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ABSTRACT
The CFD toolCOMFLOW is suitable for simulations of

two-phase flows in offshore applications.COMFLOW solves
the Navier-Stokes equations in both water and (compressible)
air. The water surface is advected through a Volume-of-Fluid
method, with a height-function approach for improved accuracy.

By employing Absorbing Boundary Conditions (ABC),
boundaries can be located relatively close to an object, with-
out influencing outgoing waves or generating numerical reflec-
tions that affect the waves inside the flow domain. Traditionally,
boundaries are located far from the obstacle to avoid reflections;
even when numerical damping zones are used. Hence, with the
ABC approach less grid points are required for the same accu-
racy, which reduces the computing time considerably.

Simulations of a semi-submersible model are compared to
measurements. The overall agreement is reasonably good, for a
wide range of wave conditions. The ABC performs well; numeri-
cal reflections are almost absent. Moreover, computing times re-
duce with a factor four compared to damping zone techniques.

INTRODUCTION

During the life time of an offshore structure, it encountersa
variety of loading conditions. Operational conditions dominate
the design of the structure regarding fatigue and general motion
behaviour in the long term. The survival condition can be re-
garded as the most likely, worst storm a structure can encounter.
Critical damage as a result of extreme wave loading needs to be
prevented. With experiments, the structure’s response in both
operational and extreme conditions can be assessed. Numerical
simulations beforehand, of the structure in waves, are an impor-
tant engineering tool in setting up experiments, as they indicate
critical loading conditions. Simulations afterwards can help to
understand the experimental results.

The industry standard for the simulation of (sub-)harmonic
motion behaviour of offshore structures in operational condi-
tions, are linear 3D boundary element methods (BEM) in the
frequency domain. With BEMs, long term statistics of the struc-
ture’s response are easily generated, but their application is re-
stricted to mild seas, because of the assumption of linearity.
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In extreme seas, there is the risk of deck impact for semi-
submersibles, tension-leg platforms and bottom founded struc-
tures. In case of ship-shaped production platforms (FPSOs),
green water may flood the deck and impact with topside equip-
ment. Various numerical methods are available for the time-
domain simulation of extreme free surface events that result in
impact loading. Smoothed particle hydrodynamics (SPH) is a
meshless method, in which fluid particles directly exchangemo-
mentum within a limited region of influence. In level-set meth-
ods, a level-set function, represented by a band of grid cells near
the free surface, is used to describe the fluid configuration.In
volume-of-fluid (VOF) methods, filling rates of individual cells
are administrated. Fluid fragments are advected with localveloc-
ities and the free surface position is subsequently reconstructed
from combined fluid volumes contained in single cells.

The numerical method COMFLOW is based on the Navier-
Stokes equations, in which a VOF method is applied to de-
scribe the evolution of the free surface, see e.g. [1–13]. A lo-
cal height function near the free surface yields improved per-
formance in terms of mass conservation and the number of dis-
connected droplets, compared to the original VOF method intro-
duced in [14]. COMFLOW intends to simulate extreme wave
impact events, as if the structure were out at sea. For reasons
of efficiency, the domain should ideally be confined to the di-
rect surroundings of the structure. For an accurate representation
of the wave system near the structure, spurious wave reflections
from the boundaries of the computational domain need to be pre-
vented. A common approach is to incorporate absorbing layers
or numerical damping zones, which require multiple (significant)
wave lengths to effectively dissipate wave energy and thus pre-
vent reflections. Especially in 3D, and in case of long waves,
this requirement conflicts with our desire to keep the domainsize
only slightly larger than the structure itself. For this reason, an
absorbing boundary condition (ABC) has been developed for the
benefit of extreme wave impact simulations with COMFLOW.

This paper presents the derivation of the ABC and the nu-
merical approximation of the analytical operator, which isre-
quired for incorporation in the numerical method. The perfor-
mance of the ABC is tested in actual simulations and compared
to the theoretical reflection coefficient and to the performance of
a traditional absorbing layer. Before we conclude, the ABC is
used in a 3D simulation including a semi-submersible, of which
the outcome is validated with experimental results.

