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SUMMARY

A coupling method for numerical calculations of steady free-surface �ows around a body is presented.
The �uid domain in the neighbourhood of the hull is divided into two overlapping zones. Viscous
e�ects are taken in account near the hull using Reynolds-averaged Navier–Stokes equations (RANSE),
whereas potential �ow provides the �ow away from the hull.
In the internal domain, RANSE are solved by a fully coupled velocity, pressure and free-surface

elevation method. In the external domain, potential-�ow theory with linearized free-surface condition is
used to provide boundary conditions to the RANSE solver. The Fourier–Kochin method based on the
Fourier–Kochin formulation, which de�nes the velocity �eld in a potential-�ow region in terms of the
velocity distribution at a boundary surface, is used for that purpose. Moreover, the free-surface Green
function satisfying this linearized free-surface condition is used.
Calculations have been successfully performed for steady ship-waves past a serie 60 and then have

demonstrated abilities of the present coupling algorithm. Copyright ? 2003 John Wiley & Sons, Ltd.

KEY WORDS: free-surface �ows; Reynolds-averaged Navier–Stokes equations; Fourier–Kochin
method; steady ship-waves problem

1. INTRODUCTION

Main features of the �ow around ship hull are existence of a three-dimensional turbulent
boundary layer, presence of a free-surface wave pattern and its interaction with the boundary
layer and the wake. The viscous and wave e�ects can be calculated using Reynolds-averaged
Navier–Stokes equations (RANSE) with appropriate free-surface boundary conditions. How-
ever, this computation requires a large number of grid nodes and amount of CPU time to
achieve solution in the entire �ow �eld [1]. Moreover, this solution is perturbed by the de-
creasing concentration of nodes away from the hull. Since viscous e�ects are con�ned to a
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Figure 1. Sketch of the coupling surfaces.

small region surrounding the hull and the wake, a zonal approach which combines viscous
�ow near the hull and potential theory away from the ship can therefore be an e�ective
method to solve ship free-surface problems.
In the present paper, steady �ows around a body are studied. RANSE are solved by a fully

coupled velocity, pressure and free-surface elevation method [2] in the internal domain. In
the external domain, the Fourier–Kochin method [3, 4], proposed by Noblesse, which de�nes
the velocity �eld in a potential-�ow region in terms of the velocity distribution at a boundary
surface, is used. The great advantage of this method is that the three components of the
velocity on the boundary surface are used to provide �uid characteristics in the potential
domain. So this method seems to be well suited to make the coupling successful. Fluid
domain is divided into two overlapping zones (Figure 1). In the inner domain, bounded by
the ship hull Sh and the surface So, RANSE and continuity equation are written through a
partial transformation from Cartesian space (xi) to curvilinear space (�i) �tted to the hull and
the free-surface at each time. General discretization method is based on second-order (in space
and time) implicit �nite di�erences. The fully coupled system is solved by iterative algorithm
using matrix preconditioning. The �uid domain is then re-gridded using the new free-surface
wave pattern. In the potential-�ow domain, located outside S i, the Fourier–Kochin formulation
of Green function satisfying this linearized free-surface condition is used to provide boundary
condition for the RANSE calculation. Velocity components on S i are computed from the
viscous �ow solution (Figure 1), and used as velocity distribution at the boundary surface of
the potential domain. Potential calculation provides wave �eld pattern in the outer region and
velocities and pressure on the viscous boundary surface So.
The coupling approach was already used for steady ship-waves problem. Tahara and

Stern [5] have coupled RANSE method with a source/doublet Dawson method. A displace-
ment–body concept was used to take into account viscous e�ects in the potential calcula-
tion, but this method cannot be used in the presence of �ow separation. Campana et al. [6]
have discretized the RANSE by a �nite volume method in the neighbourhood of the hull
and they have used the linearized model of Dawson in the potential domain. The external
�ow is splitting in a double model �ow and a perturbation term. So they �rst compute an
iterative RANSE/potential double-body solution, then the free-surface �ow is computed. This
solution is consistent with the potential formulation, but requires iterating RANSE and poten-
tial calculations twice; �rst the double-body calculation and then with the free-surface e�ects
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accounted for. Moreover, only the normal component of the velocity on the matching sur-
face is computed from the viscous �ow solution and then used as Neumann condition for
the potential-�ow problem. Chen et al. [7] use the same solution, but they iterate with the
complete (with free surface) RANSE and potential solutions from the beginning, using the
complete RANSE velocity on the matching surface as boundary condition for the double-body
and free surface potential calculations. This procedure requires only one iterating calculation,
but velocities used as boundary conditions for the double-body calculation are no longer
‘double-body’ velocities. Chen et al. couple a fully non-linear Laplace solver and an RANSE
solver to compute 2D di�raction problems [8] and steady ship �ows [9]. Normal component
of the velocity on the matching surface, computed from the viscous �ow solution, are used
as Neumann condition for the Laplace solver. This solution is consistent with the viscous
computation but a 3D mesh is required in the outer domain.
In this paper, authors have applied the viscous–potential coupling to steady ship-waves

problem. Aims of using such hybrid method is the CPU time and memory safe, and to avoid
numerical damping away from the ship. The purpose of this paper is then to show abilities
of this new viscous–potential coupling approach.

