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a b s t r a c t
This paper presents an extension of the Ghost Fluid Method to arbitrary polyhedral Finite Volume framework for free surface ﬂow simulations, primarily intended for marine hydrodynamics applications. Two
immiscible, incompressible ﬂuids are implicitly coupled via interface jump conditions, allowing the formulation of a single set of equations for both ﬂuids. The jump conditions at the free surface are discretised with one sided extrapolates, using a compact computational stencil in second-order accurate, collocated polyhedral Finite Volume Method. The free surface is captured using the Volume-of-Fluid method
with an additional compressive term. Even though the Volume-of-Fluid method is used, density and dynamic pressure exhibit sharp distribution at the interface due to jump conditions. The paper also demonstrates how the conditionally averaged equations with segregated solution algorithms cause spurious velocities at the free surface, which are resolved by the present approach since the Ghost Fluid Method relocates the pressure–density coupling inside the pressure equation. The method is implemented in OpenFOAM Computational Continuum Mechanics software, and the veriﬁcation and validation is performed on
two sets of test cases: free surface ﬂow over a ramp and a steady resistance simulation of a container
ship free to sink and trim.
© 2017 Elsevier Ltd. All rights reserved.

1. Introduction
With immense increase in computer resources over the past
decades, multiphase ﬂow modelling has become common practice.
The iterative nature of Computational Fluid Dynamics (CFD) makes
it suitable for handling non-linear and complex equations that govern multiphase ﬂows.
Water–air free surface ﬂows cover wide range of phenomena,
from small-scale ﬂows [1–3] to large-scale marine hydrodynamic
applications [4–7]. In this work, we present a general Ghost Fluid
Method (GFM) [8–14] model for incompressible, multiphase ﬂow
in the arbitrary polyhedral Finite Volume (FV) framework. The
method is primarily intended for large length-scale applications related to marine hydrodynamics [15].
Free-surface ﬂows are often modelled with [16]: Volumeof-Fluid (VOF) [17–20], Lagrangian tracking and Level Set (LS)
methods [21–24]. Being conservative, the VOF method is wellestablished and extensively used in CFD regarding non-linear surface wave propagation [25–29]. However, special procedures need
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to be employed to ensure boundedness of the solution and to conﬁne smearing of the interface [17,19]. The LS method based on the
signed distance function [30] is not conservative and often requires
redistancing algorithms [31,32]. On the other hand, LS method
based on hyperbolic tangent proﬁle is conservative [23,24] with
additional terms that compress the interface and maintain the
speciﬁed proﬁle. The Phase Field method [33,34] also represents a
variant of the interface capturing approach where the tangent hyperbolic proﬁle is transported, while the preservation of the proﬁle is achieved during the solution process. Another approach is
sharp interface tracking method using moving grids [1,2], which
introduces additional grid deformation equations that increase the
CPU time. Complex geometries (e.g. a ship hull) and complex ﬂow
characteristics (e.g. wave breaking) become challenging to simulate
with this approach.
1.1. Related studies
Two approaches for the treatment of jump conditions at the
free surface exist: embedded free surface method [35] and the
GFM [11]. Both approaches consider two ﬂuids with a sharp interface, the only difference being the treatment (discretisation) of
interface jump conditions, as indicated by Wang et al. [35].
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Johansen and Colella [36] developed the embedded boundary
method for Poisson’s equation, while Crockett et al. [37] embedded
the discontinuous jump conditions in Poisson and heat equations,
achieving second-order accuracy. Recently, Wang et al. [35] extended the method for two phase incompressible ﬂows. The publications regarding the embedding technique considered structured
Cartesian grids.
The GFM for jump condition treatment across a sharp, moving interface, represents an active area of research in the past two
decades. Fedkiw et al. [8] developed the GFM coupled with the LS
interface capturing to eﬃciently capture discontinuities in deﬂagration and detonation problems. The method has been extended
by Kang et al. [9] to simulate multiphase incompressible and laminar ﬂow. Desjardins et al. [10] presented the methodology based
on the GFM with the conservative LS method developed by Olsson and Kreiss [23], and remarked that the GFM provides a good
framework for two phase ﬂows with large density variations. Recently, Lalanne et al. [14] provided an extensive overview of the
treatment of discontinuous viscosity in two phase ﬂow utilising
the GFM with LS interface capturing. The GFM has been also used
alongside the VOF method for compressible multiphase ﬂows by
Bo and Grove [12]. The above mentioned publications on the GFM
utilise structured Cartesian grids.
Huang et al. [11] implemented the GFM with the LS interface
capturing in the ﬁnite difference framework on curvilinear grids.
The jump conditions are discretised using second-order accurate
schemes and the LS method is used to calculate one-sided extrapolates of pressure. The authors note that the method is suitable for
large length-scale free surface water–air ﬂows encountered in marine hydrodynamics, although they report that the resulting matrix
from pressure equation is stiff. Also, it is not clear from the publication how they treat density and pressure discontinuity in the
momentum equation.

1.2. Present approach
In this paper, we present the extension of the GFM implemented by Huang et al. [11] in arbitrary polyhedral FV framework
with collocated arrangement [38]. The methodology has not been
implemented to our present knowledge, although Queutey and Visonneau [39] present a similar approach where the free surface
is assumed to be aligned with the grid faces. Following Huang
et al. [11], special interpolation schemes for density and pressure
are derived and presented, where it is shown that the resulting
pressure equation matrix remains symmetric. Due to discretisation
of pressure jump conditions in the GFM, the smearing of the interface only affects viscous and turbulent effects, whereas density
and pressure are calculated assuming a sharp interface. Therefore,
the VOF method [19] is used in present work. Two-equation turbulence modelling [40] is used, while the surface tension effects are
neglected in present work since they are of minor importance for
marine hydrodynamic ﬂows. The GFM treatment of surface tension
shall be the focus of future work.
The method is implemented in foam-extend-3.2, a scientiﬁc
community driven fork of the OpenFOAM CFD software [41]. Support for parallel computations is achieved with domain decomposition and eﬃcient linear system solvers. Pressure–velocity–VOF coupling is resolved in a segregated manner using a combination of
SIMPLE [42] and PISO [43] algorithms. Validation of the model is
performed on two sets of test cases: free surface ﬂow over a ramp
and steady resistance simulations of the Kriso (Moeri) Container
Ship (KCS) with dynamic sinkage and trim, where the results are
compared to analytical and experimental data, respectively. Veriﬁcation is achieved by performing grid and iterative uncertainty
assessment.

The paper is organised as follows. The cause of spurious air velocities is brieﬂy discussed in Section 1.3. General two-phase ﬂow
model is presented in Section 2 with approximate jump conditions at the interface that are valid for large-scale ﬂows. Numerical
model is presented in Section 3 with emphasis on the discretisation of dynamic pressure terms appearing in the momentum and
pressure equation. Derivation of interface-corrected interpolation
schemes for the dynamic pressure and density using the free surface jump conditions is presented in detail in Section 4. Solution
algorithm is brieﬂy described in Section 5 and the veriﬁcation and
validation of the presented method is presented in Section 6.
1.3. The cause of spurious air velocities
Incompressible, Newtonian ﬂow is governed by Navier–Stokes
equations. Multiple incompressible phases are coupled with appropriate jump conditions at the interface [44], where the kinematic boundary condition ensures continuity of velocity ﬁeld
across the interface, while tangential and normal stress balance
yield jump conditions for velocity gradient and pressure. Some researchers [25–29] in offshore and marine CFD use a two-phase
momentum equation that is derived based on conditional averaging [45] procedure which includes variable two-phase density. The
two-phase momentum equation has the following form:



∂ (ρ u )
+ ∇ • (ρ uu ) − ∇ • μe f f ∇ u = −∇ pd − g • x∇ρ
∂t
+ ∇ u • ∇μe f f + σ κ∇α ,

(1)

where ρ is the two-phase density ﬁeld, u is the velocity ﬁeld, μe is
the two-phase effective dynamic viscosity, pd is the dynamic pressure, g is the gravitational acceleration vector, x is the position vector, σ is the surface tension coeﬃcient, κ is the mean curvature
of the interface and α is the volume fraction using VOF approach.
Dynamic pressure gradient ∇ pd and density gradient (present near
the interface) ∇ρ should be balanced in a hydrostatic test case.
Hence, the coupling between dynamic pressure and density is resolved in the momentum equation, which leads to spurious air velocities near the interface.
Consider a hydrostatic case of inviscid ﬂuid where the surface
tension is neglected. Eq. (1) becomes:

∂ (ρ u )
= −∇ pd − g • x∇ρ = Su ,
∂t

(2)

where the source term Su represents imbalance between dynamic
pressure gradient and density gradient, which is present during
segregated numerical solution as used by many CFD algorithms
[6,11,25–29,39]. The source term causes temporal change in the velocity ﬁeld. The erroneous change in the velocity ﬁeld is higher in
the lighter phase because of ρ pre-factor in the time derivative
term. Furthermore, dynamic pressure gradient and density gradient are often discretised with usual gradient discretisation schemes
that do not take the density discontinuity into account, making
them ineﬃcient near the interface. It is important to note that
this consideration does not include surface tension effects, thus,
this observation is unrelated to parasitic currents due to numerical modelling issues related to the surface tension in atomisation
calculations using the Continuous Surface Stress (CSS) model [46].
The model implementing the conditionally averaged equations outlined above is compared to the present model for the hydrostatic
test case in Section 6.
2. Two-phase ﬂow model
This section presents the mathematical model for incompressible, turbulent, multiphase ﬂow of two immiscible ﬂuids with
a sharp interface. The appropriate jump conditions at the interface are ﬁrst discussed, followed by the incompressible, Newtonian
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ﬂuid equations governing the ﬂow. Turbulence is accounted for in
a generic way, allowing the use of general turbulence models [47].

introducing:

β=

2.1. Free surface jump conditions
The interface between two ﬂuids  separates the two phases,
here water and air, without loss of generality. In each ﬂuid, density is assumed constant, i.e. ρ = ρw in water and ρ = ρa in air.
Following notation used by GFM authors [10,11], the jump of density across the free surface can be written as:

[ρ ] = ρ − − ρ + ,

(3)

where superscripts + and − denote heavier and lighter ﬂuid, respectively.
To facilitate the implementation of the GFM in arbitrary polyhedral FV framework, effective kinematic viscosity is assumed continuous across the free surface using the volume fraction, α from the
VOF approach (see Section 2.3):

νe = ανe,w + (1 − α )νe,a ,

(4)

where ν e, w is the effective kinematic viscosity in water and ν e, a
is the effective kinematic viscosity in air, allowing the use of general eddy-viscosity turbulence models [47]. Eq. (4) states that the
effective kinematic viscosity does not have a jump across the free
surface, albeit it may have a steep gradient if the smearing of the
interface in the VOF approach is conﬁned to a narrow region. Similar deﬁnition has been used by Olsson and Kreiss [23], who used
smeared Heaviside function instead of α , and Desjardins et al. [10],
who used a tangent hyperbolic LS proﬁle. This approximation is
justiﬁed for large-scale ﬂows where viscosity effects have minor
inﬂuence on the interface behaviour [10]. A more advanced treatment of the viscosity jump conditions has been recently presented
by Lalanne et al. [14], who also gave an excellent overview of other
possible approaches regarding numerical treatment of viscosity.
The kinematic boundary condition [44,48] deﬁnes a continuous
velocity ﬁeld across the free surface:

[u ] = u − − u + = 0 .

