solver leads to
an increased smoothing of the volume fractions during the runup (see
Fig. 10b). In more complex situations this smoothing may lead to ambi-
guity in the definition of the runup. However, in the present case the
splitting of the runup tongue, most pronounced for the other solvers,
caused more severe problems. In order to quantify the spurious effects
due to the presence of an immersed boundary, we run the above test
case for a static interface at equilibrium for a similar duration as for
the solitary wave runup. We measured total kinetic energy and maxi-
mum height of the interface after 8 s. The values are listed in Table 8.
As such the magnitude of the spurious effects due to the presence of
the immersed boundary seems to be rather limited. However, as we
will see in Section 2, once the interface is not anymore aligned with
the grid axes, spurious currents can become important in magnitude.

Separation of spurious droplets from the tip of the swash tongue can
lead to over-shots, as, after the release, they canmove in a spuriousway.
This problem is mostly common in Gerris and Thétis (Fig. 10a), but is
partially present in OpenFOAM (Fig. 10b) and Truchas aswell. Problems
with small droplets, considered as numerical noise, are often reported
by Gerris users and are often solved by removal of droplets of certain
size during the simulation. While other solvers do not have such
features, the procedures available in Gerris are not found satisfactory,
as the spurious droplets present in our problem become very elongated
along the beach, resulting in the need of removal of droplets as big as 10
cells. To address the spurious droplets issue, and to enable a fair com-
parison between the solvers at the same time, only the largest connect-
ed water region is taken into account in the computation of the free
surface (cf. Section 4), while no droplets are being removed during
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= 0.3 solitary wave on an immersed solid beach, inclined by an angle of 10°.
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Table 8
Total kinetic energy and water height hfin after 8 s of simulation for a static interface at
equilibrium in contact with the 10-degree immersed solid beach; href = 1m. The kinetic
energy of a solitary wave with amplitudes a/d = 0.1, 0.3 can be found in Table 1. The
zero values for Thétis for resolutions 1 and 2 do not mean that the kinetic energy was
actually zero. Its value must just have been below the number of digits recorded.

Total kinetic energy [J] hfin/href

Resolutions 1 2 3 1 2 3

Gerris 5.4·10−1 1.6·10−1 9.3·10−1 1.4·10−2 5.6·10−3 2.8·10−3

OpenFOAM 3.3·10−5 2.9·10−5 5.5·10−4 2.2·10−5 4.4·10−5 8.4·10−5

Thétis 0.0 0.0 4.9·10−2 5.4·10−3 −1.7·10−3 3.4·10−3

Truchas 1.8·10−3 1.2·10−5 4.1·10−5 1.5·10−4 3.2·10−4 5.6·10−5
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the simulations. This method is justified for the computation of the
runup height, as the boundary integralmethod shows the runup tongue
to be smooth and not fragmented for all times during runup.

The accuracy of the results may be influenced by the representation
of the boundary. Definitely the best resultswere obtainedwithGerris, in
which a VOF type treatment of solids is implemented. However, no
(a) Thétis

(b) OpenFOAM

Fig. 10. The tip of the swash tongue, obtained during runup of an a/d= 0.3 solitary wave
on the 10-degree immersed solid beach. Best resolution. White linemarks the 0.5 level of
the volume fraction field. The droplets were not taken into account during computation of
the run up height. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
increased accuracy was observed in Truchas, which is surprising, as
the immersed solids are treated in a similar way (see Section 2). It
must be noted, that the consistency between the immersed solid imple-
mentation and the volume fraction advection schememay be an impor-
tant factor in this context, being responsible for the movement of the
contact line. The artifacts, reported in the previous paragraph, may
imply that the coupling between these two modules of the code may
not be perfect in any of the solvers, resulting in the formation of bubbles
and droplets in Gerris, aswell as increased probability of blowing up as a
result of the splitting of the water film in Truchas. As we will see in
Section 4, OpenFOAM gives much better results in the case of a body
fitted mesh. However, good body fitted meshes can be problematic to
generate for very complex geometries.

