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Ship motion problem is approached exploiting the assumption of linearity and subdividing forces acting
on the hull in different components; in this paper the focus is on the radiation problem. A fully viscous
solver, based on the numerical solution of the Navier-Stokes equation through the finite volume tech-
nique, is used to calculate radiation forces on hull surface, with non linear free surface evaluated through
the volume of fluid method. Radiation forces are the most influenced by viscous effects, especially for
particular hull geometries as SWATH ships. OpenFOAM libraries are used to solve the unsteady flow
around one circular and two SWATH two dimensional sections forced to heave in calm water. The com-
parison with experiments evidence a very good agreement of the forces measured over a wide frequency
range including irregular frequencies.
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1 Introduction

Hydrodynamics design of a ship hull is normally
based on the determination of forces induced on the
hull which advances in a non realistic calm water.
Most ships require to ensure good performance also
in rough seas; for those kind of vessels seakeeping
studies allow the comparison among different hull ge-
ometries on the basis of the their motions in waves,
with the aim to extend their operational capability in
the highest sea states. The core problem of the motion
prediction in waves is the estimation of added mass
and damping i.e. the forces acting on a oscillating
body at different frequencies.
Traditional seakeeping methods based on the strip the-
ory and developed in the past exploits the potential
flow assumption, to solve a Laplacian equation for
the velocity potential together with boundary condi-
tion for the hull and for the free surface. The first ap-
proaches were based on conformal mapping, among
which Lewis’s method [1], they were proposed to find
the velocity potential in the case of complex geome-
try [2]. More recently the potential flow problem is
solved using boundary element methods, placing sin-
gularities on the hull boundaries; the method devel-
oped by Frank [3] was the first.

The assumption that the greatest part of the energy
is dissipated in waves generation, makes the poten-
tial flow theory a valid simplification in the devel-
opment of seakeeping predictions [4]. For particular
ship hulls, such as SWATH or Semi-SWATH typolo-
gies, the energy losses due to viscous effects are non-
negligible in comparison with that due to wave gener-
ation. Assuming valid the superimposition principle,
the solution of the problem can be achieved splitting it
into different parts, and recovering the viscous effects
only where the eddies generation affects in a non neg-
ligible way the results of the calculation, in order to
develop a method which can be still based on potential
flow solution, so to maintain the computational efforts
as limited as possible. The present study describes the
development of a time domain model to solve the vis-
cous flow around oscillating sections. The aim is to
predict amplitude and phase of of a section forced to
oscillate in calm water. The motion of a ship as a rigid
body and the external forces acting on the hull can be
described with the following system of six equations
in six unknowns:

Fj(t) =
6

∑

k=1

Mjkη̈k j = 1, 2, ..., 6 (1)
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With k as the motions index and j as forces index.
Non-linear effects are important in severe sea states
however an incident regular wave of amplitudeζa, far
from breaking, can be considered in a linear theory
approach. In such a way the wave induced motions
can be well described considering them linearly pro-
portional toζa.
The hydrodynamic problem is normally dealt splitting
it into two sub-problems:

1. The forces and the moments on the body when
the ship is restrained from oscillating and sub-
jected to incident regular waves. The hydro-
dynamic loads are calledwave excitation loads;
they can be splitted in theFroude-Kriloff and the
diffraction forces and moments.

2. The forces and moments on the body when the
structure is forced to oscillate with the wave exci-
tation frequency in any rigid-body motion mode.
There are no incident waves. The hydrodynamic
loads are identified asadded mass, dampingand
restoringterms.

Due to linearity the forces obtained in 1 and in 2 can
be added to give the total hydrodynamic forces [5].
Using the hypothesis of small amplitude motions, the
wave exciting forces (FEj) can be expressed in terms
of radiation and restoring forces as follow:

FEj =

6
∑

k=1

(Mjkη̈k)− FRADj(t)− FRESj(t) (2)

where:

FRADj = −

6
∑

k=1

(Ajkη̈k +Bjkη̇k) (3)

The termAjkη̈k (Ajk added mass matrix) indicates
the component of the hydrodynamic forces in phase
with the acceleration and the termBjkη̇k (Bjk damp-
ing matrix) the one in phases with the velocity.