(5)

Eq. (5) states that the velocity ﬁeld inﬁnitesimally close to the free
surface in the lighter ﬂuid must be the same as the velocity ﬁeld
inﬁnitesimally close to the free surface in the heavier ﬂuid.
Furthermore, neglecting the surface tension effects as in
[11,39] yields a continuous pressure ﬁeld:

[ p] = 0 .

(6)

Eqs. (3), (5) and (6) present jump conditions that need to be
taken into account to numerically model the free surface ﬂow.
2.2. Incompressible two-phase ﬂow
As both ﬂuids are assumed incompressible with piece-wise constant density and the velocity ﬁeld is continuous, the continuity
constraint reads:

∇ • u = 0,

(7)

Following Desjardins et al. [10], the momentum equation for an
incompressible Newtonian ﬂuid in a gravitational ﬁeld reads:

1
∂u
+ ∇ • (uu ) − ∇ • (νe ∇ u ) = − ∇ p + g ,
∂t
ρ

(8)

where ν e is the effective kinematic viscosity deﬁned by Eq. (4), p is
the pressure ﬁeld and g is the gravitational acceleration. Since incompressible ﬂow is assumed, ρ denotes piece-wise constant density ﬁeld. The right hand side (RHS) of Eq. (8) can be written in a
more convenient way:

−

1

ρ

∇ p + g = −β∇ p + g ,

(9)

3

1

ρ

.

(10)

Two terms in Eq. (8) denoting the pressure gradient and gravitational acceleration can be written as follows:



−β∇ p + g = −β∇ p + ∇ (g • x ) = −β∇ p −

g•x

β



(11)

= −β∇ pd .
It should be noted that in the second identity, the inverse density may be positioned inside the gradient operator as the two
phases are considered incompressible and the density jump condition shall be treated via GFM in Section 4. The decomposition of
pressure into hydrostatic and dynamic part reads:

p = pd +

g•x

β

.

(12)

The momentum equation for incompressible, turbulent, two-phase
ﬂow, Eq. (8) has the ﬁnal form:

∂u
+ ∇ • (uu ) − ∇ • (νe ∇ u ) = −β∇ pd .
∂t

(13)

Compared to Eq. (1), ∇ρ term is absent in Eq. (13) due to assumed
piece-wise constant density of the ﬂuid that shall be treated in
Section 4.
Using decomposition of pressure given by Eq. (12), the pressure
jump condition deﬁned in Eq. (6) is rewritten in terms of dynamic
pressure:

1

[ pd ] = −

β

g • x.

(14)

Furthermore, due to continuous velocity ﬁeld and the assumed
continuity of the kinematic viscosity, the dynamic pressure gradient term appearing on the right-hand-side (RHS) of Eq. (13) is also
continuous:

[β∇ pd ] = 0 ,

(15)

which represents an additional jump condition that needs to be
taken into account, as indicated by a number of authors [10,11,39].
2.3. Interface capturing
Capturing of the free surface between two phases is achieved
with the VOF method [17]. The VOF method is based on the indicator function α , which represents the volume fraction:

α=

Vw
,
V

(16)

where Vw is the volume of water inside a control volume V. VOF
method is conservative because α represents a physical, conserved
property, bounded between 0 and 1. Following Rusche [19], transport equation for α reads:

∂α
+ ∇ • ( uα ) + ∇ • ( ur α ( 1 − α ) ) = 0 ,
∂t

(17)

where the last term serves to prevent excessive smearing of the
free surface based on the compressive velocity ﬁeld ur , which shall
be deﬁned in Section 3.4. The term is active only in the smeared
interface region due to the α (1 − α ) non-linear pre-factor. The VOF
method with the additional compressive term is similar to the conservative LS method proposed by Olsson and Kreiss [23,24]. The
methods differ in the deﬁnition of the indicator ﬁeld α and in the
additional diffusion term present in the conservative LS method to
stabilise the advection.
Once calculated, α is used to calculate the effective viscosity using Eq. (4), making it a continuous, albeit steep function. We stress
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do not have a discontinuity at the interface (see Eqs. (4) and (5)),
while standard FV discretisation of the pressure gradient term will
be given in detail in Section 3.5, followed by jump condition corrections presented in Section 4.
On assembly, Eq. (18) is represented by a linear equation for
each cell:

N

sf
df
f

aP u P +

P

aN u N = b ,

(19)

f

r
z
y

V

x
Fig. 1. Polyhedral control volume. Control volume P shares a common face with its
immediate neighbour N.

that ρ , and consequently β (see Eq. (10)) ﬁeld are not smeared
using α : only ρ w , ρ a and the location of the interface given by
α = 0.5 will be used in the discretisation of the momentum equation, Eq. (13), obeying dynamic pressure jump conditions given by
Eqs. (14) and (15).
The model can be easily extended for more than two phases by
including additional VOF equations to capture multiple phases, as
demonstrated by Kissling et al. [20].

where aP represents the diagonal coeﬃcient and aN the offdiagonal coeﬃcient for the equation arising from discretisation for
a control volume P, f denotes sum over all neighbouring faces,
subscripts P and N denote ﬁeld values (u in this case) deﬁned in
cell centres P and N, respectively. b is the source term arising from
old time step contribution in the time derivative term, possible
non-orthogonal correction in the diffusion term [38], deferred correction on convection [50] and explicit dynamic pressure gradient
term. Over-relaxed correction approach [38,51] is exclusively used
in present work for non-orthogonal correction in diffusion terms.
Boundary cells have additional diagonal and/or source contributions arising from boundary conditions [38].
3.3. Pressure equation
The pressure equation is used to create conservative ﬂuxes in
incompressible ﬂuid ﬂow. Segregated pressure–velocity coupling
is achieved following Patankar and Spalding [42]. Using notation
by Jasak [38], the derivation of the pressure equation starts from
semi-discretised form of the mixture momentum equation, Eq.
(19):

aP uP = H(uN ) − β∇ pd .

3. Numerical model
Governing partial differential equations, Eqs. (7), (8) and
(17) are discretised in space using a second-order accurate, collocated FV method for arbitrary polyhedral (unstructured) grids [38].
A polyhedral control volume (CV), or cell, presented in Fig. 1, has
a number of neighbours connected through common faces, where
sf represents surface area vector and df is the distance vector from
cell centre P to cell centre N.

(20)

In analogy to the Rhie and Chow correction [52], the dynamic pressure gradient term is left undiscretised to facilitate derivation of
the pressure equation. H(uN ) term consists of two parts: the transport part containing matrix coeﬃcients for all neighbours multiplied by corresponding velocities; and the source part b as in Eq.
(19), but excluding the pressure gradient term:

H ( uN ) = −

aN u N + b .

(21)

f

3.1. Finite volume discretisation
We shall divide the analysis of the FV discretisation into two
parts. We shall present the general FV method with arbitrary discretisation schemes. Without detailed analysis, terms enclosed in
curly braces {·} (as opposed to [·] as used by Rusche [19]) represent implicit FV discretisation, while other terms represent explicit
FV discretisation. For details, the reader is referred to [19,38,49,50].
After obtaining the discretised equation set, FV discretisation of
dynamic pressure terms will be given in detail. Dynamic pressure
terms require special attention due to jump conditions across the
free surface, Eqs. (14) and (15), which shall be treated using the
GFM.

The discretised, integral form of the momentum equation, Eq.
(13) reads:

∂u
+ {∇ • (uu )} − {∇ • (νe ∇ u )} = −β∇ pd ,
∂t

CV

∇ • udV =

∂ CV

dS • u =

sf • uf = 0 ,

(22)

f

where the ﬁrst identity follows from Gauss’ theorem and the second identity follows from second-order accurate polyhedral FV discretisation [38]. Index f denotes face centred value. The velocity
ﬁeld can be deﬁned using the semi-discretised momentum equation, Eq. (20) as:

uP =

H ( uN )
−
aP

β∇ pd
aP

.

(23)

Cell centred velocities given by Eq. (23) are used to obtain face
centred velocities by linear interpolation:

3.2. Momentum equation



Discretised, integral form of the continuity equation, Eq.
(7) reads:

(18)

where the time derivative, convection and diffusion term are discretised implicitly. Usual linearisation procedure of the convection
term is employed to avoid non-linearity [50]. Special considerations are not needed for implicit terms in Eq. (18) because they

uf =

( H ( uN ) ) f  1 
−
( β ) f  ( ∇ pd ) f  ,
aP f
( aP ) f

(24)

where ()f denotes cell-to-face interpolation, and () f denotes cellto-face interpolation with correction at the interface  due to
jump conditions, Eqs. (14) and (15). Interface-corrected interpolation based on the GFM proposed in this paper will be presented
in detail in Section 4. Eq. (24) is later used to calculate face ﬂuxes
with a new pressure ﬁeld pd that enforces the continuity equation.
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The pressure equation is obtained by substituting face centred
velocities given by Eq. (24) into the discretised continuity equation,
Eq. (22):

sf •
f

1
aP

f

( β ) f  ( ∇ pd ) f  =

sf •
f

( H ( uN ) ) f
.
( aP ) f

(25)

We shall proceed by inspecting individual terms of the pressure
equation at the free surface:
•

•

•

•

(1/aP )f represents face interpolated inverse diagonal coeﬃcient
of the momentum equation. The momentum equation is continuous across the free surface (see Section 2.2), hence its diagonal does not have a jump. Under such circumstances, ordinary
interpolation is suﬃcient.
(β ) f represents face interpolated inverse density. Density ﬁeld
has a discontinuity across the free surface, hence, ordinary linear interpolation is not suﬃcient.
(∇ pd ) f represents the surface normal gradient of the dynamic
pressure. Since dynamic pressure has a jump at the free surface,
ordinary interpolation schemes are not suﬃcient.
(H(uN ))f is smooth across the free surface because it arises from
the velocity ﬁeld in the momentum equation, which is itself
continuous.

