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1 Introduction

A Finite Volume (FV) based two–phase flow model where air (gas) is modelled as an ideal gas undergo-
ing adiabatic process, while water (liquid) is assumed to be incompressible, is presented in this paper. The
model employs the Ghost Fluid Method (GFM) to discretise numerical operators across the free surface,
where the sharp change in fluid compressibility is taken into account along with the jump of other prop-
erties (density and consequential pressure gradient). The numerical method is based on the two–phase
incompressible flow model which utilises the GFM [Vukčević et al., 2017]. The sharp treatment of com-
pressibility properties and the pressure–based formulation, along with the ideal adiabatic gas assumption,
proved to result in a very efficient and robust numerical method due to the fact that the equations reduce
to incompressible form when the compressibility effects are absent. Thus, realistic every–day simula-
tions including complex geometries can be simulated on large grids where compressibility effects may
or may not happen, without additional computational cost with respect to the equivalent incompressible
method.

There are several important phenomena in marine hydrodynamics that require gas to be modelled as
a compressible gas. These phenomena are not related to dynamic compressibility effects (e.g. supersonic
flows), but to volumetric compression of gas by the liquid. Breaking wave impacts with trapped air are
one of these phenomena, where the air compression can change the way the energy is being transferred
to the structure, often causing higher structural response due to the prolongation of high pressure acting
on the surface, and by increasing the surface on which it acts [Obhrai et al., 2004, Bullock et al., 2007].
Breaking wave impacts can be present in coastal engineering, sloshing, and green water events. Com-
partment flooding can also be influenced by the compressibility of air, where air trapped by the incoming
water and the structure can change the rate of flooding, and consequently the damaged ship’s stability
dynamics. Another important phenomenon where compressibility plays an important role is slamming,
where small volume of air can be trapped in the rapidly changing geometry of the free–surface–structure
intersection, changing the pressure loads.

In this work the present approach is used to simulate a breaking wave impact with compressibility
effects and green water event of an Ultra Large Container Ship (ULCS) in an irregular wave train. The
breaking wave impact pressure force is compared to experimental measurements showing good corre-
spondence. A basic, oscillating water column validation is shown first to prove the accuracy of the model.

The mathematical and numerical formulation of the methodology is briefly outlined, followed by the
simple water column test case. Next, the compressible wave impact test case is presented with experi-
mental comparison. Finally, the green water load calculation of an ULCS is shown as a representative
realistic industrial case.

2 Compressible Two–phase Flow Model

The momentum conservation equation for two–phase flow where liquid is considered incompressible
and the gas compressible states:
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where u denotes the velocity field, R is the Reynolds stress tensor, while ρ is the density field with a
discontinuity across the interface. pd stands for the dynamics pressure expressed as pd = p − ρg · x, p



being the static pressure field, g the gravity acceleration and x the radii vector. The continuity equation
reads:
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Note that above equations reduce to incompressible flow if ∂ρ/∂p = 0 and ∇ρ = 0, giving numerically
stable equation set. Due to GFM employed to discretise numerical operators, the change of ∂ρ/∂p and
∇ρ across the interface is sharp instead of gradual, giving physically correct physical properties of both
phases near the interface. The gas phase in this study is modelled with isentropic ideal gas assumption,
where:
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γ , (3)

where γ stands for the constant specific heats ratio, and ac stands for the isentropic constant.

The GFM enforces the sharp changes in fluid properties to be accounted for during the discretisa-
tion of Eqns. 2 and 3. The sharp changes, or jump conditions, arise from different properties of the two
fluids, and also from the free surface boundary conditions. The kinematic free surface boundary condi-
tions states that the velocity is continuous across the interface, while the dynamic free surface boundary
condition results in:

[pd] = −
[
ρ
]
g•x , (4)

which ensures that the jump in dynamic pressure equals the jump of hydrostatic pressure to ensure a
continuous pressure field. Operator [·] denotes the difference between the value infinitesimally close to
the interface on the side of the liquid and gas side. Apart from the free surface boundary conditions,
the governing equation also give rise to jump conditions that need to be satisfied ( [Desjardins et al.,
2008,Huang et al., 2007,Queutey and Visonneau, 2007]). For the two–phase flow where gas is considered
compressible, the jump condition arising from the momentum equation (Eqn. 1) states:[
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]
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that prescribes the jump in dynamic pressure gradient over density as being proportional to compress-
ibility effects on the air side. In the case when compressibility effects are negligible Eqn. 5 reduces to
zero jump condition corresponding to the incompressible flow model [Vukčević et al., 2017].

