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ABSTRACT
Hydrodynamic wave loading on structures plays an im-

portant role in areas such as coastal protection, harbor de-
sign and offshore constructions (FPSO’s, mooring), and
there is a need for its prediction up to a detailed level
(max./min. pressures, duration of pressure peaks, shear
stresses, etc.). In close cooperation with industry, long-
year joint-industry projects are carried out to develop a nu-
merical simulation method: the CFD method ComFLOW.
The two major application areas are the prediction of ex-
treme wave forces on offshore platforms and offloading
vessels, and the prediction of impact forces on coastal pro-
tection structures. The paper will present a short overview
of the method, some recent results and future plans.

∗Address all correspondence to this author.

INTRODUCTION

Extreme waves and their impact loading on fixed and
floating structures, like production and offloading platforms,
coastal protection systems and offshore wind farms, have
long been subjects that could only be studied with experi-
mental methods. They can be a serious threat to the land
behind the dikes and its inhabitants. Also the safety and
operability of offshore vessels and the well-being of their
crews are jeopardized. The 2004/2005 hurricanes Ivan,
Katrina and Rita in the Gulf of Mexico have dramatically
refocussed attention to extreme waves and their conse-
quences for coastal defense systems and offshore struc-
tures [1, 2] (see Fig. 1). These hurricanes created huge
devastations both on land and at sea, causing many casu-
alties and huge economic damage. Thus, a better under-
standing of the consequences of these forces of nature is
urgently needed.
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FIGURE 1. Left: AFTER HURRICANE IVAN, THE ENSCO
PLATFORM WAS FOUND 40 MILES FROM WHERE IT WAS
ANCHORED. Right: DAMAGED BREAKWATER.

In particular, (ship-type) offshore units for the produc-
tion and storage of oil (FPSOs) should be able to survive
the most critical environmental conditions occurring as they
are unable to flee for approaching storms. This requires an
adequate mooring system, but also attention to the poten-
tial problem of green water on the deck. The latter can
cause large damage to the vessel’s sensitive superstruc-
ture and equipment, such as the fluid swivels, piping, turret
structure, control valves, emergency systems, fire detec-
tion/protection systems, and cable trays.

Similar problems can occur due to wave loading on
offshore windmills, often gathered together in large wind
farms. Extreme hydrodynamic loads may cause severe
damage to their support structures, and herewith jeopar-
dize their operability [3].

Also, coastal defense systems (Fig. 1) will have to with-
stand larger forces of nature because of changing condi-
tions (sea level rise, increasing storm surges due to climate
changes), therefore it continues to be necessary to improve
and update the predictions of the wave climate near the
coast [4]. Besides the energy of the wind waves generated
at sea, the hydrodynamic load of coastal structures is also
determined by foreshore processes like shoaling, breaking
and refraction.

Experiment versus theoretical model
At present, the addressed phenomena are mainly

studied experimentally, and the results are used for the for-
mulation of design rules. The experimental data, however,
is far from complete, because of the large number of physi-
cal parameters that is involved and the costs of experimen-
tal research. Thus there is a growing need for a numerical
simulation tool capable of predicting in detail the hydrody-
namic load due to waves and currents, and its effect at and
near structures (see e.g. [5–7]). A numerical model has the
advantage that simulations can quickly be adapted to small
changes in geometry or conditions, that scaling effects can
be avoided, and that detailed insight in the hydrodynamic
processes can be obtained. The instantaneous availability

of a numerical model is another important advantage.
The tools currently available are hardly capable of pre-

dicting such events to an acceptable level of accuracy,
as these tools largely depend on the application of sim-
ple models based on e.g. linear potential flow theory or
shallow-water theory [8]. As a consequence the appli-
cations were restricted to mildly non-linear flow phenom-
ena. In contrast, the physical phenomena accompanying
extreme events are both highly non-linear and highly dis-
persive due to the occurring wave steepness, and require
new methods as a basis for the prediction of the water flow
and it induced hydrodynamic loads.