We stress that even though β and ∇ pd are discontinuous at the
interface, their product is continuous according to Eq. (15). The
continuity of β∇ pd has an important implication: interface corrected interpolation schemes () f obtained via GFM for density
and dynamic pressure have to preserve the symmetry of the pressure Laplacian in Eq. (25), making the resulting matrix symmetric.
Using Eq. (24), volumetric face ﬂux is calculated as:

F = sf • uf = sf •

( H ( uN ) ) f  1 
−
( β ) f  ( ∇ pd ) f  ,
aP f
( aP ) f

(26)

5

places, always appearing as a product: the source term in the momentum equation, Eq. (20) and the pressure Laplacian in the pressure equation, Eq. (25).
3.5.1. Gauss gradient discretisation
Using Gauss’ theorem, second-order accurate discretised pressure gradient for a control volume P reads:

βP ∇ pdP =
=

βP

s f pdf

VP

f

βP

(29)
s f ( fx pdP + (1 − fx ) pdN ) ,

VP

f

where the second identity is obtained by linear interpolation
of cell centred values and fx = f N/P N is the central-differencing
weight [38]. However, index  indicates that one-sided extrapolation will be used to obtain pdP and pdN for cells near the interface. Second-order accurate, one-sided extrapolation is obtained
from jump conditions Eqs. (14) and (15) in Section 4 following the
GFM approach given by Huang et al. [11].
3.5.2. Least squares gradient discretisation
Following Jasak and Weller [54], least squares pressure gradient
reads:

βP ∇ pdP = βP

w2f G−1 • d f ( pdN − pdP ) ,

(30)

f

where index  denotes one-sided extrapolation for pdN and pdP
near the free surface, w f = 1/|d f | is the least squares weight and
G is a 3 × 3 symmetric tensor:

w2f d f d f .

G=

(31)

f

after solving the pressure equation, Eq. (25), making volumetric

face ﬂuxes conservative in the discrete form:
f F = 0. Conservative volumetric ﬂuxes are used to convect α , u and other transported variables.

Least squares evaluation of the gradient is second-order accurate
irrespective of local arrangement of neighbouring cells [54], making it a favourable choice for unstructured, skewed grids. It is clear
that both schemes can be easily adapted to account for pressure
jump conditions.

3.4. VOF equation
The discretised form of the VOF transport equation, Eq.
(17) reads:



∂α
+ {∇ • (uα )} + {∇ • (ur α (1 − α ) )} = 0 ,
∂t

3.5.3. Pressure Laplacian discretisation
Discretisation of the pressure Laplacian on the LHS of Eq.
(25) reads [38]:

sf •

(27)
f

1
aP

f

where all terms are treated implicitly. The compressive velocity
ﬁeld ur , oriented towards the interface in the normal direction, is
deﬁned as [53]:

ˆ
u r = cα n

CF Lre f |d f |
,
t

1

( β ) f  ( ∇ pd ) f  =
f

+

aP
k•

f

f

( β ) f  |s f |

1
aP

f

( pdN − pdP )
|d f |

(β∇ pd )of .
(32)

(28)

where cα is a compression constant used to control the sharpness
ˆ  is the unit normal
of the interface (usually taken as one) and n
vector to the interface  . Reader is referred to Rusche [19] for details regarding the numerical calculation of the unit normal vector
from the VOF ﬁeld. CFLref is the reference compression CFL number
usually taken as 0.5, |df | is the distance between cell centres sharing an internal face, and t is the time step size. Note that the
sharpness of the interface only affects effective viscosity, Eq. (4),
while the jump in dynamic pressure and density shall be modelled
appropriately using the GFM in Section 4.

The ﬁrst term on the RHS of Eq. (32) denotes the implicit contribution of the surface normal gradient. The second term denotes
its explicit non-orthogonal correction, deﬁned in terms of old,
face interpolated pressure gradient (β∇ pd )of . The pressure gradient
term pre-multiplied by inverse density is continuous, Eq. (15) and
safe to interpolate from cell centres to face centres. The nonorthogonal correction vector k is obtained using the over-relaxed
approach [38]. We stress that discretisation of the pressure equation given by Eq. (32) uses a compact computational stencil: control volume P interacts only with its immediate neighbours N.
3.6. Turbulence modelling

3.5. Finite Volume discretisation of pressure terms
We shall proceed with analysis of dynamic pressure terms. Dynamic pressure pd and inverse density β are present only in two

Turbulence modelling in CFD is most often achieved with twoequation eddy viscosity turbulence models [47], while Direct Numerical Simulation (DNS) for marine hydrodynamics is still out
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V. Vukčević et al. / Computers and Fluids 153 (2017) 1–19

of reach [55]. Other notable possibilities for turbulence modelling
are Large Eddy Simulations (LES) [56] or Detached Eddy Simulations (DES) [57], which should provide more accurate, but increasingly time-consuming solutions. The free surface method presented
here allows general turbulence modelling (two-equation, LES and
DNS) without algorithmic change. This is straightforward because
the effect of turbulence is modelled through two-phase kinematic
eddy viscosity used in the momentum equation. Here, we will use
k − ω SST two-equation model [58] which proved to be accurate
for steady resistance computations [59]. Although two-equation
models are mostly developed for single-phase ﬂows, their transport is mostly inﬂuenced by the velocity ﬁeld through convective
term and local production (source) term. As the velocity ﬁeld is
continuous across the interface and the velocity gradient is approximated as continuous, it is suitable to use single-phase turbulence
models in standard marine hydrodynamics CFD. Moreover, turbulent kinetic energy k and speciﬁc dissipation of turbulent kinetic
energy ω do not directly depend on the pressure and density ﬁelds
in incompressible ﬂow, which have a discontinuity across the interface.
For details of the k − ω SST model, the reader is referred to
Menter [58], and to Menter et al. [40] for an overview of the industrial experience with the model.
3.7. Coupling of 6-DOF motion equations with the ﬂow solution
In order to calculate sinkage and trim of a ship at steady state,
it is necessary to introduce rigid body motion equations into the
solution algorithm. Yang and Lohner [60] used a quasi-static approach that solves for sinkage and trim increment at desired timestep and updates the grid correspondingly. Although their idea is
elegant, we use 6-DOF rigid body motion equations as presented
in [6] in order to be able to simulate more complex motions in the
future.
To facilitate the evaluation of rigid body motion, a moving, ship
ﬁxed reference frame is introduced as in [6], making the moment
of inertia tensor constant in time and diagonal. The ﬂow ﬁeld is
solved in the global Cartesian, inertial coordinate system, allowing
calculation of forces and moments acting on a ﬂoating body:

F = F p + Fv ,

(33)

M = M p + Mv ,

(34)

where index p stands for pressure and index v stands for viscous force and moment. Forces and moments are calculated in the
global coordinate system as:

Fp =

sf pf ,

(35)

ρ f νe, f s f • T∗ ,

(36)

rf × sf pf ,

(37)

bf

Fv =
bf

Mp =
bf

Mv =

rf ×




ρ f νe, f s f • T∗ ,

(38)

bf

where bf denotes summation over all body (ship) faces, ρ f is the
corresponding density at the boundary face and ν e, f is the effective
viscosity. T∗ represents the deviatoric part of the stress tensor T,
which is deﬁned as twice the symmetric part of the ∇ u tensor.
rf is the distance vector from current boundary face to centre of
gravity of the body.
After obtaining forces and moments in the global coordinate
system, they are transformed into a body ﬁxed coordinate system

using quaternions [61]. Using quaternions compared to Euler angles is more suitable for a general motion as they prevent gimbal
lock phenomenon. Time evolution of quaternions involves only 4
additional differential equation for rigid body rotation, as opposed
to 9 equations for time evolution of the orthogonal transformation
tensor [61]. Hence, a total of 13 differential equation are solved:
•

•

6 equations for rigid body translation (3 for velocity and 3 for
displacement),
7 equations for rigid body rotation (3 Euler equations for rotational velocity and 4 for rotation angles using quaternions).

Ordinary differential equations are solved with the adaptive
step size Embedded Runge–Kutta 5th order method with Cash–
Karp parameters [62]. Compared to the ﬂuid ﬂow solver, the cost
of additional 13 ordinary differential equations is negligible.
Solution of ordinary differential equations yields ﬂoating body
displacement and velocity. Displacement is used to move the computational grid as a rigid body. As the control volumes are now
moving in space and time, grid motion ﬂux for each face is calculated using the Space Conservation Law (SCL) [63] and is subtracted from the absolute ﬂux calculated in global coordinate system. Reader is referred to Ferziger and Perić [50] for details on
FV discretisation of the SCL using Euler time integration schemes.
Apart from grid motion, rigid body velocity is calculated and speciﬁed as a boundary condition for all boundary faces on the ﬂoating
body.
The coupling between rigid body motion and ﬂuid ﬂow is signiﬁcant as it moves the computational domain and prescribes
velocity boundary conditions for the ﬂoating body. Simonsen
et al. [64] report using 5 ﬂuid ﬂow-rigid body motion correctors
per time-step for heave and pitch simulations of a ship in regular
head waves. However, as the steady state solution is sought in this
case, only one corrector is used here.
4. Discretisation of pressure jump conditions using the Ghost
Fluid Method
FV discretisation of dynamic pressure terms near the free surface presented in Section 3 requires one-sided extrapolates of β
and pd . Before detailed derivation and analysis, the following assumptions are made, where the level set model presented by
Huang et al. [11] is extended to VOF approach:
•

•

Cell P is considered wet or dry, if α P > 0.5 or α P < 0.5, respectively.
If a wet cell is completely surrounded by other wet cells, usual
discretisation practices (see Section 3) are employed, since the
free surface is not located in the immediate vicinity of the cell.
Similarly, a dry cell completely surrounded with other dry cells
does not require special attention.

Such treatment is possible because arbitrary polyhedral FV
method uses a compact computational stencil: interface corrections need to be employed for faces where α P > 0.5 and α N <
0.5 or vice versa.1 Faces that require special treatment are called
interface faces because the free surface is located somewhere between P and N cell centres. The following criterion for interface
faces holds:

(αP − 0.5 )(αN − 0.5 ) < 0 .

(39)

Eq. (39) is used to mark all interface faces after solving the VOF
transport equation, Eq. (27). Interface faces are presented in Fig. 2
for a uniform 2-D grid for clarity.
1
If the free surface position is tracked using LS or other approaches, equivalent
free surface detection criterion are used.
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distance:

λ=

αP − 0.5
αP − 0.5
=
.
αP − 
0
.5 − αN + 
0
.5
αP − αN

(41)

λ is used to calculate the location of the free surface:
x = xP + λd f .