2. RANSE SOLVER

2.1. Governing equations

The convective form of RANS equations is written through a partial transformation from
Cartesian space (x1; x2; x3) to curvilinear space (�1; �2; �3) �tted to the hull and the free sur-
face at each iteration. Free-surface elevation, the three Cartesian velocity components (ui),
pressure (p) including gravitational e�ects (�gx3) and turbulent kinetic energy (2=3�k) are
the dependant unknowns [2].
Mean momentum transport equations are written in a moving referential attached to the

hull:

u�; t + (a
j
i (u

i − uig)− �e�fj − aik�t; iajk)u�; j +
1
�
ak�p; k − �e�giju�; ij − aik�t; ia�j uk; j + qi=0 (1)

where (ai) is the contravariant basis, (gij) the contravariant metric tensor, (fi) the control
grid functions and (uig) the grid velocity which traduces the displacement of the mesh. Inertia
forces due to non-Galilean referential (rotating motion, accelerated translation) are taking into
account in the (qi) terms. In translation case (with or without drift angle) inertia forces are
expressed as follows where U is the hull velocity:

q1 = q1d=U; t cos(�)

q2 = q2d=U; t sin(�)

q3 = q3d=0

(2)

Mass conservation is expressed as the classical continuity equation:

aji u
i
; j=0 (3)
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To close the set of equations, we use a classical k–! model proposed by Wilcox [10–12],
introducing a speci�c dissipation rate $ without low Reynolds formulation requirement. Trans-
port equations of turbulent kinetic energy and dissipation rate are written as follows:

(aji (u
i − uig)− (�+ �∗�t)fi − aik�∗�t; iajk)k; j

−(�+ �∗�t)gijk; ij − Pr + �∗$k + k; t =0 (4)

(aji (u
i − uig)− (�+ ��t)fi − aik��t; iajk)$;j

−(�+ ��t)gij$; ij − �$Pr=k + �$2 +$; t =0 (5)

with

�t = �∗
k
$

(6)

and

�=3=40; �=0:5; �=5=9
�∗=0:09; �∗=0:5; �∗=1

(7)

2.2. Boundary conditions

On walls, no-slip boundary conditions are applied. The hull is assumed to be �xed in the
referential attached to the hull. Then, boundary conditions on the hull are

ui=0 (8)

Symmetry conditions are used in the (x1Ox3) plane. As the hull geometry is symmetric in
this plane, we assume that the �ow is also symmetric in this plane. On the symmetry plane,
boundary conditions are

u1;2 = 0; u3;2 = 0; u2 = 0 (9)

Lastly, outer limits of the computational domain are assumed to be far enough, therefore the
�ow is not perturbed by the hull. The �uid is then assumed at rest on outer boundary. In the
referential attached to the hull, we get:

u1 =U; u2 = 0; u3 = 0 (10)

When the coupling procedure is used, the outer limit of the Navier–Stokes computational
domain corresponds to the outer coupling surface So and then, velocity components will be
computed from the potential-�ow solver using the Fourier–Kochin approach.

2.3. Free-surface conditions

Free-surface boundary conditions are one kinematic condition, two tangential dynamic condi-
tions and one normal dynamic condition. The kinematic condition, coming from the continuity
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hypothesis, expresses that the �uid particles of the free surface stay on it:

h; t + (b
j
i (u

i − uig)h; j)(i; j)∈{1;2} − u3 = 0 (11)

where bi is the bidimensional contravariant basis.
Dynamic conditions are given by the continuity of strains at the free surface. If the pressure

is assumed to be constant above the free surface, the normal dynamic condition is

p− �gh− 2 ��e�|a3|2 a
3
i a
3
j a
k
j u
i
; k −

�
r
=0 (12)

where � is the super�cial tension coe�cient (that is a physical way to smooth the free surface
near the hull) and r the free-surface medium curvature radius. Tangential dynamic conditions
are simply given by a linear combination of �rst-order velocity derivatives:

a�igj3ui; j=0 (13)