The mathematical model for complex water flow dates
from the first half of the 19th century already and is known
as the Navier–Stokes equations. However, it is only for
about a decade that these field equations can be solved for
large-scale complex free-surface flow problems, thanks to
novel numerical algorithms and the increase in computer
power. This recent step to fully non-linear flow modelling
based on the Navier–Stokes equations has been stimu-
lated by pioneering work carried out at Los Alamos Na-
tional Labs, e.g. [9,10].

As always, many roads lead to Rome and the literature
shows a variety of approaches; we mention some develop-
ments. At Principia (France) a simulation tool (called EOLE)
based on the VOF technique is under development, at IN-
SEAN (Italy) in cooperation with the University of Santa
Barbara (USA) programs based on smoothed particle hy-
drodynamics are being designed, e.g. [11], whereas at
ECN (France) a non-linear potential flow solver is coupled
with a high-Reynolds Navier–Stokes solver [12]. In the
coastal engineering area, next to Deltares’ efforts (see be-
low), the research carried out at Ghent University (Belgium)
should be mentioned, e.g. [13]. For an overview of Navier–
Stokes methods for free-surface flow we refer to [14].

The Dutch contribution
In this paper we will describe a (mainly) Dutch con-

tribution to hydrodynamic simulation models based on the
Navier–Stokes equations, in particular featuring the COM-
FLOW method. In close cooperation between the Uni-
versity of Groningen, the Technical University of Delft,
MARIN, FORCE Technology and Deltares, it is especially
designed to simulate the steep waves near, at and around
fixed and floating structures, e.g. offshore platforms and
coastal breakwaters. The development is embedded in
Joint Industry Projects (JIP), led by Marin, and supported
by several offshore-related companies (oil companies, ship
yards, classification societies, engineering firms). Several
of these companies are using COMFLOW for their regular
activities (design, consultancy).
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Over the years several publications (by both devel-
opers and users) have appeared on separate aspects of
COMFLOW. In the present paper, we give an overview of
all major ingredients of the method; also plans for the future
will be discussed. First the history of the COMFLOW devel-
opments is recalled, and the main lines of the method will
be sketched. Some major improvements will be presented,
like the local height function, gravity-consistent density av-
eraging and non-reflecting boundary conditions. These are
demonstrated on several validated examples of extreme
wave loading. Thereafter, we will present some new de-
velopments to be carried out in the near future, like turbu-
lence modeling for coarse grids by means of regularization
models, the treatment of non-conforming boundaries (cut
cells), and local grid refinement.

HISTORY
Spacecraft dynamics The first steps towards the

development of a free-surface simulation method were
made in the late 1970s, when the National Aerospace Lab-
oratory NLR was studying the influence of liquid propellant
(or other liquids) on-board spacecraft. This resulted in the
SAVOF code [15]. Later, in the mid-1990s the development
of free-surface simulation methods was continued at RUG
to create a method for fully three-dimensional flow; see
e.g. [16]. This included the design of full dynamical cou-
pling between liquid motion and spacecraft motion [17,18].
One of the highlights, early 2005, was the space flight
of the experiment satellite SLOSHSAT FLEVO: basically a
tank partially filled with water. With this NLR-built space-
craft a large series of experiments involving liquid sloshing
under micro-gravity were performed [18,19].

FIGURE 2. SLOSHSAT FLEVO (left), SIMULATED SNAPSHOT
(right).

Under micro-gravity, capillary effects at the free liquid
surface are dominantly present. Since these effects are

proportional to the curvature of the liquid surface, high ac-
curacy requirements are put on the description and dis-
placement of the free surface. To meet these requirements,
the original VOF treatment for reconstruction and move-
ment of the free surface (with its considerable amount of
‘flotsam and jetsam’; see Fig. 7) has been extensively re-
designed. The use of a local height function was found to
be crucial [16], also in the maritime applications that would
follow (see below).