(42)

Dynamic pressure jump condition, Eq. (14) is discretised as:

[ pd ] = p−
− p+
= ( ρ + − ρ − )g • x = H ,
d
d

(43)

p−
d

where
is the dynamic pressure at an inﬁnitesimal distance from
the free surface on the air side, and p+
its counterpart on the wad
ter side. Recall that ρ + is water density and ρ − is air density. The
RHS of Eq. (43) can be calculated and stored as H for all interface
faces at given time-step. The discretisation given by Eq. (43) is of
the same order of accuracy as the solution of VOF transport equation because the dimensionless distance λ is calculated using the
α ﬁeld.
4.2. One-sided pressure extrapolation from the wet cell
Fig. 2. Interface faces for a uniform 2-D grid. The dashed blue line denotes free surface location: α = 0.5. Wet cells are below the blue line: α > 0.5, while dry cells
are above the blue line: α < 0.5. Interface faces are represented with red lines. Interface face is a face where the free surface is located between adjacent cell centres.
Ordinary faces are denoted with black lines. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.)

We shall ﬁrst consider the case where cell P is wet: α P > 0.5. In
order to discretise the dynamic pressure gradient jump condition
given by Eq. (15), the procedure by Huang et al. [11] is employed:

[β∇ pd ] = β − (∇ pd )− − β + (∇ pd )+
= β−

pdN − p−
d
1−λ

− β+

p+
− pdP
d

λ

= 0,

(44)

where the ﬁrst term on RHS denotes a second-order accurate gradient evaluated in the air at the free surface and the second term
denotes a second-order accurate gradient evaluated in the water at
the free surface. Expressing p−
from the discretised dynamic presd
sure jump condition, Eq. (43) gives:

p−
= p+
+H.
d
d

(45)

Inserting Eq. (45) into Eq. (44) yields:

p+
=
d

λβ −
( 1 − λ )β +
λβ −
pdN +
pdP −
H,
βw
βw
βw

(46)

where:

βw = λβ − + (1 − λ )β + .

Fig. 3. Compact computational stencil near the free surface. Interface face shared
by cells P and N is marked with a red line. x is the location of the free surface
for this interface face. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)

φP
,
φ P − φN

1 − λ

λ



Before we proceed with the GFM procedure for deﬁning onesided extrapolates of β and pd for interface faces using dynamic
pressure jump conditions, we shall deﬁne necessary geometrical
data for computational stencil at the free surface. Fig. 3 presents
the computational stencil at the free surface in 2-D for clarity,
without loss of generalisation. Wet cell P shares a common interface face with dry cell N and df is the vector from cell centre P to
cell centre N. Huang et al. [11] use dimensionless distance to the
free surface according to the LS ﬁeld as:

λ=

Here, βw represents the weighted inverse density which depends
on the distance to the free surface λ; its equation following from
algebraic manipulations. Eq. (46) deﬁnes the dynamic pressure at
the free surface on the water side p+
in terms of dynamic pressure
d
values at cell centres P and N and the density jump H. Secondorder accurate extrapolate of the dynamic pressure at dry cell centre N can be calculated as:

p+
= p+
+
dN
d

4.1. Computational stencil near the free surface

(40)

where φ P and φ N denote signed distance function to the interface
at cell centres P and N, respectively. To avoid calculation of the
signed distance ﬁeld φ , we deﬁne a VOF variant of dimensionless

(47)



p+
− pdP ,
d

(48)

where
− pdP )/λ represents dynamic pressure gradient at the
free surface on the water side, used to extrapolate dynamic pressure from the free surface towards the dry cell centre N (hence
1 − λ). Using Eq. (46), Eq. (48) takes the following reduced form
after some algebraic manipulations:

( p+d

p+
=
dN


β−
β−
β−
pdN + 1 −
pdP −
H.
βw
βw
βw

(49)

Eq. (49) deﬁnes a second-order accurate extrapolate of the dynamic pressure at the neighbouring cell, obtained with the discretised jump conditions. Hence, the procedure uses jump conditions to deﬁne a special interpolation scheme for interface faces. In
scientiﬁc literature, this method is called the Ghost Fluid Method
because p+
is deﬁned by one-sided extrapolation of dynamic
dN


pressure. p+
dN



appears in pressure gradient discretisations, Eqs.

(29) and (30), and pressure Laplacian discretisation, Eq. (32).

8
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4.3. One-sided pressure extrapolation from the dry cell
We shall now consider the case where cell P is dry: α P < 0.5.
Dynamic pressure jump condition, Eq. (43) is used to express p+
:
d

p+
d

=

p−
d

−H.

pdN − p+
d
1−λ

− β−

p−
− pdP
d

λ

= 0.

Face interpolated density in the pressure equation, Eq. (32) is
extrapolated as follows:
•

Comparing Eq. (51) with Eq. (44), it can be seen that
and
β − are interchanged as expected. Inserting Eq. (50) into Eq.
(51) yields:

λβ +
( 1 − λ )β −
λβ +
pdN +
pdP +
H,
βd
βd
βd

(52)

where:

Looking from the wet cell:

(β ) f  = β + ,

(51)

β+

p−
=
d

4.5. Notes on density extrapolation

(50)

Discretisation of the dynamic pressure gradient jump condition, Eq.
(15) yields:

β+

Eqs. (56) and (57) will be used to prove the symmetry of the
pressure Laplacian in Eq. (32), which is a natural consequence of
the incompressibility condition.

•

(β ) f  = β − .

Simple expressions for face interpolated densities are also a
consequence of the incompressibility condition, where the density
ﬁeld is assumed constant in a given ﬂuid.

(53)

It should be noted that βd = βw . Following the same procedure as
before, second-order accurate extrapolate of the dynamic pressure
at wet cell centre N can be calculated as:

p−
= p−
+
dN
d

1 − λ



λ



p−
− pdP .
d

(54)

To demonstrate the effect of interface corrections on the evaluation of the Gauss gradient, we inspect the case where cell P is
wet in detail. Eq. (29) can be written in the following form:

βP pdP =

Insertion of Eq. (52) into Eq. (54) yields:


β
β
β
pdN + 1 −
pdP +
H.
βd
βw
βw
+

+

(55)
where

4.4. Summary of dynamic pressure extrapolation formulae
In the dynamic pressure extrapolation using jump conditions,
we distinguish two cases:



β−
β−
β−
=
pdN + 1 −
pdP −
H,
βw
βw
βw

(56)

β+
β+
β+
pdP + 1 −
pdN +
H,
βw
βw
βw

(57)

p−
=
dP


•

Cell P is dry and cell N is wet:

p−
=
dN

β+
β+
β+
pdN + 1 −
pdP +
H,
βd
βd
βd

(58)

p+
=
dP

β−
β−
β−
pdP + 1 −
pdN −
H.
βd
βd
βd

(59)





Eqs. (57)and (59) are derived in analogy to Eqs. (56) and (58),
looking from cell N to cell P. Eqs. (56)–(59) need further comments. In OpenFOAM, cell P is denoted as owner of neighbouring cell N, depending on the direction of the face normal. Consequently, cell P may be wet or dry, leading to expressions for:
•

•

•

•

VP





f

from cell N.



f



s f fx pdP + (1 − fx ) p+
,
dN


(62)

denotes summation over non-interface faces and



VP

f





1
+
VP

f

f

=

1
VP

s f β + pdP
f

β +β −
sf
(1 − fx )( pdN − pdP − H ) ,
βw

(63)

where the ﬁrst term on the RHS can be identiﬁed as ﬁrst order
extrapolation. The second term represents the second order correction arising from discretisation of dynamic pressure jump conditions via GFM. Eq. (63) represents interface correction contributions for interface faces when the cell is wet. Similar expression
can be obtained for dry cell using p−
given by Eq. (58).
dN


4.7. Interface contribution in the discretised least squares pressure
gradient
Least squares gradient discretisation for wet cell P, Eq. (30), divided into two sums reads:

βP pdP =

βP
VP
+





VP

s f fx pdP + (1 − fx ) p+
dN



from cell P;
p+
– used when P is dry (N is wet) for discretisation looking
dP





from cell P;
p−
– used when P is wet (N is dry) for discretisation looking
dP


βP

examine interface contributions in the second sum. Inserting Eq.
(56) into second sum in Eq. (62) yields:

p+
– used when P is wet (N is dry) for discretisation looking
dN

from cell N;
p−
– used when P is dry (N is wet) for discretisation looking
dN

s f ( fx pdP + (1 − fx ) pdN )
f

denotes summation over interface faces. The ﬁrst sum on the RHS
of Eq. (62) does not need special attention: ordinary interpolation scheme is suﬃcient. Furthermore, if cell P is wet (α P > 0.5),
then βP = β + . For interpolation on interface faces (second sum in
Eq. (62)), p+
is used because cell P is wet (+). We proceed to
dN

βP

Cell P is wet and cell N is dry:

p+
dN

βP

+

+

Eq. (55) deﬁnes a second-order accurate extrapolate of dynamic
pressure if the cell P is dry and consequently, cell N is wet.

•

(61)

4.6. Interface contribution in the discretised Gauss pressure gradient

βd = λβ + + (1 − λ )β − .

p−
=
dN

(60)

Looking from the dry cell:

l f ( pdN − pdP )

βP
VP



f

f





l f p+
− pdP ,
dN


(64)

where l f = w2f G−1 • d f . Inserting Eq. (56) into the second sum in
Eq. (64) yields:



βP
VP

f



l f p+
− pdP =
dN


lf
f

β +β −
( pdN − pdP − H ) ,
βw

(65)
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where βP = β + has been used because cell P is considered wet (+).
4.8. Interface contribution in the discretised pressure Laplacian

1
aP

f

f

( β ) f  |s f |

1

=



f

+
f

aP

f

1
aP

f

( pdN − pdP )
|d f |

( β ) f |s f |

pdN − pdP
|d f |

( β ) f  |s f |

p+
− pdP
dN


|d f |

,

(66)

where wet owner cell P is considered. The ﬁrst sum on the RHS of
Eq. (66) denotes fully wet or fully dry faces: interface corrections
are not needed and the resulting matrix contributions are symmetric as in single-phase ﬂows. Consider a contribution for a single
wet owner cell P and dry neighbour cell N pair, by inserting Eq.
(56) into Eq. (66):

1
aP

f

( β ) f  |s f |

p+
− pdP
dN


|d f |

=

 1  |s | β + β −
f
( pdN − pdP − H ) ,
aP f |d f | βw
(67)

β+

where (β ) f =
because cell P is considered wet. Diagonal contribution in discretisation of pressure Laplacian at an interface face
can be identiﬁed as:

 1  |s | β + β −
f
.
aP f |d f | βw

dP = −

(68)

Upper matrix coeﬃcient accounting for the inﬂuence of neighbouring cell N to cell P is:

aPN =

 1  |s | β + β −
f
.
aP f |d f | βw

(69)

Furthermore, additional source term is present on the RHS of the
pressure equation due to discretisation of jump conditions:

SP =

 1  |s | β + β −
f
H.
aP f |d f | βw

(70)

We now proceed to inspect interface face contribution to the pressure equation for the neighbouring cell N:

1
aP

f

( β ) f  |s f |

p−
− pdN
dP


|d f |

=

 1  |s | β + β −
f
( pdP − pdN + H ) ,
aP f |d f | βw
(71)

where Eq. (57) for

p−
dP

is used and (β ) f =

β−

because cell N is

considered dry. Diagonal contribution for cell N can be identiﬁed
as:

 1  |s | β + β −
f
.
aP f |d f | βw

dN = −

(72)

Lower matrix coeﬃcient accounting for the inﬂuence of owner cell
P to cell N is:

aNP =

 1  |s | β + β −
f
.
aP f |d f | βw

of the matrix, as postulated in Section 3.3. Additional source term
for cell N is:

 1  |s | β + β −
f
H.
aP f |d f | βw

SN = −

Detailed inspection of the pressure equation, Eq. (25) in
Section 3.3 led to conclusion that interface corrected interpolation
schemes should produce a symmetric matrix. The implicit part of
the pressure equation, Eq. (32) can be divided into two sums:

(73)

Comparison of the upper matrix coeﬃcient given by Eq. (69) and
the lower matrix coeﬃcient given by Eq. (73) proves the symmetry

9

(74)

It is important to note that additional source terms arising from
dynamic pressure jump conditions at interface faces are antisymmetric (see Eqs. (70) and (74)). The source terms represent additional ﬂux through the interface face that will be balanced by the
dynamic pressure jump after solving the pressure equation. Equivalent properties can be easily derived for dry cell P and wet cell N
pair.
By inspecting Eqs. (68) and (69), we stress that the matrix diagonal can be reconstructed using off-diagonal matrix coeﬃcients
as:

dP = −

aPN ,

(75)

f

where f is the summation over all neighbours of cell P, both for
interface faces and non-interface faces.
5. Segregated solution algorithm
The ﬂow chart of the segregated solution algorithm is presented in Fig. 4. The solution algorithm is a combination of SIMPLE [42] and PISO [43] algorithms. The SIMPLE loop handles α −
u − pd coupling with the rigid body motion, while the embedded
PISO loop is used to further resolve u − pd coupling. The SIMPLE
loop starts by calculating the 6-DOF rigid body motion, updating
the mesh and relative ﬂuxes and solving the VOF transport equation, Eq. (27). After obtaining a new estimate of the α ﬁeld, interface faces are marked in order to prepare for discretisation of the
dynamic pressure terms in mixture equations, see Section 4. Effective viscosity of the two phases is updated using Eq. (4) before
the mixture momentum equation. The PISO loop starts with the
solution of momentum equation, Eq. (19), using the dynamic pressure from the previous iteration. The dynamic pressure equation,
Eq. (25) is formulated and solved, taking into account pressure–
density coupling through GFM treatment of interface jump conditions. New dynamic pressure with jumps across the interface is
used to correct the velocity ﬁeld, making the face ﬂux ﬁeld conservative, Eq. (26). On convergence of the PISO loop, turbulence model
equations are solved and the effective viscosity ν e is updated.
6. Test cases
As the mathematical model is exact for inviscid ﬂow without surface tension, an inviscid 2-D free surface ﬂow over a
ramp [65] is considered ﬁrst, where the water height at the outlet boundary is compared with the analytical solution. Simulations
are carried out using sets of block-structured hexahedral and unstructured prismatic grids in order to compare numerical uncertainties. Furthermore, a simple hydrostatic test case is performed
on a block-structured grid in order to discuss spurious velocities
which can be observed when using conditionally averaged equations and segregated solution algorithms.
The second set of test cases considers steady resistance of a
container ship with dynamic sinkage and trim for different Froude
numbers. Four unstructured computational grids are used and detailed veriﬁcation is performed for all Froude numbers. Results are
compared to experimental data published at the Tokyo 2015 Workshop website [66–68]. Along with iterative and grid uncertainties,
validation uncertainties are calculated for all conditions, as the experimental uncertainty is readily available [66].
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the Conjugate gradient method [72] using Cholesky factorisation
as a preconditioner. Non-symmetric momentum and volume fraction equations are solved with Stabilised Bi-Conjugate Gradient
(BiCGStab) [73] method with Incomplete L-U (ILU) preconditioner
without ﬁll in [71]. Under-relaxation [42] factors not used unless
otherwise stated.
6.2. Outline of validation and veriﬁcation procedures
In order to validate the implemented methodology, simulations
results shall be compared with analytical and experimental data
for ﬁrst and second test case, respectively. The relative error of the
CFD solution SCFD compared to the analytical or experimental solution S is deﬁned as:

=

S − SCF D
,
S

(76)

The order of grid convergence is calculated following guidelines
by Versteeg and Malalasekera [49] based on work by Roache [74]:


ln
pG =

S f −Sm
Sm −Sc


,

ln(rG )

(77)

where pG is the achieved order of spatial accuracy, Sc is the coarse
grid solution, Sm is the medium grid solution and Sf is the ﬁne
grid solution. rG is the grid reﬁnement ratio, which should preferably be constant. As the constant grid reﬁnement ratio is diﬃcult
to achieve using unstructured grids, the average grid reﬁnement
ratio between coarse/medium and medium/ﬁne grids is used. We
also stress that one of the Roache’s [74] conditions for Eq. (77) to
be valid states that the ﬂow ﬁeld must be suﬃciently smooth. This
requirement is not met as the dynamic pressure and density have a
discontinuity across the free surface. However, since the grid convergence of integral quantities shall be assessed in present work,
we assume Eq. (77) to be valid even though the integral quantities (i.e. force on the ship’s hull) are obtained using discontinuous density and pressure ﬁelds. Following guidelines given by Stern
et al. [75], Richardson extrapolation (RE) is used to calculate normalised grid uncertainty:

UG =

UG

|S f |

=

δRE
,
|S f |

(78)

where Sf is the ﬁnest grid solution and δ RE is the grid error:
Fig. 4. Flow chart of the segregated solution algorithm.

6.1. Discretisation and numerical settings
Time derivative terms are discretised using the ﬁrst order accurate implicit Euler scheme [49,50], convective term in the momentum equation is discretised with second order accurate linear
upwind scheme, while the convective term in the VOF equation
is discretised with second order accurate Total Variation Diminishing (TVD) [69] scheme with van Leer’s ﬂux limiter [70] in a deferred correction formulation [50]. Pressure gradient term in the
momentum equation is discretised using the second order accurate least squares scheme with interface jump correction relying on
the GFM. Pressure Laplacian in the pressure equation is discretised
with second order central differencing scheme with interface correction, using the over-relaxed approach for non-orthogonal correction [38,51]. Since all spatial discretisation schemes are second
order accurate, second order grid reﬁnement convergence is expected.
All governing equations are solved with Krylov subspace linear
system solvers [71]. Symmetric pressure equation is solved with

δRE =



Gm, f 
|p |

rG G − 1

,

(79)

where Gm, f = S f − Sm is the difference between ﬁne and medium
grid solutions.
It is important to note that grid uncertainty calculated with Eq.
(78) is valid only if monotone convergence is achieved. For oscillatory grid convergence, order of accuracy cannot be calculated.
However, following Stern et al. [75], grid uncertainty may be estimated as:

UG =

UG

|S f |

=

1 |Smax − Smin |
,
2
|S f |

(80)

where Smax and Smin are the maximum and minimum solutions obtained from a set of coarse, medium and ﬁne grids.
Finally, if neither monotonically converging or oscillatory converging solutions are obtained with grid reﬁnement, grid uncertainty is estimated following Simonsen et al. [64]:

UG =

UG

|S f |

=

|Smax − Smin |
,
|S f |

(81)

calculating the grid uncertainty as the absolute value of the maximum and minimum solutions.
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Fig. 6. Geometry of the computational domain for the 2-D ramp test case.
Table 1
Simulation parameters for the 2-D
ramp test case [76].
Item

Value

ρ h , kg/m3
ρ l , kg/m3

1
0.001
[0, −9.81, 0]
1
[6, 0, 0]

g, m/s2
h1 , m
u, m/s 
Fr = |u|/ |g|h1

1.92

Table 2
Boundary conditions for the 2-D ramp test
case.

u
pd

α

Inlet

Outlet

Bottom

Top

f.v.
z.g.
f.v.

z.g.
z.g.
z.g.

s.
z.g.
z.g.

s.
f.v.
z.g.

and τ I, min obtained from the time-evolution signal of τ . Iterative
uncertainty is always calculated based on the ﬁne grid solution.
 f −m = S f − Sm denotes the difference between the ﬁne and the
medium grid solution and allows UI to be represented in a dimensionless form.
Fig. 5. Representative signal of trim convergence for the KCS ship in calm sea at
Fr = 0.282 (case 6).

For the steady resistance test cases, experimental data uncertainty UD is reported in [66] for all Froude number conditions
in percentages of measured values. Hence, it is possible to assess
overall validation uncertainty as:

UV =



2 ,
UD2 + USN

(82)

where USN is the simulation numerical uncertainty calculated from
iterative uncertainty UI and grid uncertainty UG :

USN =



UI2 + UG2 .