2.4. Discretization

General discretization is based on second-order (in space and time) implicit �nite di�erences.
Discrete unknowns are distributed on a structured curvilinear grid �tted to the hull and the
free surface. Velocity Cartesian components, kinetic turbulent energy and speci�c dissipation
rate are located on grid nodes. Pressure is located at the centre of each elementary volume
and free-surface elevation is located at the centre of free-surface interfaces.
Convection terms are computed using an upwind second-order scheme on a 13-nodes

molecule. Di�usion terms need seven nodes for second-order derivatives and 12 nodes to
express cross second-order derivatives (Equation (1)) while pressure gradient requires eight
nodes for each component [2, 13].
The pressure equation is computed from the continuity equation by evaluating the divergence

of momentum equations. The Rhie and Chow interpolation technic [14] is used to avoid even–
odd uncoupling [2].
Concerning free-surface calculation, it has been shown that the classical way using normal

dynamic condition as Dirichlet condition on pressure and uncoupled kinematic equation as
transport equation to compute free-surface elevation induces some issues arising from di�cul-
ties to exactly solve mass conservation under the free-surface [2]. E�cient solution consists
in using a fully coupled algorithm [2] that requires at each iteration the linear solution of
mean momentum equations, continuity equation and whole boundary conditions including
free-surface condition. 


M11M12M13M14

M21M22 0 0
0 M32M33 0
0 0 M43M44





U

Ũ
P
H


=


fu
fũ
fp
fh


 (14)

Unfortunately, most e�cient iterative algorithms (CGSTAB+ILU, Multigrid) are unable to
invert this system due to the very bad matrix conditioning of the pressure block M33. The
solution consists in modifying the system using free-surface boundary conditions to express
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the �ux through the free surface. In this case, conditioning number decreases and fully coupled
system becomes invertible by iterative algorithms. Resulting linear system for velocity (U )
and pseudovelocity (Ũ ) components, pressure (P) and free-surface elevation (H) is written
as follows:



M11M12M13 0
M21M22 0 0
0 M32M33 0
0 0 M43M44





U

Ũ
P
H


=



fu
fũ
fp
fh


 (15)

3. POTENTIAL SOLVER

Waves are analysed within the classical linear potential-�ow theory. The �ow is observed
from a moving system of co-ordinates (x; y; z) in steady translation with the mean forward
speed U of the ship. The z-axis is vertical and points upward, moreover the undisturbed
free surface is taken as the plane z=0. Non-dimensional co-ordinates x=(x; y; z), time t,
velocity potential � and related �ow variables are de�ned with respect to the body length L,
the acceleration of gravity g and the density of water � as basic reference units. The Froude
number is de�ned as F =U=

√
gL.

3.1. General formulation

The velocity potential �=Re{	(x)} satis�es the continuity equation

∇2�=0 (16)

the linear free-surface boundary condition

@2�
@t2

+
@�
@z
=0; z=0 (17)

and the radiation condition at in�nity

�→ 0
√
x2 + y2→∞ (18)

For steadyship-waves motion the free-surface boundary condition is expressed as

F2
@2�
@x2

+
@�
@z
=0; z=0 (19)

The boundary condition on the inner coupling surface will be provided by the RANSE
solver. Namely, components of the viscous velocity-�eld on the inner coupling surface will
be used as velocity distribution by the Fourier–Kochin approach as it will be shown in the
following sections.
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3.2. Green function

The Green function G, associated with the boundary condition (19), is expressed as the sum
of a Rankine term and a free-surface component

G=GS +GF (20)

GS is de�ned as

4
GS = − 1
R
+
1
R′ (21)

with

R=
√
(x − �)2 + (y − �) +2 (z − �)2

R′ =
√
(x − �)2 + (y − �) +2 (z + �)2

GF is given by the Fourier superposition of elementary waves

4
2GF = lim

→0+

∫ +∞

−∞

∫ +∞

−∞

eZk−i(X�+Y�) d� d�
F2�2 − k − i
 sign(�) (22)

with

k=
√
�2 + �2

(X; Y; Z60)= (�− x; �− y; �+ z)
(x; y; z60) and (�; �; �60), respectively, stand for the singularity and �ow-observation points.
Furthermore, D is the dispersion function

D=(F�)2 − k (23)

3.3. Fourier–Kochin formulation

The Fourier–Kochin formulation and the near-�eld far-�eld decomposition of the potential
presented in the next sections were initially proposed by Noblesse and Chen [15, 16], we then
follow their works here. Thus, practical calculations involve distributions of singularities of
the form