Maritime applications In the late 1990ies, MARIN
learned of the micro-gravity applications at RUG with their
dynamic free-surface motion. The idea came up to test
this approach for violent wave motion at sea. The coop-
eration between RUG and MARIN started in 1998 with an
MSc project concerning green water loading, where a fixed
bow was subjected to a simplified green water event [20].
This project was later continued as a MARIN-funded PhD
project, where the physics was extended to include the
coupled dynamics between the incoming water and the
vessel motion [21].

FIGURE 3. GREEN WATER LOADING.

From 2000 onward several joint industry projects
have been defined: SafeFLOW funded by the EU, and
ComFLOW-2 and ComFLOW-3 funded by STW. These
projects were supported by a world-wide consortium of
offshore-related companies. Focal point was (and is) on
hydrodynamic wave loading. In the SafeFLOW-JIP, as a
model test case for green water research, the first (one-
phase) dambreak results were produced, as shown in
Fig. 4; details can be found in [18, 22, 23]. Some appli-
cations have been described in [24–26].

As a follow-up, in 2004 the ComFLOW-2 JIP was
started, in which the functionality of the simulation method
was enlarged. We will present the most relevant devel-
opments below. Since then, several industrial participants
have actively been using the COMFLOW program. In
2009/2010 the ComFLOW-3 JIP was started; we will also
describe the most important issues in that project.
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FIGURE 4. WATER IMPACT AGAINST AN OBSTACLE IN A
DAMBREAK SETTING: EXPERIMENT VERSUS COMPUTA-
TION. THE LOWER FIGURES SHOW A COMPARISON OF
PRESSURE AT THE FRONT OF THE BOX, AND WATER
HEIGHT SLIGHTLY BEFORE.

Coastal applications It was already in the mid
1980ies, while the SAVOF simulation method was being
developed at NLR, that the first contacts were made with
Deltares (then WL Delft Hydraulics). They extended the
(then still two-dimensional) SAVOF method [15] to study
wave impact against coastal protection systems (dikes,
etc.): this resulted in the SKYLLA method [27, 28]. Fig. 5
shows an example of a SKYLLA simulation. Deltares’ in-
terest is in reliably and efficiently simulating wave impacts

on coastal structures including the damage this leads to.
Because the limitation to two dimensions is significant in
many applications, in 2006 Deltares decided to join the
COMFLOW development.

FIGURE 5. SKYLLA CALCULATION OF WAVE RUN-UP
AGAINST A BREAKWATER.

DESCRIPTION OF COMFLOW
Flow model

The flow model inside COMFLOW is based on the
Navier–Stokes equations. It considers interaction between
water and compressible air, i.e. it is a two-phase flow
model. This makes it possible to study for example the
cushioning effect of entrapped air during wave impacts re-
lated to sloshing in LNG tanks (see below).

The two phases are described as one aggregated fluid
with varying properties (depending on the mixture ratio),
such that the flow can be described by one continuity equa-
tion and one momentum equation. In conservation form,
for a volume V with boundary S, the flow equations read

∫

V

∂ρ
∂ t

dV +
∮

S
ρu ·ndS= 0 (1)

(with u = (u,v,w)T the velocity and ρ the density) and

∫

V

∂ (ρu)
∂ t

dV +
∮

S
(ρu ·n)udS+

∮

S
pndS

−

∮

S
(µ(∇u+∇uT)− 2

3 µ∇ ·u) ·ndS−
∫

V
ρFdV = 0. (2)

A polytropic equation of state relates pressure p and den-
sity ρ .
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Generating and absorbing boundary conditions
The computational boundaries of the domain can be a

source of non-physical wave reflections, which should be
minimized. These inflow and outflow boundaries should be
transparent for the incident waves and absorb the outgo-
ing waves at the same time. For monochromatic waves,
where the wave number is known beforehand, many ap-
proaches are available in the literature, mostly based on
some form of the Sommerfeld condition [29]. However, for
dispersive waves with a broad spectrum of wave numbers,
adequate non-reflecting conditions are much harder to for-
mulate. Thus, in the project, a new type of generating and
absorbing boundary conditions (GABC) is being developed
which suppresses the wave reflections for a broad range of
wavenumbers. This functionality makes it possible to place
the boundaries close to the object, thereby reducing the
computational time considerably.