(83)

Convergence of the drag force coeﬃcient, sinkage and trim in
time is observed to be oscillatory for the steady resistance simulations. Fig. 5 presents the oscillatory convergence of trim for largest
Froude number condition. Fig. 5(a) presents trim signal from simulation start (t = 0 s) to end (t = 100 s), while Fig. 5(b) presents
zoomed convergence from t = 40 s to end of simulation. Although
the convergence is oscillatory, oscillations occur within a narrow
band, indicating low iterative uncertainty. In order to quantify iterative uncertainty, we use the expression analogous to Eq. (80):

UI =

UI

 f −m

=

1 |SI,max − SI,min |
,
2
 f −m

(84)

where SI,max is the maximum value and SI, min is the minimum
value. Both SI, max and SI, min are taken from last few hundred timesteps (iterations) since small oscillations often exhibit irregular behaviour. As an example, Fig. 5(b) presents illustration of τ I, max

6.3. Inviscid free surface ﬂow over a 2-D ramp
The inviscid ﬂow model is easily obtained by setting kinematic
viscosities of two ﬂuids to zero. Validation for test case presented
in this section is achieved by comparing simulation results with
analytical solution. Veriﬁcation is achieved by performing grid reﬁnement studies for both block-structured hexahedral grids and
unstructured prismatic grids.
Steady state ﬂow over a 2-D ramp is a standard validation test
case for free surface ﬂows used by many authors [65,76], where
the geometry of the computational domain is presented in Fig. 6.
Applying the Bernoulli and the continuity equation for a known
inﬂow velocity u and free surface height h1 , it is possible to obtain the height of the free surface at the outlet boundary h2 [76].
Simulation parameters are outlined in Table 1.
For a general variable φ , following key words are used for certain boundary conditions:
•
•
•

Zero gradient (z.g.): n • ∇φ = 0.
Fixed value (f.v.): φ = φb .
Slip (s.): t • (∇ u ) = 0 and n • u = 0,

where φ b is the speciﬁed value at the boundary and t denotes
unit tangential vector. Boundaries of the computational domain include: inlet, outlet, bottom and top (see Fig. 7), with corresponding
boundary conditions given in Table 2. As the ﬂow is inviscid, slip
boundary conditions are used for velocity at the bottom boundary.
At the top, dynamic pressure is set to zero. Uniform velocity ﬁeld
corresponding to the inﬂow velocity u and undisturbed free surface with constant height of h1 are used as initial conditions.
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Fig. 8. Volume fraction α at the steady state solution for four unstructured prismatic grids.
Table 4
Unstructured grid reﬁnement results for 2-D
ramp test case.
Fig. 7. Volume fraction α at the steady state solution for four structured hexahedral
grids.

Table 3
Structured grid reﬁnement results for 2-D ramp test case.
Index

1

2

3

4

No. cells
h2 , m
, %

180
1.03114
5.38

720
1.07241
1.59

2 880
1.08650
0.30

11 520
1.08662
0.29

6.3.1. Reﬁnement study with block-structured hexahedral grids
The initial, coarsest grid consists of 15 × 12 = 180 cells, shown
in Fig. 7(a). Grading of cells in longitudinal direction towards the
ramp and in the vertical direction towards the undisturbed free
surface is used. A constant grid reﬁnement ratio [74] rG = 2 is
applied three times, producing three additional grids consisting
of 720, 2 880 and 11,520 cells. Steady state solution for each of
four grids is presented in Fig. 7. The computed free surface height
at the outlet boundary is compared with the analytical solution
h2a = 1.08973 m [76] for all grids. Table 3 presents the solution
for four grids and corresponding relative errors calculated with Eq.
(76).
Taking into account three coarsest grids (1, 2 and 3), achieved
order of spatial accuracy is pG = 1.55, while taking into account
three ﬁnest grids (2, 3 and 4) results in pG = 6.87. The unrealistically high order of convergence using three ﬁnest grids is due to
the fact that the solutions are not within asymptotic range of convergence, as calculated using the Grid Convergence Index following guidelines presented in [77]. Taking into account three coarsest grids (1, 2 and 3), grid uncertainty is U G = 0.67%, while for the
three ﬁnest grids U G ≈ 10−4 %.

Index

1

2

3

No. cells
h2 , m
, %

2 892
1.02634
5.82

13 913
1.09777
−0.73

26 112
1.09250
−0.25

6.3.2. Reﬁnement study with unstructured prismatic grids
Three grids with prisms (extruded triangles in the third,
dummy direction) are used for the unstructured grid reﬁnement
study. The coarse, medium and ﬁne grids consist of 2892, 13,913
and 26,112 cells, respectively, leading to an average grid reﬁnement
ratio rG ≈ 1.78. Fig. 8 presents the steady-state α ﬁeld and provides
visual details of the grids. Table 3 presents the water height at the
outlet for the three grids and corresponding relative errors.
Although the relative errors using unstructured grids reported
in Table 4 are similar to the relative errors obtained with structured grids, monotone convergence is not achieved for unstructured grids. The achieved order of spatial accuracy cannot be calculated, thus, we proceed to inspect grid uncertainties. Calculating
grid uncertainties using Eq. (80) for oscillatory convergence, we
obtain U G = 3.3%, which is higher than in the case of structured
grids.
6.3.3. Spurious air velocities in hydrostatic test case
As indicated in Section 1.3, the numerical model using conditionally averaged momentum equation with segregated solution
algorithms yields spurious air velocities. Speciﬁcally, the cause of
spurious air velocities can be directly linked to the pressure–
density coupling being resolved in the momentum equation. We
stress that this numerical phenomena is unrelated to parasitic currents caused by numerical issues in atomisation calculations due to
Continuous Surface Stress (CSS) model [46]. This is demonstrated
by considering the inviscid case without surface tension effects.
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To test the improvements using the present approach, we consider the hydrostatic variant of this test case where the calm free
surface is initialised and the velocity ﬁeld is set to zero everywhere. Such hydrostatic test case is linear, hence the converged
solution should be obtained in a single time-step. OpenFOAM’s
interFoam multiphase ﬂow solver is based on conditionally averaged equations and is used for comparison. Additional details regarding the interFoam solver can be found in numerous publications [25–29]. To further stress the inconsistency, we use the ﬁne
structured hexahedral mesh.
As the considered problem is linear, a single time-step with
one pressure correction step has been computed. Velocity ﬁelds
after the momentum equation (momentum predictor step) and after the pressure correction step are compared in Fig. 9 using the
two approaches, where we stress that the different velocity scales
have been used for each ﬁgure in order to visualise the difference.
Fig. 9(a) presents the velocity ﬁeld after the solution of the momentum equation using the conditional averaging approach, where
a single layer of cells in air adjacent to the free surface has velocity
magnitudes up to O (103 ). The extreme velocities in the intermediate step of the solution algorithm are caused by the dynamic pressure and density (free surface) imbalance in the momentum equation. In the present approach, the dynamic pressure–density (free
surface) coupling is resolved in the pressure equation, indicating
that there should be no spurious air velocities after the momentum predictor step. This is demonstrated in Fig. 9(b), where the
maximum velocity is O (10−5 ) due to discretisation errors. The ﬁnal
velocity ﬁeld after the pressure correction step using conditional
averaging approach yields velocity magnitudes of O (10−3 ), which
is 7 orders of magnitude smaller than the velocity ﬁeld obtained
after the momentum predictor step. In contrast, the ﬁnal velocity
ﬁeld using the present approach is the same as after the momentum predictor step, as can be seen by comparing Fig. 9(d) and (b).
Although the maximum velocity magnitude obtained with conditionally averaged approach is reduced by 7 orders of magnitude in
the pressure correction step, the ﬁnal maximum value is two orders of magnitude smaller in the present approach. It should also
be noted that the velocity ﬁeld of O (10−5 ) in the present approach
can be observed both in air and water (indicating the level of discretisation errors), while in the conditionally averaged approach,
higher velocities can be found only in air cells adjacent to the free
surface.
6.3.4. Summary of the results
For the 2-D ramp test case, both block-structured hexahedral
and unstructured prismatic grids have been used. For the blockstructured hexahedral grids, the achieved order of spatial accuracy for the water height at the outlet is 1.55 considering ﬁrst
three grids and 6.87 considering last three grids (where the solutions are not within asymptotic range of convergence). The results
on unstructured grids exhibit oscillatory convergence, hence, the
achieved order of spatial accuracy could not be determined. The
results on both structured and unstructured grids compare well
with the analytical solution. For comparison with the conditionally averaged equations, a simple hydrostatic test case is carried
out using the same geometry, where it was demonstrated that the
spurious air velocities (related to density–pressure coupling inside
the momentum equation using segregated solution algorithm, not
the surface tension effects) are remedied with present approach.
6.4. Simulations of a Kriso (Moeri) container ship in calm seas
Steady resistance of a ship in calm seas is one of standard
test cases for validation and veriﬁcation of a viscous CFD algorithm, as used by many authors [11,39,60,78]. Viscous free-surface

Fig. 9. Air velocities near the free surface for the hydrostatic test case.

ﬂow around the KCS model free to sink and trim will be considered. KCS is a modern container ship investigated both experimentally [79,80] and numerically [81], and is one of the three
ships used for Tokyo 2015 Workshop on CFD in Ship Hydrodynamics [66]. Experimental data concerning resistance, sinkage and
trim, along with the data uncertainty is available at the Workshop’s website [66]. Main particulars of the ship for sinkage and
trim results are brieﬂy given in Table 5, while the reader is referred
to [66] for additional details. Longitudinal centre of buoyancy LCB
is 1.48%LPP from mid-ship towards aft of the ship.
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Table 5
Main particulars of the KCS model [66].
Item

Units

Value

Length between perpendiculars
Maximum beam of waterline
Depth
Draft
Displacement
Wetted surface coeﬃcient
Block coeﬃcient
Pitch radius of inertia

LPP , m
BWL , m
D, m
T, m
∇ , m3
SW /L2PP
CB
ry , m

7.2786
1.0190
0.6013
0.3418
1.6490
0.1803
0.6505
1.81965

Experimental settings are: g = 9.81 m/s2 , ρw = 999.5 kg/m3 and
νw = 1.27 · 10−6 m2 /s. The model is free to sink (translation in vertical direction) and trim (rotation around transversal axis), and 6
conditions given in Table 6 are considered, where:

Fr =



U
gLPP

,

(85)

is the Froude number. The Reynolds number is given as:

Re =

ULPP

νw

,

(86)

where U is the forward speed of the model.
6.4.1. Unstructured computational grids
Four unstructured, polyhedral FV grids are used. The origin of
the coordinate system is located at mid-ship in the longitudinal
direction and at calm water in the vertical direction. Symmetry
plane is used to decrease cell count and consequently computational cost. x axis is positive from aft to fore perpendicular of the
ship, while y axis is positive towards portside of the ship. z axis is
positive upwards, deﬁning a right-handed coordinate system. The
bounding box of the computational domain is: x ∈ [−21.8, 10.9],
y ∈ [0, 11.4] and z ∈ [−11.8, 8.2] meters. Since grids are unstructured, it is diﬃcult to achieve constant grid reﬁnement ratio. Four
grids consist of approximately 60 0,0 0 0, 950,0 0 0, 2,60 0,0 0 0 and
4,60 0,0 0 0 cells, and their details are given in Table 7. Grid reﬁnement ratio, rG = 1.28, is calculated as the average of successive
grid reﬁnement ratios and is used in the grid convergence study.
We note that relatively coarse grids are used with low grid reﬁnement ratios due to limited computational resources. Details of the
coarse grid are presented in Fig. 10.
6.4.2. Boundary conditions and numerical settings for KCS cases
Each grid has the following set of boundaries: inlet, outlet, bottom, atmosphere, far-ﬁeld, hull and symmetry plane. Corresponding boundary conditions are given in Table 8. uship denotes the
speciﬁed forward speed of the ship, while uwall denotes moving
wall velocity as calculated from the 6-DOF solution. α swl corresponds to the volume fraction distribution according to still water
level. Inlet–outlet (mixed) boundary condition is used at the bottom and atmosphere for α : zero gradient is used if outﬂow occurs,
ﬁxed value of 0 and 1 is used otherwise for atmosphere and bottom, respectively. Free stream values of k and ω are calculated and
imposed on the inlet, while wall functions are used at the hull. Implicit relaxation zones [82] are used at the inlet, outlet and far-ﬁeld
boundaries.
The following initial conditions are used: uniform velocity ﬁeld
u = uship , α distribution corresponding to still water level obtained
with cell cutting algorithm, uniform dynamic pressure pd = 0, uniform turbulent kinetic energy k = k f s and uniform speciﬁc dissipation of turbulent kinetic energy ω = ω f s .
Grid motion, k and ω under-relaxation parameters are set to
0.5 and the under-relaxation parameter for velocity ﬁeld is set
to 0.7. Grid motion is under-relaxed explicitly, while u, k and

Fig. 10. Coarse KCS grid details.