GOVERNING EQUATIONS
Since the compressibility of air is important for wave impact

simulations, the governing equations for compressible fluid flow
are given here, presented in conservation form for a volumeΩ
with boundaryΓ and normal vector~n. In terms of timet, fluid
densityρ, velocity vector~u = (u,v,w)T , pressurep and dynamic
viscosityµ, conservation of mass and momentum are given by:

Z

Ω

∂ρ
∂t

dΩ +

I

Γ
(ρ~u) ·~ndΓ = 0 (1)

Z

Ω

∂(ρ~u)

∂t
dΩ +

I

Γ
ρ~u(~u·~n) dΓ+

I

Γ
p~ndΓ

−
I

Γ

(

µ
(

∇~u+ ∇~uT)− 2
3

µ∇ ·~u
)

·~ndΓ−
Z

Ω
ρ~F dΩ = 0. (2)

In absence of further external loading, the external force~F con-
sists of gravity only. As described below, an adiabatic relation
between pressure and density closes the system of Navier-Stokes
equations (1) and (2), see also e.g. [10–13].

A no-slip boundary condition~u = 0 is imposed on the sur-
face of structures. The same boundary condition is used for the
domain bottom and domain ceiling. Along the side walls of the
domain, ideally, ABCs for waves are applied. Below, an ABC
for long-crested, irregular outgoing waves is discussed.

NUMERICAL METHOD
The numerical model has been implemented in the 3D

Navier-Stokes solver COMFLOW, in which a VOF method is ap-
plied to describe the evolution of the free surface, with a height-
function approach for improved accuracy. COMFLOW has been
developed initially at the University of Groningen to studythe
sloshing of liquid on board spacecraft in micro-gravity, for which
a very accurate and robust description of the free surface isre-
quired [1, 3, 7, 9]. In close cooperation with MARIN (Maritime
Research Institute Netherlands), the methodology was extended
to simulations of green water loading on a fixed bow deck [4].
Later on, the range of applications has been extended to impact
loads on fixed structures [2, 5, 6], anti-roll tanks and sloshing
tanks [8,10–13].

Cell Labeling Method
Every grid cell is given a label to distinguish between fluid,

air and boundary. These labels depend on the variablesFb and
Fs, which denote the fraction of a grid cell open for fluid and
the fraction of a cell filled with the liquid phase, respectively.
Two classes of labeling exist: geometry labels and fluid labels.
At each time step, geometry labeling divides the cells into three
types:Flow cells (all cells withFb > 0),Boundary cells (adjacent
to a F-cell) and eXternal cells (all remaining cells). The free-
surface labeling is a subdivision of theF-cells: Empty cells (all
cells withFs = 0),Surface cells (adjacent to anE-cell) andF’luid
cells (all remainingF-cells).

In Fig. 1 an example is shown of geometry and free-surface
cell labeling for wave impact (from the right) on a rectangular
container. The labeling system stems from a one-phase model,
but is retained in the current two-phase model. In one-phase
simulations, E-cells are truly empty and are left out of the com-
putations, while free surface boundary conditions are prescribed
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Figure 1: GEOMETRY (LEFT) AND FREE-SURFACE
(RIGHT) CELL LABELING FOR WAVE IMPACT ON A
RECTANGULAR CONTAINER.

around S-cells. In the two-phase model, E-cells are filled with
air and are thus included in the simulation.

Discretisation of the Navier-Stokes Equations
Initially, the Navier-Stokes equations (1) and (2) are discre-

tised in time by means of the first order Forward Euler method:

ρn+1−ρn

∆t
+ ρn∇ ·~un+1+~un∇ρn = 0 (3)

~un+1−~un

∆t
+

~un

ρn

ρn+1−ρn

∆t
+

1
ρn ∇ · (ρn~un~un)+

1
ρn ∇pn+1

− 1
ρn ∇

(

µn(∇~un + ∇~uT n)− 2
3

µn∇ ·~un
)

−~Fn = 0, (4)

with n andn+1 the old and new time level and∆t the time step.
Spatial discretisation is done on a staggered Cartesian grid, with
the pressure located in cell centers and the velocity components
in the middle of the cell faces between grid cells. The convec-
tive term 1

ρn ∇ · (ρn~un~un) in Eqn. (4), which dominates in case
of momentum-driven applications, is treated with symmetrypre-
serving spatial discretisation [15]. When the first-order upwind
(B2) scheme is applied, only one upstream point is taken intoac-
count, whereas the second-order upwind (B3) scheme uses infor-
mation from two upstream points. The B2 scheme applies a large
amount of artificial diffusion to obtain a stable solution, which
may lead to an undesirable amount of damping of the fluid mo-
tion. Using the second-order upwind (B3) scheme, the applied
level of artificial diffusion is smaller, resulting in less damping,
but for B3 an alternative time discretisation is needed to generate
stable solutions [8,10–13].