All the spurious effects appearing in the simulationsmake it difficult
to compare the efficiency of the solvers, as they always increase the
computational effort by decreasing the time-step due to the CFL condi-
tion. Moreover, an increase of the number of iterations in the pressure
solver was observed in many cases, connected with the appearance of
spurious droplets. Besides the artifacts already mentioned, Truchas
and Thétis are particularly prone to droplets sticking at the beach during
withdrawal. The water fraction of a partially filled cell, instead of being
advected downwards the beach, sticks and induces spurious currents in
the air fraction. Nevertheless, computational times collected in Table 7
show, that OpenFOAM is again the fastest solver, as in the case of prop-
agation. Gerris is almost as fast as OpenFOAM, Thétis is on the average
more than an order of magnitude slower, while Truchas can be almost
two orders of magnitude slower. The difference in computational
times decreases for finer meshes.

The runup of a solitary wave on an immersed solid beach inclined at
an angle of 10°was found to be a relatively difficult problem for the test-
ed finite volume solvers. In order to gain a broader perspective on the
possible sources of difficulties, as well as the usability of the solvers,
two variations of the problem are studied: runup on the boundary of a
domain rotated by 10°, and runup on an immersed solid beach inclined
by 30°.
Table 9
The runup heights and times of computation, obtained for the runup of a solitarywave on
a 10-degree slope in the rotated configuration.

hmax/href tcomp/tref

Resolution 1 2 3 1 2 3

(a) [a/d = 0.1, the reference values equal to: href = 0.369 m, tref1 = 181 s,
tref2 = 112 s, tref3 = 1133 s.]

Gerris 0.560 0.766 0.868 2.78 3.34 3.17
OpenFOAM 0.549 0.688 0.841 1 1 1
Thétis 0.898 1.323 1.196 211 159 41.1
Truchas 0.590 0.723 0.900 33.5 53.1 59.1

(b) [a/d = 0.3, the reference values equal to: href = 1.175 m, tref1 = 26 s,
tref2 = 193 s, tref3 = 1912 s.]

Gerris 0.502 0.632 0.793 5.04 5.16 3.56
OpenFOAM 0.466 0.624 0.776 1 1 1
Thétis 0.726 0.745 0.827 128 83.7 31.7
Truchas 0.494 0.622 0.745 37 55.2 63.5
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4.2.2. Domain rotated by 10°
The study in the present subsection is undertaken in order to give an

estimate of how the immersed solid, used previously for the beach, de-
creases the accuracy of the overall results for the runup. In the rotated
configuration the immersed solid is used only to describe the bottom
of the channel, and therefore has a relatively small influence. The
approach presented hereby is not suggested for real applications in
complex geometries, but is rather used for its resemblance to a simple
body fittedmesh. A similar setup has, however, been used for the simu-
lation of landslide inducedwaves (Popinet, 2013). A short depiction of a
true body fitted mesh case for the OpenFOAM solver is presented in
subsection 4 as an illustration on the additional issues for body fitted
meshes.

The runup heights computed in the rotated domain are collected in
Table 9. Once again, the a/d = 0.3 wave is more difficult then the
a/d = 0.1 one, but the difference is not as severe as in the case for the
immersed solid beach. The evolution of the maximum height of
the free surface for the a/d = 0.3 wave is presented in Fig. 11. It has to
be mentioned, that the current results are not directly comparable to
the results obtained for the immersed solid beach (Table 7), as the res-
olutions used for the two configurations are different. In the rotated do-
main themesh is around two times coarser. Nevertheless, we see, that a
substantial gain of accuracy is observed only for the higher resolutions,
and rather for the a/d = 0.3 wave (compare Tables 7 and 9). This is es-
pecially true in the case of OpenFOAMand Truchas. Gerris also produced
good results in the a/d = 0.3 case for the highest resolution, but it re-
vealed weak performance for the lower resolutions and for the a/d =
0.1wave.Moreover, increased splitting of the swash tongue is observed,
manifesting itself in the plots of the evolution of the maximum height,
0 1 2 3 4 5 6 7 8

H
ei

gh
t [

m
]

Resolution 1
Resolution 2
Resolution 3
Reference

(a) Gerris

Resolution 1
Resolution 2
Resolution 3
Reference

(c) Thétis (

Time [s]

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0

0 1 2 3 4 5 6 7 8

H
ei

gh
t [

m
]

Time [s]

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0

(

Fig. 11. Evolution of the maximum height of free surface during runup of an a
which are now less smooth in the runup part (compare Figs. 8a
and 11a). A very good accuracy is observed for Thétis for the highest res-
olution case of the a/d = 0.3 wave, but the over-shots present in the
a/d = 0.1 case suggest, that the simulations are highly influenced by
spurious effects. This is probably also the reason for the steep decrease
of the run up height in Fig. 11c. The swash tongue separates into multi-
ple smaller fragments and some of them behave in a spurious way.