Like many other non-reflecting boundary conditions,
the GABC is based on a Sommerfeld-type condition: φt +
c(k)φx = 0. This works fine when the propagation speed c of
the waves (a function of the wavenumber k) is known. How-
ever, in deeper water dispersion sets in, and any wave be-
comes a complex mixture of several simple wave compo-
nents, each propagating at its own dispersive wave speed.
Thus a novel idea has been introduced to determine ‘local’
wave velocities. The first observation is that a linear vertical
wave profile can be written as φ =C1ekz+C2e−kz. The next
step is to recognize that k2 = φzz/φ . The dispersion relation
gives the wave velocity c as a function of the wavenumber
k, and the latter observation makes it a function of φzz/φ .
Herewith the Sommerfeld condition becomes

φt +c(
√

φzz/φ)φx = 0. (3)

The linear dispersion relation c=
√

(g/k) tanh(kh) is ap-
proximated by a Padé approximation

c≈
√

gh
a0 +a1(kh)2

1+b1(kh)2 , (4)

where the coefficients a0, a1 and b1 are chosen to minimize
reflections over a user-specified wavenumber range. Sub-
stituting (4) into (3) results in

(

1+b1h2 ∂ 2

∂z2

)

∂φ
∂ t

+
√

gh

(

a0 +a1h2 ∂ 2

∂z2

)

∂φ
∂x

= 0. (5)

Next, by realizing that (∂/∂x)φ = u, and (∂/∂ t)φ =
−(p/ρ)−gz, (5) can be written in terms of the primary vari-
ables u and p. Finally, with the momentum equation (2),

the contribution from u can be written in terms of p. Thus,
ultimately one turns up with a boundary condition for the
pressure p. Because of the second derivative ∂ 2/∂z2, it
has a larger stencil than usual, which has implications for
the pressure Poisson solver.

Thusfar, the GABC has been tested for low-amplitude
waves. Extension to more extreme waves is foreseen in the
follow-up project. For details we refer to the forthcoming
PhD thesis of Wellens at TU Delft, and to [30].

Basic numerics
COMFLOW belongs to the class of Volume-of-Fluid

(VOF) methods. It solves the Navier–Stokes equations on
a staggered grid [31], where for each computational cell
the VOF-function indicates which fraction of it is filled with
liquid [9]. In principle, this method is strictly mass conserv-
ing (but see below), which is highly relevant in our appli-
cations. This is in contrast to the level-set method [32],
which is popular in other types of applications where mass
conservation is not an important issue.

The computational grid is chosen rectangular; the sim-
plicity of the grid gives an easy geometric framework in
which the position and slope of the surface can be accu-
rately described. On unstructured grids always some kind
of smearing of the surface is necessary to describe the po-
sition of the free liquid surface. This creates a ‘spongy’
surface, which will reduce peak pressures during impact.
In our application (prediction of wave forces) this is not ac-
ceptable.

Rectangular (Cartesian) grids can be generated easily,
and allow simpler data structures enabling easier develop-
ment. Further, bodies can move freely through the grid.
The body description is also of VOF-type, which keeps the
shape of the body crisp. Note that an immersed bound-
ary treatment [33] would smear out the body, which again
will suppress pressure peaks. Also, in principle collisions of
bodies are allowed, without the grids being squeezed in be-
tween; the latter would have been the case when boundary
conforming grids were used. A drawback may be that due
to the non-boundary conforming character, the resolution
of viscous boundary layers requires additional attention.
However, sufficiently powerful ‘cut-cell’ techniques [34, 35]
are available.

Algorithmic highlights
Application of, seemingly well-established, numerical

techniques to realistic flow problems often ruthlessly re-
veals any flaw in the numerical treatment. In the devel-
opment of COMFLOW the situation was not much differ-
ent. Thus, at several places inside the algorithm, numerical
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FIGURE 6. LOCAL HEIGHT FUNCTION; HERE THE ORIEN-
TATION IS VERTICAL.

building stones had to be redesigned at a quite fundamen-
tal level. We mention some of these innovative ‘highlights’.