FRESj = −

6
∑

k=1

Cjkηk (4)

Cjkηk (Cjk restoring matrix) indicates the hydrostatic
forces.
Using the definition given in (3) and (4) into the equa-
tion of motion (1), this last can be expressed as:

FEj(t) =
6

∑

k=1

[(Mjk+Ajk)η̈k+Bjkη̇k+Cjkηk] (5)

According to the strip theory the problem can be re-
duced in a series of two dimensional problems for

which it is to study motions of transverse sections with
three degrees of freedom: sway, heave and roll. As-
suming linear sinusoidal motion and response, it is
possible to pass from time domain to frequency do-
main and using Euler’s formula for complex notation,
the radiation forces can be written as follow:

FRADj =

6
∑

k=1

ξk[−ω2
eajk + iωebjk] (6)

In the case of heave motion:

FRAD3 = ξ3[−ω2
ea33 + iωeb33] (7)

2 Numerical methods
Imposing an harmonic law of motion to a transverse
section, the two dimensional radiation forces can be
found by the integration over the section of the hy-
drodynamic pressure and the tangential strain fields
which the incompressible viscous fluid exerts on the
hull. Pressure and velocity fields can be described
writing the conservation principles for the mass and
the momentum:

dm

dt
= 0

d(mv)
dt

=
∑

f (8)

Expressing the mass as an extensive property, its rate
of change can be expressed as the sum of the rate of
change of the mass in the original control volume and
the net flux of it through the boundaries (convective
term); applying Gauss divergence theorem to the con-
vective term it is possible to express the surface inte-
gral as a volume integral; considering an infinitesimal
small control volume, the conservation law can be ex-
pressed as follow:

∂ρ

∂t
+

∂(ρui)

∂xi
= 0 (9)

Momentum associated with a given mass can be
changed through the action of all forces acting on the
control mass. Expressing the momentum in terms of
an extensive property and considering that the forces
which can act on the fluid can be exerted on the sur-
face of the control mass (surface forces) or through-
out the volume of the control mass (body forces), the
momentum conservation can be expressed by the fol-
lowing relation:

∂

∂t

∫
Ω

ρvdΩ +

∫
S

ρvv � ndS =

∫
S

T � nds+
∫
Ω

ρbdΩ (10)

For an incompressible fluid the mass and the momen-
tum conservation can be written as:

∂ui
∂xi

= 0 (11)
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∂ui
∂t

+
∂(uiuj)

∂xj
=

∂

∂xj
(ν

∂ui
∂xj

)−
1

ρ

∂p

∂xi
+ gi (12)

The integral form of conservation equations is at the
basis of theFinite Volumetechnique. The computa-
tional domain is subdivided into a finite number of
control volumes (cells) and the conservation equations
can be applied to each cell as well as to the solution
domain as a whole.
Considering a generic scalar quantityφ, it is possible
to define the integral form of the equation for the con-
servation ofφ as:

∂

∂t

∫

S

ρφdΩ+

∫

S

ρφv � ndS =
∑

fφ (13)

Wherefφ represents the transport of the quantityφ by
diffusion effects:

fd
φ =

∫

S

Γ∇φ � ndS (14)

WhereΓ is the diffusivity forφ.
Including also the effect of sources or sinks (qφ):

∂

∂t

∫
S

ρφdΩ+

∫
S

ρφv � ndS =

∫
S

Γ∇φ � ndS+
∫
Ω

qφdΩ (15)

This equation applies to each cell and the sum of all
the equations for all values gives the global conserva-
tion equation since surface integrals over inner faces
mutually cancel out.
To obtain an algebraic equation for a particular cell,
the surface and volume integrals need to be approx-
imated using quadrature formulae. The net flux
through the cells boundary is the sum of integrals over
the control volume faces:

∫

S

fdS =
∑

k

∫

Sk

fdS (16)

Where f is generally representative of convective
(ρφv � v) or the diffusive (Γ∇φ � n) flux vector in the
direction normal to control volume face.
To calculate the surface integral in (16) it is necessary
to know the integrandf everywhere on the surfaceSk;
this information is not available, as the only known
values are the nodal ones, so approximations must be
introduced: first of all the integral is approximated in
terms of the variable values at one or more locations
on the cell face and then the cell-face values are ap-
proximated interpolating between the nodal values of
the cells which share the face.
If the midpoint rule is applied:

Fe =

∫

Se

fdS = feSe ≈ feSe (17)

Using a linear interpolation (Central Differential
Scheme), an expression for the value of the quantity
f at the cell facee can be obtained using the values of
two nearest nodes (fE andfP ).

fe = fE
xe − xP
xE − xP

+ fP (1−
xe − xP
xE − xP

) (18)

In the same way the volume integrals can be expressed
through the product of the mean value of the integrand
in the volume and the volume of the cell itself.
If the mean value it is approximated as the value of
the integrand in the only point in which it is known:

QP =

∫

Ω

qdΩ = q∆Ω ≈ qP∆Ω (19)

whereqp stands for the value ofq at the cell center:
since all the variables are known at the centroid, no
interpolation is required.
By summing all the flux approximations and source
terms, it is possible to produce an algebraic equation;
the number of equations and unknowns are both equal
to the number of cells and the matrix of the system is
well conditioned [6].
The divergence of the momentum equation for an in-
compressibile newtonian fluid:

∂

∂xi

(

∂p

∂xi

)

= −
∂

∂xi

[

∂(ρuiuj)

∂xj

]

(20)

gives an equation for the pressure, solved with the mo-
mentum equation through the PISO scheme (Pressure
Implicit with Splitting of Operators) [7].
As already confirmed by many authors as for instance
[8], one of the most difficult problem in the applica-
tion of computational method in flows around ships,
is the implementation of the fully non linear free sur-
face condition. Generally the kinematic and dynamic
conditions must be applied on a surface that has to
be computed as part of the solution. In the volume
of fluid technique, Navier-Stokes equations are solved
for a single fluid mixture whose density and viscosity
are calculated on the basis of an indicator functionα
that represents the concentration of air and water for
each cell, normalized from 0 to 1 all over the domain.
The indicator function can be considered as a time de-
pendent scalar field that is found through the solution
of a transport equation:

dα

dt
= 0 ⇒

∂α

∂t
+∇ � αU = 0 (21)

The efficiency of this method, when coupled with a
good grid refinement in the free surface region, was
shown by many authors in the past [9].
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3 Results

The computational effort required to obtain a solu-
tion for the hydrodynamic problem grows with the in-
crease of the number of cells used in the discretiza-
tion. in order to limit the number of cells used to dis-
cretize the computational domain, a body fitted struc-
tured mesh will be used for the regions where the
viscous effects are supposed to be more important:
this includes the wavy free surface and the viscous
boundary layer near the body. For regions other than
the ones previously defined, a triangular unstructured
mesh is adopted. Mesh morfing is used to describe the
oscillatory motion of the body.
Vugt’s experiments made on a circular section forced
to oscillate with a sinusoidal law of motion were used
to validate the numerical model [10] (Fig.1).

Fig. 1: Circular section geometry

OpenFOAM interDyMFoamlibrary was used to the
calculation of forces in each time step (Fig.2).
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Fig. 2: circular section @ω = 5rad/s

For each frequency the added mass and the damp-
ing coefficients are obtained passing form time to fre-
quency domain through the Fourier transform.
Considering the numerically predicted force signal in
the interval[t0; t1], with

(

t1−t0
T

)

integer number, the
real and the imaginary part of the radiation force for
the kth harmonic is given:

ℜF33(kωk) =

∫ t1

t0

F33(t)cos(2πkωt)dt (22)
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Fig. 3: ℜF33 andℑF33 in frequency domain (circular
section @ω = 5rad/s

ℑF33(kωk) =

∫ t1

t0

F33(t)sin(2πkωt)dt (23)

Whereω represent the forced oscillation frequency.
In the linear approach the added mass and damping
coefficient are obtained from the 1st harmonic, i.e. the
force component characterized by the same frequency
of the motion. Considering a sinusoidal motion am-
plitude ofξk, added mass and damping coefficient are
expressed as follow:

a33(ωk) = −
ℜF33(ωk)

ω2

k
ξ3

b33(ωk) =
ℑF33(ωk)

ωkξk
(24)

The comparison between the hydrodynamic coeffi-
cients obtained with the fully viscous method and the
experiments shows a good agreement which confirm
the good accuracy of the method.
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The interest on SWATH ships comes from their
markedly reduced motion characteristics in rough
seas. A large impulse for the development of SWATH
ships happened in late eighties with the design of the
T-AGOS 19 for the US Navy, since then different kind
of cross-sections have been proposed. The hydro-
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dynamic coefficients prediction is validated compar-
ing the fully viscous calculations performed by Open-
FOAM with the experiments carried out at DTMB.
The first section to be presented is the B-model whose
experiments were performed by Hart and Kiesow in
1988 [11]. This section is the typical cross section an-
alyzed in the framework of T-AGOS 19 (Fig.6).