Despite the observed mixed performance of the solvers, the conver-
gence rate is much better compared to the immersed solid beach case
(compare Figs. 9 and 12) and is close to first order for all the solvers
apart from Thétis.

Taking all the above into consideration, we see that the representa-
tion of the beach is important for the runup height. The thin swash
tongue is easier to resolve in the rotated configuration, comparing to
the immersed solid beach, leading to better results for the best resolu-
tion case. Nevertheless, the spurious effects observed during the propa-
gation, like possible difficulties with the static equilibrium in the gravity
field, might have amplified in the rotated configuration. As a result, ro-
tation of the domain seems to decrease the overall performance, and is
therefore not suggested for practical applications. This can also be ob-
served when performing a simulation with an interface at equilibrium
as initial condition. This way we measure the spurious currents due to
the interface not aligned with the grid axes in the whole domain, not
only at the boundary as was done in Section 1. After 8 s of simulation
time, we measured total kinetic energy and maximum height of the in-
terface, cf. Table 10. As can be seen from the values the levels of spurious
kinetic energy and interface height are substantially higher when com-
pared to the non rotated case (Table 8), in particular for Thétis.
Concerning the runup for the rotated and the non rotated case, it is,
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/d = 0.3 solitary wave on a 10-degree slope, in the rotated configuration.
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Table 11
The runup heights and times of computation, obtained for the runup of an a/d = 0.3
solitary wave on an immersed solid beach inclined at an angle of 30°. The reference
values equal to: href = 1.275 m, tref1 = 36 s, tref2 = 307 s, tref3 = 2185 s.

hmax/href tcomp/tref

Resolution 1 2 3 1 2 3

Gerris 0.933 0.952 0.972 1.25 2.22 2.84
OpenFOAM 0.868 0.919 0.947 1 1 1
Thétis 0.984 0.994 0.972 69 40 32.9
Truchas 0.839 0.871 0.921 85.4 77.8 85.1
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however, difficult to single out this spurious effect, since the interface
will be inclined with respect to the grid axes.
4.2.3. Immersed solid beach, 30-degree slope
The study of the 10-degree slope showed, that the tested solvers

have problems with thin films of water moving over a solid surface.
While the 10-degree beach acts as a demanding benchmark test, some
practical applications may involve steeper slopes. To check the perfor-
mance of the solvers in less rigid situations, the inclination angle of
30° is tested hereby, with the more difficult, a/d = 0.3 solitary wave.
Lin et al. (1999) performed numerical simulations and experiments
for a solitary wave runup on a beach inclined by 30°. However, their
simulation was less demanding, since the amplitude of their solitary
wave was a/d = 0.17.
Table 10
Total kinetic energy and water height hfin after 8 s of simulation for a static interface at
equilibrium for the rotated domain configuration; href = 1m. The kinetic energy of a
solitary wave with amplitudes a/d = 0.1, 0.3 can be found in Table 1.