The Forward Euler (FE) method only uses information from
the previous time leveln to calculate a variableφ at leveln+ 1,
whereas the second-order Adams-Bashforth (AB) method also
uses the older time leveln−1:

φn+1
FE = φn + ∆t f (φn)

φn+1
AB = φn + ∆t f (

3
2

φn− 1
2

φn−1)

CFL limit ηmax B2 upwind B3 upwind

Forward Euler ηmax≤1−d≈1 ηmax≤
√

d≪1

Adams Bashforth ηmax≤ 1
2 −d≈ 1

2 ηmax≤ 1
4 − 1

2d≈ 1
4

Table 1: CFL LIMIT FOR DIFFERENT SPATIAL UPWIND
AND TIME INTEGRATION METHODS.

Both methods are limited in their stability by two quantities:
the CFL numberη = u∆t/∆x and the diffusion numberd =
2µ∆t/(∆x)2. Apart from the time integration method, the sta-
bility limit also depends on the spatial discretisation method ap-
plied. In most offshore cases, convection dominates diffusion,
and in practice the CFL numberη controls the stability limit. In
Tab. 1, the limits on the CFL number are summarized for both
methods in combination with the two upwind schemes. FE al-
lows a larger time step than AB when the B2 scheme is used. For
the B3 scheme, FE is less suitable, while AB allows a larger time
step. The lower stability limit for the B3 upwind scheme seems
to be a major disadvantage. However, the B3 scheme is needed
in situations where the B2 scheme results in an undesired amount
of damping of fluid motion due to artificial viscosity [12,13].

Solving the Pressure
The pressure is calculated by means of a Poisson equation,

which is formulated by taking the divergence of the momentum
equation (4). The term∇ ·~un+1 is then substituted into continuity
equation (3) to acquire the pressure Poisson equation:

∆t∇ ·
(

1
ρn ∇pn+1

)

=
1
ρn

ρn+1−ρn

∆t
+

~un

ρn ·∇ρn+ ∇ ·~̃un
, (5)

where~̃u denotes an ’intermediate’ velocity, which includes con-
vective, diffusive and force effects. Eqn. (5) containsρn+1,
which is reformulated through an equation of state. The treat-
ment of this term, in combination with the density gradient term,
requires more attention and has been described in [12, 13]. The
pressure Poisson equation finally reduces to

∆t∇ ·
(

1
ρn ∇pn+1

)

=
Fn

b −Fn
s

Fn
b ρn

(

ρn+1
g −ρn

g

∆t
+~un∇ρn

g

)

+ ∇ ·~̃un
.

(6)
The derivatives of the density in Eqn. (6) no longer contain large
jumps, as they are only determined by the compression and ex-
pansion of the gas phase. The gas densityρg in (6) is substituted
using the polytropic equation of state, in terms of the atmospheric
pressurepg,0 and ambient gas densityρg,0

ρn+1
g

ρg,0
=

(

pn+1
g

pg,0

)1/γ

, (7)
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Figure 2: CONSTRUCTION OF THE LOCAL HEIGHT
FUNCTION IN A 3X3 BLOCK FOR A CENTRAL S-CELL.

with γ=1.4 for pure air. After substitution in Eqn. (6), the density
is linearized by a Newton approximation and transferred to the
left-hand side of the Poisson equation, see e.g. [12,13].