Fig. 6: SWATH B model geometry

The simulations were performed imposing a siusoidal
heave motion of 0.0254 m of amplitude, varying the
frequency from 2 rad/s to 15 rad/s for a draught of
0.252 m, according to the experiments.
The added mass and damping coefficients are pre-
sented in figure 7 and 8, in the following, non-
dimensionalized form:

α =
a33
ρA

δ =
b33
ρAω

(25)

Numerical results show good agreement with the ex-
periments in almoast all the frequency range.
The "golf club" shape has the strut outboard of the un-
derwater body’s center-line such that the outside edge
of the strut is tangent to the outside edge of the lower
hull (Fig.9).
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This shape has been of interest to ship operators since
the offset strut might facilitate over the side opera-
tions, especially required for naval and oceanographic
purpose.
The oscillation frequency was varied in the range from
3 rad

s
to 15 rad

s
. The model was tested at two differ-

ent drafts and different oscillation amplitudes: the de-
sign draft (0.226 m) was tested with an oscillation
amplitude of 0.0127m and the deep draft (0.277 m)
was tested with an amplitude of 0.0127 m and 0.0381
m. The comparison between the results obtained solv-
ing the Navier Stokes equations and the experiments
shows that the viscous solver can replicate with high
fidelity the resonance both in terms of peak value of
the forces and frequency values (Fig.10 - Fig-15). The
overestimation of added mass at the lower frequencies
could be due to mesh related problems (cell skewness
change due to mesh morfing), which may introduce
some errors in the solution of the vorticity field. At
these high values of oscillation period the experimen-
tal measurments can be affected by same errors as
well: as the oscillation frequency increases, the forces
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Fig. 9: SWATH G model geometry

measurement can be influenced by motions and vibra-
tions due to high mechanical stresses on the structure
used for the experiments.
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From the numerics, as the frequency increase, the
wavelenght becomes shorter:

ω2 =
2πg

λ
(26)
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and mesh resolution should be properly adapted to
capture the right wave profile with the volume of fluid
method. Both these experimental and numerical is-
sues can explain the discrepances found in the high
frequency range.
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Fig. 20: Draugth Influence -ω = 4.5 rad
s

The influence of draught was investigated and the re-
sults obtained show that the proximity of the bulb to
the free surface produces a radiated wave with higher
amplitude in the mid range of frequency; when the
sharp edge comes closer to the free surface the eddies
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Fig. 21: Draugth Influence -ω = 4.5 rad
s

generation increases and with it also viscous damp-
ing. Changes in the phase angle of the forces at low
frequencies lead the influence of draught to be more
evident in the part of forces proportional to the accel-
eration; at high frequencies, as draught decrease, the
fluid accelerated becomes smaller leading to smaller
value for added mass coefficient.
The hydrodynamic coefficients are not influenced by
changes of the oscillation amplitude. This confirms
the linear relationship between forces and amplitude
in this relatively low amplitudes range. Further inves-
tigations will be done at higher amplitudes.
The sharp edge of the SWATH section gives a contri-
bution to the damping by generating a vorticity field
which dissipates energy, although the energy lost in
the radiated waves has the greater importance in this
case. In fact, the circular section which has no cor-
ners but a larger breadth close to the free surface, is
able to generate higher radiated waves, and thus it has
a higher damping coefficient than the SWATH’s one.
Since the sides of the SWATH section are perpendic-
ular to the heave motion direction, the acceleration to
the fluid is mostly generated by the top and the bot-
tom walls of the bulb. Their large extention and nor-
mal orientation to the motion direction (in comparison
with the bottom of the circular section) explains the
higher values of added mass of the SWATH.

4 Conclusion

A fully viscous unsteady solver of Navier-Stokes
equations with non linear free surface is presented and
applied to study the radiation forces due to regular os-
cillating motions of ships like sections in calm water.
The final goal of the research project is to develop a
method which can allow seakeeping performance as
an optimization criteria during early ship design stage.
For this reason the estimation of hydrodynamic coef-
ficients should be more accurate and free from em-

pirically derived viscous corrections (with respect to
method based on potential flow) but faster with re-
spect to a fully 3D viscous flow simulations.
The proposed method has been validated for a section
representative of a monohull. The results obtained
show the excellent accuracy of the method through
the comparison of the numerical prediction with the
experimental results.
The viscous component of radiation forces becomes
more relevant when the waves generated by the oscil-
lation decrease: this is the case of the SWATH sec-
tion, whose numerical results are compared with ex-
periments with good accuracy.
The excellent results obtained in the validation of this
method for the 2D sections presented in this paper
represent a step forward towards the final goal of a
time computationally optimized method for the vis-
cous non-linear simulation of ship motions in waves.
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