Total kinetic energy [J] hfin/href

Resolutions 1 2 3 1 2 3

Gerris 7.9 3.2·101 8.2·101 6.6·10−2 2.8·10−2 2.7·10−2

OpenFOAM 8.4·102 2.7·102 8.3·101 1.0·10−1 5.2·10−2 2.7·10−2

Thétis 4.8·103 3.1·103 1.4·103 1.1 9.8·10−1 3.3·10−1

Truchas 3.9·102 7.9·101 2.2·101 9.8·10−2 4.9·10−2 2.5·10−2
The simulations reveal, that the computed runup heights, collected
in Table 11 and Fig. 13, are much closer to the reference solution, than
in the case of the 10-degree beach. The average error for the a/d = 0.3
wave decreased to a few percent for the best resolution, from more
then 22 (see Table 7). The results slightly underestimate the reference
height, and usually demonstrate a stable convergence. Gerris is the
most accurate solver, following the reference solution during the
runup, as well as during the draw down (Fig. 13a), and giving only a
3% underestimation of the runup height in the best resolution case
(Table 11). OpenFOAM is the secondmost accurate, aswell as the fastest
solver. However, the temporal evolution of the runup height lags behind
the reference solution (Fig. 13b). Truchas produced slightly poorer re-
sults than OpenFOAM, and took the most time for the computations
(cf. Table 7). An unexpected behavior is observed in the case of Thétis,
which gives an over-shot of the results in the initial phase of the
runup (Fig. 13c). It may be due to the spurious effects appearing at the
contact line, already observed for the 10-degree slope and having a
stronger influence here. Moreover, even though all the recorded
runup heights do not exceed the reference value, a decrease of accuracy
is observed between the second and the third resolution (see Table 7).
Such behavior would be impractical in use, as the convergence is
ambiguous.

The overall good performance of the solvers proves, that the pre-
sentedmethods may produce reliable results in many practical applica-
tions involving steep slopes. Once again, the best accuracy is observed in
Gerris, which may be due to the implemented immersed solid model.

The good performance for runup on steep slopes has also been ob-
served by Lin et al. (1999). They mentioned that the results of their in-
viscid Navier–Stokes solver and their boundary integral method were
comparing well.

4.2.4. Body fitted mesh, 10-degree slope
In practical applications solid boundaries might either be described

by an immersed method as discussed in Section 1 or by a mesh fitted
to the solid body. The subject of meshing is extremely vast
(Thompson et al., 1985) and has many facets, the discussion of which
would go beyond the scope of the present treatise. In the present sec-
tion, only OpenFOAM is used as a solver, since we are interested in
only highlighting a few of the issues associatedwith body fittedmeshes.
As such we limit to three examples of meshes. The first mesh has only
the lower edge aligned with the beach but lets the upper edge horizon-
tal, cf. Fig. 14. The cells at the tip of the beach become thus very small
and elongated. The second mesh has the upper edge parallel to the
beach, cf. Fig. 15. The cells above the beach in this mesh are thus equal
in size and shape. For both meshes the cells above the beach are not
square anymore and display nonorthogonal angles. In the present dis-
cussion, no optimization of the mesh has been performed with respect
to orthogonality or to cell size. The third mesh, cf. Fig. 16, was produced
by using the snappyHexMesh pre-processing tool, as in Section 1, but
this time triangular cells were added in order to fit the mesh to the
surface.

We recorded the runup heights as a function of time in Fig. 17 for the
three different meshes. As for the rotated domain case, we observe
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Fig. 13. Evolution of the maximum height of free surface, during the runup of an a/d = 0.3 solitary wave on an immersed solid beach inclined at an angle of 30°.

Fig. 14. The first mesh configuration. Zoom onto the start of the beach. The lower edge follows the beach, whereas the upper edge stays horizontal.

Fig. 15. The second mesh configuration. Zoom onto the start of the beach. The lower edge follows the beach and the upper edge is parallel to the lower one.
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Fig. 16. The thirdmesh configuration. Zoom onto the start of the beach. The cells are mostly square for this configuration with the exception of cells close to the beach, where they can be
triangular.
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spurious currents due to the interface not being aligned anymore with
the grid axes (figure not shown). Another probable source of spurious
currents adding to these are those due to the nonorthogonality of the
cell edges. The effect of the spurious currents can be seen in Fig. 17b
for the runup produced by using the second mesh. We observe that
the interface already starts to move up the beach before the wave ar-
rives. These spurious currents can grow in time to significant values
and might in a real case corrupt parts of the simulation. An in-depth
study of this spurious effect is, however, beyond the scope of thepresent
discussion. These currents are present for all the three meshes, but the
total time of simulation is sufficiently short, so that they do not develop
to such levels that the runup heightmight be significantly altered. These
currents are present in the vicinity of the interface on the entire mesh
for the first twomeshes, whereas they are mostly located where the in-
terface touches the beach for the thirdmesh. This is probably due to the
fact that the cells for the thirdmesh are square in the core of the domain
and only at the beach assume different shapes. For the first mesh, the
spurious currents are less than for the second one. An explanation
might be that the cells in the first mesh are closer to a square than for
the second mesh.