Free Surface Description
The free surface is described by the equationFs(~x,t) = 0,

and its motion is described by

DFs

Dt
=

∂Fs

∂t
+~u·∇Fs = 0 (8)

The free surface displacement is done in two steps. First thefree
surface is reconstructed and then it is advected to the new po-
sition. The reconstruction is done with Simple Linear Interface
Calculation (SLIC), where the interface consists of line segments
that are constructed parallel or perpendicular to the majorflow
axes [14]. A characteristic drawback of SLIC is the unphysical
creation of flotsam (’floating wreckage’) and jetsam (’jettisoned
goods’). These terms are used for disconnected isolated droplets
that are a result of errors induced by the free surface reconstruc-
tion. Moreover, in the original VOF method values are rounded
off at the end of the displacement algorithm (0≤ Fs≤ 1), leading
to significant losses in liquid mass.

To prevent from isolated droplets and mass losses, a local
height function (LHF) has been introduced [1–3, 7, 8]. The LHF
is applied in a 3×3(×3) block (in 2D or 3D) of cells surround-
ing a central S-cell. First, the orientation of the free surface is
determined (horizontal or vertical), depending onFs values in
the surrounding block of cells. Next, the horizontal or vertical
height in each row or column is computed by summing theFs

values (see Fig. 2). Based on the LHF, fluid is transported from
one cell (donor) to another (acceptor), depending on the magni-
tude of velocity, time step and grid sizes. The free-surfaceat the
new time instant is then reconstructed by means of another LHF.
Compared to the original VOF method [14], the LHF approach
results in significantly less droplets and water loss [1, 2].An al-
ternative method, which is however more difficult to implement,
is proposed in [16]. Comparison in [2] learns that for certain flow
applications slightly better results can be obtained. However, for
the wave-impact simulations considered in this study, the present
LHF-method leads to satisfactory results.

Γ

B

Figure 3: THE NATURAL AND ARTIFICIAL BOUNDARY.

Density at the Free Surface
Attention should be paid to the discretisation of the density

in a cell, as it can vary up to factor of 1000. For compressible
two-phase flow, the density in the cell center is calculated as

ρ =
Fs

Fb
ρl +

(Fb−Fs)

Fb
ρg, (9)

whereρg is a function of the pressurep located in cell centers.
Because of the staggered variable arrangement,ρ is needed at
cell edges as well. This a major point of attention, as spuri-
ous velocities may be generated due to an inconsistent averaging
method. By employing a so-called gravity-consistent method,
these spurious velocities are avoided, see e.g. [12,13].

INCOMING AND OUTGOING WAVES
Since the sea is without end, simulations of sea surface

waves near offshore structures need to be performed on un-
bounded domains or domains with natural boundary conditions
on Γ, far away from the structure. For efficiency reasons, the
domain is truncated by an artificial boundaryB , see Fig. 3. The
size of the domain enclosed byB is preferably limited to the or-
der of the length of the structure. BoundaryB divides the sea in
a near-field domain close to the structure, and a far-field domain.
It is artificial; it has to be modelled as if there were no transition
between near and far-field. BoundaryB should be fully open to
flow, i.e. waves are allowed to flow into and/or leave the domain
atB without any disturbance. Open boundaries are obtained by
imposing boundary conditions that simulate wave behaviour.

Wave Generation
It is fairly straightforward to send waves into the near-field

domain. Far-field wave behaviour can be modelled by analyt-
ical theory or by an external numerical method that efficiently
simulates wave propagation over long distances. The velocities
obtained from the far-field methods are then imposed as a bound-
ary condition on the near-field domain, see Fig. 4. If analytical
velocity profiles are imposed at the boundary, only little spurious
waves are generated.

For wave generation, linear potential theory can be used, but
this gives inaccurate kinematics and phase relations in steeper

4 Copyright c© 2009 by ASME



B

Figure 4: WAVE GENERATION IN NUMERICAL DOMAIN.

waves. For steep long crested regular waves, often used in both
experiments and numerical simulations, non-linear streamfunc-
tion theory is available. A system of non-linear equations is for-
mulated by Rienecker and Fenton [17], in which the combina-
tion of several harmonic base modes is fitted to kinematic and
dynamic free surface boundary conditions. The system is solved
by Newton’s method. The only approximation is the truncation
of the number of base modes.