3 Liquid Piston

In this test case the basic capability of the model to capture volumetric compressibility effects is tested.
A one–dimensional vertical grid is generated, where a layer of water is suspended by two pockets of air.
The geometry of the case is shown in Fig. 1, where αI denotes the Volume of Fluid fraction, where 1
stands for liquid and 0 for gas. At time zero equal atmospheric pressure of 1 bar is initialised in both
air pockets, causing the water column to oscillate under the influence of gravity causing the interchange
between kinematic and gas compression energy. The domain is discretized with 60 cells equidistantly
spaced in the vertical direction, while a time–step of 0.01 s was used. Both air and water are inviscid,
while no energy transfer exists through the domain boundaries Thus, the energy should remain conserved
indefinitely. Fig. 2 shows the comparison of pressure in time at the top and bottom boundary with the
solution published by [Ma et al., 2014]. The pressure corresponds well to the referent solution, while no
energy loss is evident showing good energy conservation of the model.

4 Compressible Breaking Wave Impact

A breaking wave impact simulation is carried out based on the large–scale experimental measurements
conducted by [Bullock et al., 2007] in the Grosser Wellenkanal at the Forschungszentrum Küste in Han-
nover, Germany. Regular incident waves are imposed that break in front of a vertical concrete wall, with
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Fig. 1: A schematic representation of a one–
dimensional liquid piston case.
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Fig. 2: Comparison of pressure at the bottom
and top boundary of the liquid piston case dur-
ing 10 seconds.

air compressibility effects. Incident wave height is H = 1.25 m while the period is T = 8 s. The compu-
tational domain is presented in Fig. 3, which is discretised using 127 120 cells, while the simulation is
carried out in two dimensions. Fig. 4 shows the initial condition where the free surface elevation is vis-
ible in front and behind the vertical wall. The compared item is the integrated pressure horizontal force
acting on the wall on the side of the oncoming waves (the back of the wall is not taken into account),
where the pressure is integrated based on measurements taken on a vertical sequence of pressure sensors
used in the experiment and in the simulation.

The comparison of pressure force signal is presented in Fig. 5, where good agreement of the first
force peak and through can be observed. After the first force oscillation, the force damps quickly in the
experiment, while in the simulation the oscillations are continued significantly longer. Thus, there seems
to be larger energy loss of the oscillating air bubble in the experiment. One of the possible reasons are
holes that are bored through the vertical wall in the experiment to permit the water level on both sides of
the wall to level. Same holes permit air escape from the compressed air bubble diminishing the oscilla-
tions. Another reason could be the significant structural response of the wall and the wave flume walls
during the impact, which is not accounted for in the simulation. Fig. 6 shows a photograph of the vertical
wall used in the experiment, where the holes can be seen. Fig. 7 shows the free surface, velocity and
pressure evolution during the wave impact against the vertical wall.
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Wave direction

Fig. 3: Numerical domain for the wave impact
test case. The vertical wall is placed on a two–
segment inclined slope which is covered with
gravel in the experiment.

Fig. 4: Initial condition of the free surface ele-
vation in the wave impact case.

5 ULCS Green Water Loads

A long term statistical analysis using linear spectral–domain methods is carried for an ULCS, where
the relative wave elevation is used as the dominant loading parameter. Using the results from the long
term response, a Response Conditioned Wave (RCW) is defined [Hauteclocque et al., 2012], which is an
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Fig. 5: Force signal comparison for the break-
ing wave case.