Local height function As mentioned above, the origi-
nal VOF method does suffer from ‘flotsam and jetsam’, i.e.
loose droplets that separate from the liquid surface as a nu-
merical artifact of the liquid displacement algorithm. In the
calculations this show as intensive spray; see for instance
Fig. 7. Also this leads to (sometimes serious) numerical
loss of mass, although in theory VOF is fully mass conserv-
ing. To suppress the droplets, the basic VOF displacement
algorithm was adapted. Hereto, a local height function was
introduced [16, 22], as one would naturally use for a more
or less horizontal water surface.

In broad lines, locally the surface is described by a
height function in a suitably chosen direction. In Fig. 6 this
is the vertical direction (because the slope of the surface
is larger than the slope of the cell diagonal). Perpendicular
to this direction, the VOF-values are added so as to form
an, in this case horizontal, height function. For the middle
one of the three rows in Fig. 6, the flux in and out of this
row is calculated, providing a new value for the height func-
tion. Finally, the new VOF-values for each of the cells in the
middle (thick red-encadered) row can be reconstructed. In
this way the liquid keeps together, without droplets being
split of numerically. The positive effect of this procedure
can be seen in Fig. 7. This approach has also appeared
elsewhere in the literature, e.g. [36,37].

Gravity-consistent discretization Two-phase calcula-
tions have to deal with a discrete treatment of the density,
which varies significantly between the two phases. In grid
points near the free surface some form of density averag-
ing has to be used. These averaging formulas may lead to
(sometimes large) unphysical velocities, often called spuri-
ous or parasitic currents [37–39]. Their origin can be un-
derstood by considering an equilibrium configuration, with
zero velocity, where a balance exists between body force
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FIGURE 7. ‘FLOTSAM AND JETSAM’ AFTER A DAMBREAK
CALCULATION WITHOUT (top) AND WITH (bottom) A LO-
CAL HEIGHT FUNCTION. THE MIDDLE FIGURE SHOWS THE
MASS LOSS.

(F) and pressure gradient, i.e.

1
ρ

grad p= F ⇔ grad p= ρF ⇔ 0 = curl(ρF). (6)

For equilibrium conditions, the right-most equality also
should hold in the discrete approximation, otherwise the
u-dependent terms in the momentum equation no longer
vanish and spurious velocities are generated. Herewith,
it puts a requirement on the way in which ρ is averaged.
When F denotes gravity, averaging formulas for ρ that sat-
isfy this requirement are called gravity consistent.

The staggering of the grid is responsible for the prob-
lems. As indicated in Fig. 8, densities are defined in cell
centers (i and i + 1), where they represent a cell average.
However, the momentum equation in i+1/2 also requires a
density value, which has to be obtained via some interpo-
lation procedure. A logical choice would be to weight both
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FIGURE 9. THE EFFECT OF THE GRAVITY-CONSISTENT
DENSITY AVERAGING IN A SLOSHING SIMULATION: THE
’USUAL’ APPROACH (top) VERSUS THE NEWLY DEVELOPED
APPROACH (bottom).

density cell values with the fraction of the cells that is cov-
ered by liquid and air, respectively. But this combination
turns out not to be gravity consistent. The better combina-
tion is to look at only the momentum control volume (the
red-dashed region), and weight the neighbouring density
values with the fraction that this control volume is split [40].
Thus (for notation referring to Fig. 8)

ρi+1/2 =
d1ρi+1 +d2ρi

d1 +d2
. (7)

In most of the literature, the spurious currents are
damped with some form of diffusion, or with other suppres-
sion techniques. However, explicit mentioning of the above

requirement (6) that fully prevents these unwanted currents
is scarce, although some authors are close, e.g. [37].

RESULTS
Validation

In the ComFLOW-2 project, a well documented and ac-
curate set of validation data has been obtained by means
of model tests. We will present some results from two types
of experiments:

a) Sloshing in an LNG tank (1:10 scale).
b) Wave run-up on a semi-submersible.