There is no analytical theory for steep irregular waves. To
simulate long-crested steep irregular waves in near-field do-
mains, we use kinematics obtained from an external potential
flow method FDFEM [18, 19], a free surface conforming finite
element method (FEM) that solves for potential values. Veloci-
ties required for the free surface boundary condition are obtained
by finite difference (FD) of potential values at the element nodes.

Simulations with regular and irregular waves have been per-
formed to investigate how well steep waves can be represented
with COMFLOW. Non-linear effects are significant in steep
waves in shallow water. A very long 2D domain is used, which
prevents reflected waves at the boundary from interfering with
the results. The water depth, wave period, height and lengthof
the regular waves wered= 10m, T = 6s, H = 4m andλ≈50m,
respectively. Different grid resolutions were used, with 50, 100
and 200 cells per wave length and an aspect ratioa=1. The sur-
face elevationsζ, obtained after 24 periods in the regular wave
simulations, are presented in Fig. 5. Compared to the analytical
Rienecker-Fenton (RF) solution, steep waves in shallow water
can be simulated reasonably well when a large number of grid
cells is used. Note that the grid resolutions in the legend are
for the entire domain. A similar experiment has been performed
for irregular waves in a domain of the same size. A JONSWAP
spectrum was used with peak periodTp=6sand significant wave
heightHs=4m. In Fig. 6, the free surface after 13 peak periods
is shown, starting atx=200. In comparison with the reference
solution obtained with the non-linear potential method FDFEM,
the longer wave components are represented quite well, but for
the shorter components the grid resolution is still too coarse.

Wave Absorption
The far field wave kinematics could also be used for the ab-

sorption of outgoing waves if they were known in advance. In
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Figure 5: REGULAR WAVE: FREE SURFACE ATT =144S(2
WAVE LENGTHS). SIMULATIONS ON DIFFERENT GRIDS
COMPARED TO THE RF ANALYTICAL SOLUTION.
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Figure 6: IRREGULAR WAVE: FREE SURFACE ATT =98S.
SIMULATIONS ON DIFFERENT GRIDS COMPARED TO
THE FDFEM REFERENCE SOLUTION.

our near-field simulations, however, there is always a structure
inside the domain that diffracts and radiates waves away from the
structure toward the domain boundaries. The kinematics from
diffracted and radiated waves in the near-field domain cannot be
anticipated in far-field computations. As a consequence, they
will reflect from the domain boundaries.

Absorbing layers or dissipation zones, such as the pressure
damping zone presented in [20], can be employed to prevent
wave reflections. In pressure damping zones, an additional free
surface pressureps is used, proportional to the vertical velocity
w at the free surface, which counteracts wave motion. Its effect
is increased slowly from the beginning of the dissipation zone
toward the end of the domain, to prevent wave reflection from
the dissipation zone itself:

ps = α(x) w(x,t)|S, (10)

whereα denotes the (variable) dissipation coefficient. In long
waves,w≈ 0 and hence this pressure damping will not be very
effective. In that case, large dissipation zones are required, which
however significantly add to the domain size and hence to the
computational effort. For reasons of efficiency, we have devel-
oped an absorbing boundary condition (ABC), that gives lessre-
flection, especially for long waves, but does not add to the do-
main size.
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ABSORBING BOUNDARY CONDITION (ABC)
The derivation of our ABC starts with the first order Higdon

(H (1)) condition
(

∂
∂t

+cout ∂
∂x

)

Φout = 0, (11)

wherecout is the phase velocity of an outgoing wave component,
propagating in positivex-direction. Equation (11), formulated
as operator times the potential functionΦ, is also known as the
Sommerfeld condition. It is perfectly absorbing for this single
wave component, but gives more reflection for wave components
with other phase velocities. The reflection coefficient is given by:

R=
cout−c(kh)
cout +c(kh)

, (12)

in which c(kh) is the true phase velocity of the wave component
arriving at the boundary.

The reflection of the ABC for all wave components can be
reduced by one order of magnitude, when the condition is ex-
panded to second order (H (2)):

2

∏
j=1

(

∂
∂t

+c j
∂
∂x

)

Φ = 0. (13)

The boundary condition operator now contains higher deriva-
tives in time and in normal direction to the boundary. Spatial
derivatives need to be implemented as one sided numerical oper-
ators, which may adversely affect the stability of the system [21].
Higher derivatives in time are also undesirable: when the CFL
numberη ≈ 1, cells that were empty at one moment in time, may
become filled during the next time step. In these cells, higher
time derivatives cannot be resolved, because insufficient infor-
mation from the past is available.