Concerning the maximum runup height, the first mesh produces
much better results than the other two meshes, cf. Fig. 17b. The reason
is that the spatial resolution gets a lot finer in the critical region where
the swash tongue becomes thinner. As such the partitioning of the
cells is much more favorable to the problem than for the other two
meshes, indicating that there are many more parameters to be
discussed concerning meshing than is done in the present discussion.
The second mesh produces results, which are comparable to the ones
by OpenFOAM for the rotated domain case, cf. Fig. 11b. There are
small differences but it is difficult to assess whether this is due to the
mesh or the spurious currents already lifting parts of the water surface
up the beach. The third mesh produces slightly better results than the
secondmesh or the rotated domain. This is probably due to a reduction
of spurious currents when the interface is aligned with the grid lines.

To conclude this section, similar to what was found for the rotated
domain case the use of a mesh aligned with the boundaries improves
considerably the accuracy of the simulation. However, depending on
the complexity a body fitted mesh might be prohibitive to use. In such
cases an immersed description of the solid body is necessary. A
particularly interesting variant of an immersed description is the
snappyHexMesh pre-processing tool, where the advantages of both ap-
proaches, the immersed and the body fitted description, are combined.
As such the partitioning of cells is an important criterion for meshes. A
full discussion is, however, beyond the scope of the present discussion.

4.2.5. Viscous effects, 10-degree slope
The previous cases have been computed by setting viscosity to zero

and using slip boundary conditions on the solid boundaries, which
allowed us to relate the results to a very accurate reference solution
computed by means of the velocity potential. In the real case viscosity
will be present and the boundary condition at the solid boundary will
be a no-slip boundary condition. In this section, we use OpenFOAM on
the first mesh of the previous section in order to highlight some issues
concerning the viscous case. This specific mesh has been chosen as spu-
rious effects (artificial wall roughness or spurious currents) are less sig-
nificant than for the other cases. The effects due to viscosity should
therefore become more visible. As before we used only OpenFOAM
sincewe are only interested in highlighting some issues related to intro-
ducing viscosity. We produced two different sets of simulations using
no-slip boundary conditions on the solid boundaries. For the first one
turbulence modeling was switched off, such that the full Navier–Stokes
equations were solved, whereas for the second one turbulence model-
ing was switched on, such that the unsteady Reynolds averaged
Navier–Stokes equations were solved. The runup heights recorded for
these cases can be seen in Fig. 18. Surprisingly the viscosity and the
no-slip boundary condition hardly alter the runup height for the full
Navier–Stokes solution, cf. Fig. 18a,when compared to the inviscid solu-
tion, cf. Fig. 17a. This is somewhat surprising, since one would expect
some influence by the no-slip boundary condition on the result. As it
seems, OpenFOAM does not suffer from spurious effects due to an
underresolved boundary layer. The boundary layer is rather ignored
on this scale. Other solvers might show a different behavior, possibly
break down due to underresolution or artificially thick boundary layers.
The situation changes, however, once turbulence modeling is switched
on. The solution is smoother, cf. Fig. 18b, and this could also be seen
when looking at a snapshot of the solution (figure not shown). The
fields are much smoother and spurious currents have virtually disap-
peared. The reasonmight be in an enhanced dissipation by the eddy vis-
cosity of the turbulence model. This enhanced dissipation is probably
also at the root of the reduced maximum runup heights for this
model. For this flow depth, the flow in the runup is mostly laminar.
Transition can be expected in the boundary layer (Pedersen et al.,
2013) but turbulence is unlikely to grow significantly into the bulk
flow. The turbulence modeling introduces thus additional dissipation
which on one hand suppresses spurious currents but on the other
hand changes the physics of the problem. This can also be seen in a re-
tarded runupof thewave, cf. Fig. 18b. A similar effect has been observed
by Higuera et al. (2013b) for their simulations.