ω are under-relaxed implicitly [42]. α and pd are not underrelaxed. Under-relaxation parameter of 0.5 for grid motion slightly
improves convergence of sinkage and trim compared to underrelaxation parameter of 1 which causes a more pronounced oscillatory behaviour.
6.4.3. Computational results for the KCS model in calm seas
Computations for 6 conditions given in Table 6 are carried out.
At steady state, drag force coeﬃcient CT , sinkage σ and trim τ are
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Table 6
Steady resistance conditions for the KCS model [66].
Index

i

1

2

3

4

5

6

Forward speed
Froude number
Reynolds number

U, m/s
Fr
Re · 10−6

0.915
0.108
5.23

1.281
0.152
7.33

1.647
0.195
9.42

1.922
0.227
1.10

2.196
0.260
1.26

2.379
0.282
1.36

Table 7
Computational grids for the KCS model.
Grid index

1

2

3

4

Number of cells
Hexahedral cells
Prismatic cells
Polyhedral cells
Maximum non-orthogonality, °
Average non-orthogonality, °
Maximum aspect ratio

607 114
535 096
23 933
44 599
84.3
8.5
807

954 016
853 998
33 430
61 565
75.2
7.5
787

2 643 763
2 422 245
77 582
132 118
86.8
7.5
656

4 661 889
4 331 549
118 077
194 026
76.1
6.6
779

Table 8
Boundary conditions for the KCS test case.
Inlet
u
pd

ω

Bottom

uship
zero gradient

α
k

Outlet

α swl
kfs

ωfs

Atmosphere

calculated and compared to experimental results. Drag force coefﬁcient is calculated as:

CT =

|Fx |
,
0.5ρwU 2 SW

Far-ﬁeld

Pressure outlet
Fixed value
Inlet–outlet
Zero gradient
Zero gradient

Hull

Zero gradient
uwall
Zero gradient
Zero gradient
Wall function
Wall function

Table 9
Validation and veriﬁcation: Fr = 0.108 case.
Measured parameters

(87)

where Fx is the ﬂuid force acting on a ship hull in the longitudinal direction. Sinkage and trim are readily available as rigid
body translation in the vertical direction and rotation around the
transversal axis.
Fig. 11 shows the comparison of CFD results on the ﬁnest
grid (4,60 0,0 0 0 cells) and experimental results over a range of
Froude numbers. Fig. 11(a) presents the drag force coeﬃcient,
while Fig. 11(b) and (c) shows sinkage and trim, respectively. CT
is dimensionless, σ is presented in centimetres for clarity and τ is
presented in degrees. CFD results show good agreement compared
to experimental results.
6.4.4. Veriﬁcation and validation study
Veriﬁcation and validation results corresponding to the grid reﬁnement study for each condition given in Table 6 are presented
in Tables 9–14. CFD results are presented along with corresponding absolute and relative errors compared to experimental results.
Iterative and grid uncertainties are calculated for each simulation,
and grids 1, 2 and 3 are used for lower Froude number cases: Fr =
0.108, 0.152, 0.195, while grids 1, 2, 3 and 4 are used for higher
Froude number cases: Fr = 0.227, 0.260, 0.282.
Results for the lowest Froude number case, Fr = 0.108, are presented in Table 9. Although errors for drag force coeﬃcient, sinkage and trim monotonically decrease with grid reﬁnement, convergence is not achieved as the difference between ﬁne and medium
grid solutions is larger than the difference between medium and
coarse grid solutions. Hence, order of accuracy cannot be calculated. Relative error for the drag force coeﬃcient is less than −5%
on the ﬁne grid, while relative errors for sinkage and trim are considerably greater, −110% and −75%, respectively. Larger relative errors for sinkage and trim are expected as the ship exhibits only minor movement at small Froude numbers. Furthermore, experimental measurement of sinkage is slightly less than −0.1 cm, while

CT · 103

σ , cm

τ, °

Experimental results
Grid 1 solution
Grid 2 solution
Grid 3 solution

S
S1
S2
S3

3.796
4.242
4.141
3.972

−0.090
−0.200
−0.194
−0.188

−0.017
−0.035
−0.034
−0.030

Absolute error 1
Absolute error 2
Absolute error 3

E1
E2
E3

−0.446
−0.345
−0.175

0.110
0.104
0.098

0.018
0.017
0.013

Relative error 1
Relative error 2
Relative error 3

1, %
2, %
3, %

−11.8
−9.1
−4.6

−122.1
−115.6
−109.0

−106.1
−97.2
−74.8

Iterative uncertainty
Order of accuracy
Grid uncertainty
Data uncertainty
Validation uncertainty

UI
pG
UG, %
UD , %
UV

−9.36 · 10−3
N/A
6.8
1.0
0.2730

1.98 · 10−5
N/A
6.4
8.2
0.0196

4.62 · 10−6
N/A
16.7
9.6
0.0058

the ﬁnest layer of cells near the free surface is approximately 0.5
cm high. Therefore, we do not expect to correctly model sinkage
and trim with such a coarse grid resolution for low Froude numbers. Taking above mentioned considerations into account along
with the absolute errors for sinkage and trim of 0.098 cm and
0.013°, respectively, results compare well with experimental data.
Iterative uncertainty is low as expected, while the normalised grid
uncertainty calculated with Eq. (81) ranges from 6.4% for sinkage
to 16.7% for trim. The normalised grid uncertainty for the drag
force coeﬃcient is 6.8%. Overall validation uncertainties are approximately 0.27, 0.02 and 0.006 for drag force coeﬃcient, sinkage
and trim, respectively.
Results for the Fr = 0.152 case are presented in Table 10. Errors
for all measured parameters monotonically decrease. Relative error
for drag force coeﬃcient is less than −5% for the ﬁne grid, while
relative errors for sinkage and trim are 40% and −8%. Compared to
lowest Froude number case, Table 9, relative errors for sinkage and
trim are signiﬁcantly lowered. This is expected as the same grid
better resolves larger motions, and the measured sinkage and trim
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Table 10
Validation and veriﬁcation: Fr = 0.152 case.

σ , cm

τ, °

Experimental results
Grid 1 solution
Grid 2 solution
Grid 3 solution

S
S1
S2
S3

3.641
3.972
3.878
3.819

−0.275
−0.423
−0.414
−0.387

−0.053
−0.061
−0.059
−0.057

Absolute error 1
Absolute error 2
Absolute error 3

E1
E2
E3

−0.331
−0.237
−0.178

0.148
0.139
0.112

0.008
0.006
0.004

Relative error 1
Relative error 2
Relative error 3

1, %
2, %
3, %

−9.1
−6.5
−4.9

−53.7
−50.4
−40.4

−14.7
−12.0
−7.5

Iterative uncertainty
Order of accuracy
Grid uncertainty
Data uncertainty
Validation uncertainty

UI
pG
UG, %
UD , %
UV

−5.82 · 10−2
1.85
2.7
1.0
0.1096

1.05 · 10−5
N/A
9.3
5.9
0.0426

1.05 · 10−5
N/A
7.0
6.8
0.0056

Measured parameters

CT · 103

Table 11
Validation and veriﬁcation: Fr = 0.195 case.
Measured parameters

Fig. 11. Comparison of CFD results using the ﬁnest grid (4,60 0,0 0 0 cells) and experimental results for 6 KCS test case conditions.

CT · 103

σ , cm

τ, °

Experimental results
Grid 1 solution
Grid 2 solution
Grid 3 solution

S
S1
S2
S3

3.475
3.719
3.691
3.526

−0.599
−0.709
−0.697
−0.691

−0.097
−0.107
−0.100
−0.102

Absolute error 1
Absolute error 2
Absolute error 3

E1
E2
E3

−0.244
−0.216
−0.051

0.110
0.098
0.092

0.010
0.003
0.005

Relative error 1
Relative error 2
Relative error 3

1, %
2, %
3, %

−7.0
−6.2
−1.5

−18.4
−16.4
−15.3

−10.7
−2.8
−5.1

Iterative uncertainty
Order of accuracy
Grid uncertainty
Data uncertainty
Validation uncertainty

UI
pG
UG, %
UD , %
UV

−5.29 · 10−2
N/A
5.5
1.0
0.1973

3.29 · 10−5
2.57
1.1
3.9
0.0245

−1.69 · 10−4
N/A
3.8
4.57
0.0060

are approximately 3 times higher compared to Fr = 0.108 case. Absolute errors for sinkage and trim are 0.112 cm and 0.004°. Respectively, iterative uncertainties are low: ≈ 10−2 for the drag force coeﬃcient and ≈ 10−5 for sinkage and trim. Order of accuracy for the
drag force coeﬃcient is 1.85, giving normalised grid uncertainty estimate of 2.7% and validation uncertainty of approximately 0.1.
Results for the Fr = 0.195 case are presented in Table 11. Errors
for drag force coeﬃcient and sinkage monotonically decrease with
grid reﬁnement, while trim exhibits oscillatory convergence. Relative errors for the ﬁne grid: −2% for drag force coeﬃcient, −15% for
sinkage and −5% for trim, are further lowered compared to lower
Froude number cases. Iterative uncertainties are several orders of
magnitude lower than grid uncertainties. Achieved order of accuracy for sinkage is 2.6, giving normalised grid uncertainty estimate
of 1.1% and validation uncertainty estimate of 0.03. Normalised grid
uncertainty for oscillatory converging trim is 3.8%, followed by validation uncertainty of 0.006. For the drag force coeﬃcient, normalised grid uncertainty is 5.5% with the corresponding validation
uncertainty of approximately 0.2.
Results for the Fr = 0.227 case are presented in Table 12. Relative errors for the drag force coeﬃcient, sinkage and trim are:
−2%, −4.3% and −9.6% on the ﬁne grid, respectively. Drag force coeﬃcient and sinkage exhibit monotone convergence with order of
accuracy of 16 and 3.7, respectively, yielding very low grid uncertainty. Iterative uncertainty for the drag force coeﬃcient is −5, due
to a minor difference between ﬁne and medium grid solution. Validation uncertainties for the drag force coeﬃcient and sinkage are
approximately 0.04 and 0.03. Trim exhibits oscillatory narrow band
convergence which gives normalised grid uncertainty estimate of
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Table 12
Validation and veriﬁcation: Fr = 0.227 case.
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Table 14
Validation and veriﬁcation: Fr = 0.282 case.