Here we follow an alternative approach, inspired by [22]
and [23]. Consider the fact that the constant functionc = cout

is actually a poor approximation of the true (linear) dispersion
relation, given by:

c =
√

gh

√

tanh(kh)
kh

, (14)

where
√

gh is the shallow water phase velocity limit andkh is
the dimensionless wave number. Unfortunately, Eqn. (14) can-
not be substituted into Eqn. (11), as it cannot be formulatedin
terms of differential operators. Therefore, the followingrational
approximation of the dispersion relation (14) is introduced:

ca ≈
√

gh
a0 +a1(kh)2

1+b1(kh)2 , (15)

where the coefficientsa0, a1 andb1 are chosen such that (14) is
approximated well over the largest possible range ofkh-values.
The Sommerfeld (constant) and rational function approximation
of the dispersion relation are shown in Fig. 7(a).

Due to the exponential behaviour (e−kz) of the Φ-values in
vertical z-direction, the wave number in Eqn. (15) can be re-
placed by second derivativesalongthe boundary:

k2Φout =
∂2

∂z2 Φout (16)

Combination of Eqns. (11), (15) and (16) yields the formulation
of the ABC for dispersive waves:

[(

1+b1h2 ∂2

∂z2

)

∂
∂t

+
√

gh

(

a0+a1h2 ∂2

∂z2

)

∂
∂x

]

Φout=0 (17)

In Fig. 7(b), the reflection coefficient of Eqn. (17) is given for
a range of wave components. Compared to the constant (Som-
merfeld) approximation, the reflection coefficient of the rational
approximation is smaller over a wide range of values forkh.

Numerical Implementation
The analytical formulation of the ABC has to be approxi-

mated numerically for implementation in COMFLOW. It will be
implemented at the boundary, which is chosen to coincide with
thex-position of the horizontal velocityu in a cell, see Fig. 8. The
time derivative of the potential in Eqn. (17) is formally replaced
by the pressure according to the linearized Bernoulli equation
∂Φ/∂t = −p−gz. The spatial derivative normal to the boundary
is replaced by the horizontal velocity, i.e.∂Φ/∂x= u. To prevent
phase differences and resulting spurious reflections, the pressure
p in the ABC is evaluated exactly on the boundary, at the same
x-position asu. As the solution variables are staggered inside
cells, interpolation of the pressure over the boundary is required
and a mirror cell for the pressure is introduced, see Fig. 8.

The velocity and the pressure need to be evaluated at the
same spatial position, but also at the same moment in timetn+1.
The momentum equation is used to eliminate the velocity at the
new time instantun+1:

6 Copyright c© 2009 by ASME



BB
uw ue

F F OO
uww uee

pw pe

Figure 8: TOP: DOMAIN BOUNDARIES AT THE LEFT AND
RIGHT SIDE COINCIDE WITHx-LOCATIONS OFu.
BOTTOM: FOR INTERPOLATION OFp EXACTLY ON THE
BOUNDARIES, MIRROR CELLS (LABELED WITH O) ARE
INTRODUCED CONTAINING pw andpe.

un+1
b = un+1

i−1 = ũi−1−
∆t
∆x

(pi − pi−1)
n+1 . (18)

Note that ˜u contains the effect of convection and diffusion, as
discussed above. The vertical derivatives in Eqn. (17) are ap-
proximated by a numerical operatorV for the second derivative.
The following vectors for the horizontal velocity and pressure are
introduced:

~̃u = (ũk−1 ũk ũk+1)
T , ~p = (pk−1 pk pk+1)

T (19)

Combining (18) and (19) yields the discrete version of the ABC:

(Clz Cxl Cln)~pi−1 +(Czl Cc Czr)~pi = gzp +R ~̃ui−1. (20)

In Eqn. (20), the matrix coefficientsC and right-hand side vector
R are equal to:

Clz = (−χτ+ 1
2ψ)V1 Czl = (χτ+ 1

2ψ)V1

Cxl = −ϕτ+ 1
2 − (χτ− 1

2ψ)V2 Cc = ϕτ+ 1
2 +(χτ+ 1

2ψ)V2

Cln = (−χτ+ 1
2ψ)V3 Czr = (χτ+ 1

2ψ)V3

R = (χV1 ϕ−χV2 χV3),

in which: ϕ=
√

gha0, χ=
√

gha1h2, ψ=b1h2 andτ=∆t/∆x.
The discrete ABC (20) is essentially an equation forpi,k in

a mirror cell outside the domain. On the left-hand side, it only
features pressures at the new time leveltn+1. The other side has
horizontal velocities at time leveltn, stemming from convective
and diffusive terms. In Fig. 9 the stencil of pressures is shown
for the discrete boundary condition operator and the position of
the matrix coefficients in Eqn. (20). The structure of the discrete
ABC bears great resemblance to the pressure Poisson equation
derived above and can therefore easily be combined with the field
equations for the inside of the domain.

pi,k

in B out

Figure 9: PRESSURE STENCIL AT THE BOUNDARY TO
DETERMINE pi BY MEANS OF THE ABC.

Numerical Performance
The performance of the ABC has been investigated, by com-

paring the free surface at a specific position in two simulations
with different domains. A very long domain is considered, where
the surface elevation at the measurement position (xm= 200m)
cannot be disturbed by reflections, and a much shorter domain
(length 400m) with ABC at the boundary, see Fig. 10. The wa-
ter depth in both domains isd = 100m. The grid resolution is
∆x×∆z=1m×0.5m, with 5% vertical stretching. A JONSWAP
spectrum of irregular waves (wave heightHs=4m, peak period
Tp=15s) is simulated during 600s. The imposed and simulated
spectra at the measurement positionxm are shown in Fig. 11.
Everything but the boundary condition being the same, any dif-
ference can only be attributed to reflection of the ABC.

GABC

Figure 10: TWO SIMULATIONS: A LONG DOMAIN AND A
SHORT DOMAIN WITH ABC. SURFACE ELEVATIONS AT
THE INDICATED POSITION DETERMINE REFLECTIONS.
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Figure 11: THEORETICAL AND SIMULATED JONSWAP
SPECTRUM AT MEASUREMENT POSITION (xm=200m).
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(b) S:ABC
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(c) R:Sommerfeld
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(d) S:Sommerfeld
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(e) R:dissipation zone
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(f) S:dissipation zone

Figure 12: THE REFLECTION COEFFICIENTS (a,c,e) AND
SPECTRA (b,d,f) OBTAINED WITH ABC, SOMMERFELD
AND DISSIPATION ZONE.

Time traces for the reflected waves are obtained by subtract-
ing the surface elevation atxm in the long domain, from that atxm

in the short domain. These time traces are converted to reflection
spectra and reflection coefficients, as shown in Fig. 12(a-d). The
ABC has been compared to the theoretical reflection coefficient
(12) and to the reflection coefficient of the Sommerfeld equation.
The performance of the ABC is generally better than the Som-
merfeld condition and accords well with theory. The resultsdo
seem to show that the ABC does not perform well for the shorter
components, but please note that these components are not repre-
sented well on the grid. Moreover, very little wave energy resides
at these frequencies, which may adversely influence the results.

The simulation with ABC has also been compared to a sim-
ulation where a pressure damping zone is applied, with dissipa-
tion coefficientα=0.05 in Eqn. (10). The domain was chosen 3
times as long as the domain with ABC (3×400=1200m). The

Figure 13: THE SEMI-SUBMERSIBLE MODEL IN THE
EXPERIMENT AND A VISUALIZATION OF THE INITIAL
CONDITION OF THE NUMERICAL SIMULATION.

theoretical reflection for this configuration is 2% for wave com-
ponents near the peak frequency of the spectrum. The numeri-
cally obtained reflection was 100%. Hence, the dissipation zone
is not very well suited for these wave components. The results
in Fig. 12(e-f) also show that very long wave components are
generated due to non-linear effects in the dissipation zone.