5. Concluding remarks

We designed two benchmark tests for free-surface Navier–Stokes
codes, with focus on applications in oceanography and coastal engineer-
ing. The first problem, propagation of a solitary wave, showed that
numerical dissipation, due to the discretization of the convective
terms, is not the only mechanism influencing the energy balance in
the simulations. In several cases, growth of the total energy of the
wave was observed. The investigation of the velocity field revealed
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Fig. 17. Evolution of the maximum elevation of free surface during runup of an a/d= 0.3
solitary wave on a solid beach inclined by an angle of 10° using OpenFOAM on three
different meshes.
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spurious currents appearing in the vicinity of the interface, resulting in a
local, but substantial, increase of the velocity, which might have
influenced the energy balance of the system. The observed artifacts,
most vivid for the Thétis solver, may be connected with the jump in
fluid parameters, as no intentional smoothing of the density field was
performed. Test of two gravity models in the Gerris solver suggested,
that change of the way the body forces are applied can be a possible
remedy. Luckily, for the propagation case, the spurious effects dimin-
ished with grid refinement, therefore all the solvers were recommend-
ed for further use and validation, even though special care concerning
these issues is advised.
In the second test, Navier–Stokes solvers were used to simulate the
runup of a solitary wave on a plane beach. The simulations were per-
formed for non-breaking wave parameters and the results were com-
pared to a reference solution based on potential theory. During runup
a thin and elongated swash tongue is produced, amplified by small incli-
nation of the beach and high wave amplitude. The study showed, that
the thin swash tongue on the beach brings increased difficulties to the
proper advection of the water fraction. As a result, the swash tongue
often splits, which can result in small droplets, subject to spurious
currents. The local effects, that can be responsible for such problems,
include the changing stencil of the VOF reconstruction scheme, the
interaction with the immersed solid and the artificial roughness intro-
duced by the staircase representation of the beach. In this light, solution
of the transport equation for the volume fractions was found much
more robust than the geometric advection, even though it is responsible
for increased smoothing of the volume fraction field. Moreover, the
runup heights obtained with OpenFOAM, which solves the advection
equation for the volume fraction, were similar to the ones computed
with Thétis and Truchas, which use the geometric method. For this
reason, the high accuracy observed in the Gerris solver, seems to be
due to the implemented VOF treatment of solids, even though a similar
method used in Truchas did not result in increased runup heights. For
practical simulations another strategy for representing the solid bound-
ary is the use of grids alignedwith the boundary. This has been tested by
means of a rotated domain and by means of body fitted meshes for the
OpenFOAM solver. This description is not a lot more accurate than
the immersed one but depends on a large extent on the properties of
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the mesh, such as the clustering of cells. A problem identified for all
cases, also mentioned byWemmenhove et al. (2012), was the develop-
ment of spurious currents for interfaces not aligned with the grid axes.
We feel that this is a serious issue and that it requires further study.
As such the use of a turbulence model might pose a remedy by present-
ing a higher level of dissipation due to the eddy viscosity. However, the
influence of this dissipation on the physical solution must be carefully
checked. Further research must also point out, how well small scale
models, like turbulence modeling, provide solutions for viscous and
other effects in the oceanographic and coastal engineering context.

The encountered difficulties imply, that when using Navier–Stokes
solvers for flows found in oceanography and coastal engineering, such
as the runup of a tsunami, not only the discretization has to be closely
monitored but also the numerical artifacts. The artifacts can have sur-
prising effects, like growth of the total energy or spurious currents.
The study showed the necessity of convergence tests, as the balance
between the influence of the artifacts and other effects, like numerical
dissipation, can change with refinement. As needs to be said, for verifi-
cation and validation purposes it is important to compare the results by
primitive models to the results by more accurate methods. For our case
this required to refrain from viscous effects, since the boundary integral
method is based on potential theory. This, however, does not lower the
validity and significance of the present benchmark tests, since thanks to
the more accurate reference solution, weaknesses and problems of the
primitive models could be found and analyzed in detail. Once these
issues are addressed, more physics can be added to the model,
e.g. boundary layers, which then needs to be validated separately by
another reference method. A comparison to experimental data may
not be reliable, since not all physical phenomena present in the labora-
tory aremodeled ormodeled correctly in the solver and since laboratory
measurements often provide only a few measured quantities and not
for example the entire flow field. For the present investigation, physical
phenomena, such as boundary layers or surface tension, important on a
laboratory scale, would have reduced the maximum runup heights in
experiments (Pedersen et al., 2013).
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