Fig. 6: Photograph of the vertical wall from
the breaking wave impact experiment [Bullock
et al., 2007].

(a) t = 18.25 s, (b) t = 18.50 s,

(c) t = 18.75 s, (d) t = 19.00 s,

Fig. 7: Evolution of the interface, velocity and pressure field in breaking wave impact event with trapped
air.

irregular focused wave that is related to the extreme response of the relative wave elevation. The wave
condition is based on the Pierson–Moskowitz sea spectrum with the significant wave height Hs = 14.5 m
and peak period of Tp = 16.2 s. The simulation is carried out in full scale, Table 8 shows the main ship
particulars. In the simulation, the velocity is reduced to 5 kt which conforms with class rules in heavy
weather. Pressure loads acting on a breakwater mounted on the bow of the ship are measured, which can
be used for structural design purposes. The layout of the computational domain can be seen on Fig. 9,
where the relaxation zones used to force the wave field into the CFD domain are denoted. The mesh has
2 374 416 cells generated with the automatic meshing software cfMesh. Fig. 10 shows the surface mesh
of the ship at the bow where the refinements near the breakwater are visible. The simulation is initialised
at t = 30 s to reduce the computational time. Fig. 11 shows the initial condition of the free surface.

As predicted by the liner spectral–domain method, the green water does occur in the event, as can
be seen in Fig. 12. The pressure loads exerted on the breakwater in time in the longitudinal direction
are shown in Fig. 13. The simulation took 17.2 hours to calculate on a desktop PC with an Intel i5-
3570K processor. In the simulation no significant compressibility effects are present, proving that the
present numerical method is general. Furthermore, relatively low computational time required to perform



the simulation, on very modest CPU resources, suggests that it is efficient as well and can be used in
industrial applications.

Fig. 8: General ship characteristics of the
ULCS.
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Fig. 9: View of the CFD compuational do-
main. The relaxation zones are indicated with
red colour on the calm free surface. The blue
colour indicates undisturbed CFD solution re-
gion.

Fig. 10: Surface mesh of the bow and the break-
water used in the simulation.

Fig. 11: Initial condition in the Response Con-
ditioned Wave simulation, t = 30.0 s.

(a) t = 56.4 s, (b) t = 58.0 s,

(c) t = 58.8 s, (d) t = 59.6 s,

Fig. 12: The green sea event from the Response
Conditioned Wave simulation.
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Fig. 13: Longitudinal force acting on the break-
water in the Response Conditioned Wave sim-
ulation.



6 Conclusion

The presented numerical model enables performing general marine hydrodynamics simulations where
air compressibility may have an important influence on the phenomenon. The model is based on FV
methodology, where GFM is employed to discretise numerical operators across the free surface, provid-
ing a sharp two–phase, compressible/incompressible flow model.

The numerical framework is first tested on a simple 1D problem of the oscillating water column,
proving the basic capability of accounting for the volumetric compression of the gas phase, and showing
good energy conservation abilities. In the second case the model is used to simulate a breaking wave
impact with trapped air pocket causing oscillatory pressure load on the vertical structure. The results
show good correspondence with the experimental measurements. Finally, the versatility, efficiency and
generality of the method is shown on the simulation of a green water event on board a ULCS, where
pressure loads on a breakwater are measured.

The presented method is capable of simulating phenomena that have volumetric compressibility ef-
fects, while it is also effective when air compressibility is absent, providing a single general method
for problems in marine hydrodynamics where compressibility may occur, such as green water loads or
slamming. At the same time, the inclusion of gas compressibility does increase the computational cost
of the approach.
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Vukčević, V., Jasak, H., and Gatin, I. (2017). Implementation of the Ghost Fluid Method for free surface
flows in polyhedral Finite Volume framework . Computers & Fluids, 153:1 – 19.


	Introduction
	Compressible Two–phase Flow Model
	Liquid Piston
	Compressible Breaking Wave Impact
	ULCS Green Water Loads
	Conclusion