σ , cm

τ, °

Experimental results
Grid 1 solution
Grid 2 solution
Grid 3 solution
Grid 4 solution

S
S1
S2
S3
S4

3.467
3.672
3.635
3.538
3.536

−0.944
−1.008
−0.988
−0.987
−0.985

−0.127
−0.146
−0.138
−0.141
−0.139

Experimental results
Grid 1 solution
Grid 2 solution
Grid 3 solution
Grid 4 solution

S
S1
S2
S3
S4

4.501
4.837
4.737
4.608
4.560

−1.702
−1.665
−1.650
−1.655
−1.653

−0.159
−0.145
−0.147
−0.147
−0.146

Absolute
Absolute
Absolute
Absolute

E1
E2
E3
E4

−0.205
−0.168
−0.071
−0.069

0.064
0.044
0.043
0.041

0.019
0.011
0.014
0.012

Absolute
Absolute
Absolute
Absolute

E1
E2
E3
E4

−0.336
−0.236
−0.107
−0.059

−0.037
−0.052
−0.047
−0.049

−0.014
−0.012
−0.012
−0.013

−5.9
−4.8
−2.1
−2.0

−6.8
−4.7
−4.6
−4.3

−14.6
−8.3
−10.8
−9.6

Relative
Relative
Relative
Relative

−7.5
−5.2
−2.4
−1.3

2.2
3.1
2.8
2.9

8.8
7.3
7.9
8.0

−5.09
16.0
0.0
1.0
0.0359

7.64 · 10−4
3.7
0.2
2.8
0.0263

5.04 · 10−4
N/A
1.2
3.3
0.0044

Iterative uncertainty
Order of accuracy
Grid uncertainty
Data uncertainty
Validation uncertainty

−1.79 · 10−1
3.98
0.6
1.0
0.0541

2.59 · 10−4
N/A
0.2
1.4
0.0233

2.57 · 10−3
6.21
0.04
1.8
0.0028

Measured parameters

Relative
Relative
Relative
Relative

error
error
error
error

error
error
error
error

1
2
3
4

1,
2,
3,
4,

1
2
3
4

%
%
%
%

UI
pG
UG, %
UD , %
UV

Iterative uncertainty
Order of accuracy
Grid uncertainty
Data uncertainty
Validation uncertainty

CT · 103

σ , cm

τ, °

Measured parameters

Table 13
Validation and veriﬁcation: Fr = 0.260 case (design condition).

σ , cm

τ, °

Experimental results
Grid 1 solution
Grid 2 solution
Grid 3 solution
Grid 4 solution

S
S1
S2
S3
S4

3.711
3.981
3.910
3.808
3.726

−1.394
−1.377
−1.352
−1.349
−1.346

−0.169
−0.174
−0.170
−0.169
−0.171

Absolute
Absolute
Absolute
Absolute

E1
E2
E3
E4

−0.270
−0.199
−0.097
−0.015

−0.017
−0.042
−0.045
−0.049

0.005
0.001
0.0 0 0
0.002

−7.3
−5.4
−2.6
−0.4

1.3
3.0
3.3
3.5

−3.2
−0.9
−0.3
−1.0

−3.15 · 10−1
0.86
9.4
1.0
0.3528

4.00 · 10−3
0.13
7.6
1.9
0.1056

−7.65 · 10−3
N/A
0.4
2.3
0.0039

CT · 10

Measured parameters

Relative
Relative
Relative
Relative

error
error
error
error

error
error
error
error

1
2
3
4

1
2
3
4

Iterative uncertainty
Order of accuracy
Grid uncertainty
Data uncertainty
Validation uncertainty

1,
2,
3,
4,

%
%
%
%

UI
pG
UG, %
UD , %
UV

3

1.2%. Iterative uncertainty is low as in the previous lower Froude
number cases, followed by low validation uncertainty estimate of
0.004.
Results for the design Froude number case, Fr = 0.260, are presented in Table 13. Relative errors for the drag force coeﬃcient,
sinkage and trim on the ﬁne grid are: −0.4%, 3.5% and −1%, respectively. As in the previous condition, drag force coeﬃcient and
sinkage exhibit monotone convergence with 0.86 and 0.13 order of
accuracy. Achieved orders of accuracy are lower than the theoretical ones, resulting in higher normalised grid uncertainties: 9.4% for
drag force coeﬃcient and 7.6% for sinkage. Combined with low iterative uncertainties, grid uncertainties yield validation uncertainties
of 0.35 (drag force coeﬃcient) and 0.11 (sinkage). Trim exhibits oscillatory convergence with low normalised grid uncertainty of 0.4
and validation uncertainty of 0.004.
Results for the largest Froude number case, Fr = 0.282, are presented in Table 14. Relative errors for drag force coeﬃcient, sinkage and trim on the ﬁne grid are: −1.3%, 2.9% and 8%, respectively.
Drag force coeﬃcient and trim exhibit monotone convergence with
high orders of accuracy. Achieved order of accuracy for drag force
coeﬃcient and trim are approximately 4 and 6, yielding low normalised grid uncertainties of less than 1%. Iterative uncertainties
are low as in previous conditions. Resulting validation uncertainties are approximately 0.05 and 0.003. Sinkage exhibits oscillatory

error
error
error
error

error
error
error
error
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3
4

1
2
3
4

1,
2,
3,
4,

%
%
%
%

UI
pG
UG, %
UD , %
UV

CT · 103

convergence within narrow band. Normalised grid uncertainty for
sinkage is 0.2%, yielding validation uncertainty of 0.02.
6.4.5. Summary of the results
A set of steady resistance simulations with sinkage and trim is
performed for the KCS ship model at different conditions given by
a wide range of Froude numbers. Four unstructured grids are used
in order to assess grid uncertainty. Iterative uncertainties are also
presented for all conditions, and the simulation results are compared to experimental data. Since the uncertainty of experimental
data is available, validation uncertainty is assessed as well. Relative errors for the drag force coeﬃcients on ﬁne grids are approximately 5% for two lowest Fr conditions, while the higher Fr conditions yield relative errors less than 2%. Relative errors for sinkage
and trim are high for the lowest Fr case as the grid resolution is insuﬃcient to capture minor ship motions. Sinkage and trim relative
errors for higher Fr conditions are within 10%.
Grid convergence for the drag force coeﬃcient is obtained for
4 out of 6 conditions: 3 conditions give order of accuracy higher
than theoretical, while 1 condition gives order of accuracy lower
than theoretical. Normalised grid uncertainty is less than 3%, except for one condition with 10%. Corresponding validation uncertainties are less than 0.5. Monotone grid convergence for sinkage is achieved for 3 out of 6 conditions: 2 conditions yield order of accuracy higher than theoretical, while 1 condition gives
order of accuracy lower than theoretical. One condition exhibits
oscillatory convergence and others do not converge with grid reﬁnement, even though the errors decrease monotonically. Grid uncertainties for sinkage are less than 1.1%, except for one condition with 7.6%. Corresponding validation uncertainties are approximately 0.03 when the grid convergence is achieved. Trim exhibits
oscillatory grid convergence for 3 out of 6 conditions, while 1 condition yields monotone convergence with achieved order of accuracy higher than theoretical. Grid uncertainties are at most 3.8%,
yielding largest validation uncertainty of 0.006.
12 out of 18 items (drag force coeﬃcient, sinkage and trim for
6 conditions) exhibit convergence with grid reﬁnement. All 6 nonconverging items are clustered at low Fr conditions which are particularly challenging due to low motion magnitudes (0.09 cm for
sinkage and 0.017° for trim at lowest Froude numbers) and small
wave elevations relative to grid resolution. We believe that better
results could be obtained by using ﬁner grids for low Fr conditions,
although this is not demonstrated due to limited computational resources. Moreover, it is interesting to note that the oscillatory grid
convergence is achieved for 5 out of 12 converging items. For the
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ramp test case with block-structured grids using constant reﬁnement ratio, monotone convergence has been achieved. Observations regarding oscillatory grid convergence and grid divergence on
unstructured grids are in accordance with Larsson et al. [15] where
better grid reﬁnement results are obtained using structured grids.
This is expected as the well controlled, uniform reﬁnement is impossible with unstructured grids. However, low relative errors indicate that accurate results may be obtained with unstructured grids
which are appealing for the industrial use due to easier grid generation.
7. Conclusion and future work
An implementation of the Ghost Fluid Method for free surface incompressible ﬂows in the arbitrary polyhedral Finite Volume
framework is presented in this paper. The numerical model is presented in detail, with the emphasis on the interface-corrected interpolation schemes for discontinuous pressure and density ﬁelds.
Interface-corrected schemes are used only for interface faces, while
ordinary interpolation is suﬃcient for fully wet or dry cells. Such
treatment is straightforward because polyhedral FV method implemented in OpenFOAM uses compact computational stencil. Discretised Gauss gradient and least squares gradient operators for dynamic pressure are derived and presented. Implicit dynamic pressure Laplacian operator is inspected in detail, proving the symmetry of pressure equation. Furthermore, it follows that the diagonal
part of the pressure equation can be reconstructed using negative
off-diagonal coeﬃcients as is the case in single-phase ﬂow.
The veriﬁcation and validation of the model is performed for
two sets of test cases: inviscid ﬂow over a 2-D ramp and steady resistance simulations of a container ship for different Froude numbers. The results compare well with analytical and experimental
data, while the numerical uncertainties are within reasonably low
bounds. The detailed veriﬁcation and validation exercise renders
the presented method suitable for marine hydrodynamic ﬂows.
Incorporation of the surface tension effects in the dynamic
pressure jump and the implementation of the viscous jump conditions [14] should enable eﬃcient modelling of the small scale effects, which shall be the topic of future work.
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