Animations of several COMFLOW applications can be
found at the website [41].
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FIGURE 10. SLOSHING: ENTRAPPED AIR IN EXPERIMENT
(top); VALIDATION OF PRESSURE SIGNAL (bottom).

Sloshing tests have been carried out for various filling
rates, ranging from 10% up to 95%. In the latter case,
compressibility effects are clearly visible [18, 42], but also
during air entrapment of breaking waves. As an example,
Fig. 10 shows an entrapped air bubble during the collapse
of an overturning wave against a solid tank wall in an ir-
regular 10% sloshing test. Here the improvement in force
(pressure) prediction that is obtained with two-phase mod-
elling over a one-phase model is clearly visible.
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FIGURE 11. SNAPSHOT OF EXPERIMENT (top) AND VALI-
DATION OF PRESSURE FOR 25% SLOSHING TEST (bottom).

An example of a 25% sloshing test is shown in Fig. 11.
The experimental data are compared with several mod-
elling options: one-phase, two-phase versus two- or three-
point backward upwind discretization (i.e. first or second
order accurate). In the two-phase flow calculation, the in-
fluence of the air is clearly present due to the numerical
(=non-physical) diffusion of a first-order upwind discretiza-
tion. This is a general tendency we saw in many calcu-
lations. With a two-phase flow model, it is necessary to
reduce the numerical diffusion, e.g. by using a second-
order upwind method. Other presentations of the sloshing
tests and their corresponding COMFLOW calculations can
be found in [43,44].

Also, combined experimental and computational stud-
ies of the wave run-up against a semi-submersible have
been made [45–47]; Fig. 12 gives an impression.

Results by industrial users
Several industrial JIP-participants have actively been

using the COMFLOW program. We mention some exam-
ples.

Fig. 13 shows a simulation of the Statoil Snorre ten-
sion leg platform, which includes dynamic coupling with the
anchor lines. Hereto, an interactive numerical coupling be-
tween fluid dynamics, floater motions and mooring system
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FIGURE 12. VALIDATION OF FORCES ON SEMI-
SUBMERSIBLE: WATER HEIGHT (left) AND PRESSURE
(right)

has been implemented. It is fully implicit, with subcycling
inside each time step [48]. However, it cannot be used
in conjunction with (binary) third-party codes for the body
motion, as then only information exchange per time step is
possible (see below). Other examples of wave effects inter-
acting with body motion are, e.g., a subsea structure lifted
through the splash zone [49] and an interactive sloshing
tank [50].

FIGURE 13. INTERACTIVE MOTION OF SNORRE TLP:
MODEL TEST AND SNAPSHOT OF SIMULATION (STATOIL-
HYDRO [48]).

Another example is the run-up against gravity-based
structures studied by Chevron-Texaco [51, 52] and shown
in Fig. 14. Furthermore, wave-in-deck studies have been
reported by DNV [53, 54], as well as by Force Technology
[55].
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FIGURE 14. WAVE RUN-UP AGAINST VERTICAL COLUMN,
SHOWING ’ROOSTERTAIL’ (CHEVRON-TEXACO [52]).

FUTURE PLANS
Over the years, the COMFLOW method has evolved

into a powerful basic computational tool for pursuing the
challenges of violent weather-induced marine and coastal
applications. The above examples are still fairly limited in
physical contents; a desire exists to extend the function-
ality of the method. For the recently started ComFLOW-3
project several new features are foreseen; we give an im-
pression below.

In order to reach the above new functionality and im-
proved efficiency, several basic algorithmic and modelling
building blocks have to be devised. We present a short
discussion.