VALIDATED RESULTS
The 1:50 model of the semi-submersible consists of two

columns and a pontoon under water, see Fig. 13. At full scale,
the pontoon measuresl×w×h= 114.5m×17.5m×10m. The col-
umn width is 17.5m and they are 43.5m apart. The total draft is
16m and the air gap 12m. The model was kept restrained during
the experiments, as a restrained model gives the largest amount
of diffraction and run-up of water on the columns. Deck im-
pacts are almost guaranteed, which is highly undesirable for an
actual design, but gives the best circumstances for validation of
the numerical model. The experiments were performed in a very
long, but quite narrow wave basin of 180m deep. Waves were
generated with a pivoting wave board at one of the narrow ends
of the tank. At the opposing end a beach was present to induce
wave breaking and prevent reflection. The model was placed a
considerable distance away from the wave board.
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Figure 14: POSITIONS OF THE SENSORS FOR SURFACE
ELEVATION (TOP) AND PRESSURE (BOTTOM).

During the experiment, surface elevations were measured
around and in between columns and at some distance away from
the structure. The columns and the deck were equipped with
pressure transducers to monitor the build-up of pressure during a
wave impact. In Fig. 14, the positions of the pressure and wave-
height sensors are shown. Several sea states were created: regu-
lar long crested waves of different periods and wave heights, as
well as a number of irregular long crested waves. The regular
wave experiment (H =15mandT =11s) is considered below.

A simulation of the entire wave basin with enough accuracy
is not possible on a desktop PC; the domain has to be truncatedto
the direct surroundings of the structure. The upstream end of the
domain is located half a (significant) wave length in front ofthe
structure. The waves will propagate from here to the downstream
end, located half a wave length behind the structure. At the ends,
potential theory is used to generate waves and the ABC is usedto
absorb outgoing waves. In accordance with the experiment, the
side walls of the domain are fully reflecting and positioned at the
location of the side wall of the basin (y=−100mandy= 100m).

The simulations have been performed with two different wa-
ter depths: in case A and B the water depth was equal to 90m to
save computation time, which is half of the true depth. Case D
is a simulation with the full water depth. Different (uniform)
grid resolutions were used for the different cases:∆x,y,z= 0.8m
(case A) and∆x,y,z= 0.5m (case B and case D). The results of
the simulations are compared to measured signals. In Fig. 15,
the wave height between the columns and the run-up on the 2nd
column of the semi-submersible are shown. In Fig. 16, the pres-
sure at two locations on the first column are shown: one near the

Figure 15: WAVE HEIGHT BETWEEN THE COLUMNS
(LEFT) AND RUN-UP ON THE 2ND COLUMN (RIGHT).

Figure 16: PRESSURE ON THE FIRST COLUMN, NEAR
THE PONTOON (LEFT) AND NEAR THE DECK (RIGHT).

pontoon and the other near the deck. In case of the best grid reso-
lution, the agreement with the experiment is generally good. The
surface elevation near the columns is well represented and the
pressure on the upstream column near the pontoon is very close
to measured pressure. The pressure near the deck is slightlyun-
derpredicted.

CONCLUSION
The numerical method COMFLOW is suitable for the sim-

ulation of two-phase flow in extreme wave impact events, where
the free surface may assume any shape. The method can ac-
curately simulate the propagation of both regular and irregular
waves, although the required grid resolution is quite demanding.

The numerical method has been combined with a novel Ab-
sorbing Boundary Condition (ABC) for long crested dispersive
waves. The boundary condition consists of the Sommerfeld con-
dition, combined with a rational approximation of the true linear
dispersion relation and vertical derivatives along the boundary.

In numerical simulations of irregular waves, the ABC per-
forms in accordance with the theoretical reflection coefficient.
For irregular waves, it gives less reflection than the Sommerfeld
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condition and also less reflection than a traditional dissipation
zone that was three times as long as the domain with ABC. In
comparison with the dissipation zone, we have obtained lessre-
flection, in combination with a reduction of the computational
effort of roughly a factor four.

The ABC has been applied in 3D numerical simulations of
wave impacts on a semi-submersible model. Surface elevations
close to and pressures on the semi-submersible have been com-
pared to experimental results. The overall agreement between
simulations and experiments is good. Near the deck, however,
the impact pressure is slightly underpredicted.
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