GABC extensions The newly developed Generating and
Absorbing Boundary Condition (GABC) is intended to ab-
sorb waves at the inflow and outflow boundaries, and
to generate irregular waves at the inflow boundary si-
multaneously. Currently, the method is working well for
low (two-dimensional) waves propagating perpendicular to
the boundary. The GABC will be extended to (three-
dimensional) short-crested outgoing waves and waves
coming from different directions. Hence the GABC (3) will
be extended to describe waves from several angles. For
the latter a product (chain) of Sommerfeld conditions can
be applied; see e.g. [29]. Our first experiences reveal that
with two factors a fair range in incidence angles can be
covered, whereas at the same time the complexity of the
resulting boundary condition, cf. (5), is still manageable.
Also, the GABC will be made suitable for more extreme
waves, and to include the effects of stationary currents [30].

Combined wave-type and viscous effects Until now,
the ComFLOW projects have primarily focussed on ex-
treme wave effects that were highly momentum driven and

in which effects of viscosity were of relatively small impor-
tance. However, there are several applications in which the
effect of viscosity, possibly in combination with wave ef-
fects, requires attention. Some examples: wave interaction
effects between floaters in side-by-side offloading; slosh-
ing in moonpools; roll damping and bilge keels; scouring
and seabed friction. With grids restricted in resolution by
CPU limitations, it is important to look for turbulence mod-
els that can do a reasonable job on coarse grids. For-
tunately, during the last decade much improvement has
been made in this field. It was found that the preserva-
tion of global flow quantities, like energy or helicity, plays
an essential role. Thus energy-preserving discretization
methods have been designed for compressible and incom-
pressible flow [56–61] (they are already partly implemented
in COMFLOW). The new step is an ‘energy-preserving’ tur-
bulence model, which does not employ eddy-viscosity, but
instead the production of small scales is controlled by the
(numerical) treatment of the convective term [62–64]. First
experiences allow grids much coarser than before, with
hope-giving computational effort.

Improved numerical efficiency Even with the future
GABC (to decrease the size of the computational domain)
and the new class of turbulence models (to lower the need
for grid resolution), computational times will remain consid-
erable. Therefore, further improvements are sought along
the numerical side, like trying to further decrease the num-
ber of required grid points. Especially pressure loads or
phenomena like local wave breaking require a grid resolu-
tion that is higher than in the more ‘quiet’ parts of the flow
domain. Thus local grid refinement will be pursued (for the
moment user-defined, as it reasonable to predict where the
interesting flow phenomena will occur). Much literature al-
ready exists from which we can borrow [65–67]. New is
the combination of grid refinement with a free surface. The
displacement algorithm for the free surface will have to be
adjusted to the local changes in grid structure. Ideas will be
developed in the new project. Other actions are looking for
faster sparse Poisson solvers (remember that the GABC in-
duces an irregular matrix stencil near the boundaries), and,
of course, parallelization to facilitate faster simulations on
simple multi-core PC’s.

Interactive body motion Above, a first example of a cal-
culation of interactive body motion has been shown (the
Snorre TLP). This was achieved by strongly intertwining
the mechanical motion algorithm with the flow solver. In
general, such a strong connection, where both sets of dy-
namical equations are solved simultaneously, is not feasi-
ble (e.g. when one of the solvers is a ‘black box’). Yet, when
a large range in mass and inertia ratios has to tackled, a
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strong coupling is required. Similar problems occur in the
aerodynamic world, and here a good alternative has been
developed [68–70]: the quasi-simultaneous approach. We
plan to apply it here, by adding a simple approximation of
the mechanical model to the flow equations inside COM-
FLOW. This simple approximation only helps to enhance
the convergence of the iterations, and can be considered
as a preconditioner. The weak coupling with the black-box
mechanics then ‘only’ has to cope with the difference be-
tween the ‘exact’ dynamical model and its approximation.
This provides unconditional stability of the coupling. The
coupling approach can be used for small as well as large
body motion; the quality of the results is only determined
by the ‘exact’ external dynamical model used.

SUMMARY
An overview has been presented of the COMFLOW

simulation method, designed to study hydrodynamic forces
on offshore platforms and coastal constructions. Its devel-
opment history has been sketched, and the models and
methods behind COMFLOW have been highlighted. An
impression has been given of its current capabilities, with
several examples from industry. Finally, the future steps in
its development have been indicated.
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