˝=
∫
P0

{
G�

∇G · T

}
(24)

where P0 stands for a hull panel or a waterline segment near a point x0 = (x0; y0; z0) (in present
calculations x0 stands for the middle of hull panel) and � and T=(�x; �y; �z) are source and
dipole densities, respectively. In usual approach, G and ∇G are evaluated using (22) and
integrated over a panel or a segment as in (24). However, the space integration (with respect
to the point x) can be performed �rst and the Fourier integration (with respect to the Fourier
unknowns � and �) last. Thus, the Green function is not evaluated directly in this approach,
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which is based on a Fourier representation of the free-surface component of the velocity
potential. This approach corresponds to the method used by Kochin [17, 18] for steady-�ow
problems. For steady ship waves the free-surface component ˝F is given by the double Fourier
integral:

4
2˝F = lim

→0+

∫ +∞

−∞

∫ +∞

−∞

SeZk−i(X�+Y�) dk d�
F2�2 − k − i
 sign(�) (25)

4
2

f2
˝F = lim


→0+

∫ +


−


∫ ∞

0

SeZk−i(X�+Y�) dk d�
f2 − k + i
 (26)

where (X; Y; Z60)= (�− x0; �− y0; �+ z0) and S is the spectrum function de�ned as

S=
∫
P0
�

{
�

i��x + i��y + k�z

}
(27)

with �=ek(z−z0)+i[�(x−x0)+�(y−y0)].
For coupling problems, sources and dipoles densities are evaluated on the boundary surface

S i and on its intersection curve �i with the mean free-surface plane z=0 (Figure 2), using
the Green identity. Moreover, these densities can be expressed as functions of the velocity
components on S i and �i (Figure 2). Namely, the function S(�; �) given by Noblesse and
Yang [4] is expressed as

S(�; �) =
∫
S i
AS

i
ek(z−zo)+i(�(x−xo)+�(y−yo)) dA

−
∫
�i
A�

i
e−kzo+i(�(x−xo)+�(y−yo)) dL (28)

Figure 2. Sketch of the inner coupling surface.

Copyright ? 2003 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2003; 43:301–318



STEADY FREE SURFACE FLOWS ROUND A BODY 309

where dA and dL stand for the di�erential elements of area and arc length of the surface S i

and the curve �i. Functions AS
i
and A�

i
are de�ned as [4]

AS
i
= u · n+ i

(
�
k
tx − �

k
ty

)
u · s

− i
(
�
k
sx − �

k
sy

)
u · t (29)

For steadyship-waves problems, A�
i
is given by

A�
i
=F2

(
t2yu · n+

(
txty +

��
k2

)
u · t

)
(30)

Velocity vector u in relations (29) and (30) is given by the boundary condition on the
inner coupling surface S i.

3.4. Near-�eld and far-�eld components

It is shown by Chen and Noblesse in References [3, 15, 16] that the double Fourier inte-
gral (25) (26) can be expressed as the sum of a wave component W̋ , which is dominant in
the far �eld, and a local component ˝N , negligible in the far �eld but signi�cant in the near
�eld. Thus,

˝F =˝W +˝N (31)

For steady free-surface �ows, the dispersion function D de�nes two dispersion curves, which
are symmetric with respect to both �=0 and �=0. The dispersion curves D=0 are given
by �= ± �d(�) where the function �d(�) is de�ned by F2�d=

√
F2kd with F2kd=K ,

K =1=2 +
√
1=4 + b2 (32)

and −∞ ¡ b=F2� ¡ +∞. The wave component W̋ and the local component ˝N (31)
of the free-surface potential (25) can be represented in terms of the speed-scale co-ordinates
(X u; Y u; Zu)= (X; Y; Z)=F2.
The wave component given in Reference [16] is

˝W =
[erf (XU )− 1]

4
F2

∫ +∞

−∞
db

√
KeKZ

U

√
0:25 + b2

Im

{
S

(√
K
F2
;
b
F2

)
e−i(X

U√K+YU b)
} (33)

The local component ˝N can be expressed as [16]

2
2F2˝N = IN +

S0√

(X u)2 + (Y u)2 + (�− Zu)2 (34)
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where S0 = S(0; 0) is the value of the spectrum function S at the origin of the Fourier plane,
� is a real positive number, and IN is given by the double Fourier integral [16]:

IN =Re
∫ +∞

−∞
dbe−iY

ub
∫ ∞

0
dae−iX

ua� (35)

with � de�ned by Noblesse [16] as

�=
SecZ

u

a2 − c −
S0e−c(�−Z

u)

c

−
√
KeKZ

u

√
1 + 4b2

(
E−S+

a−√
K

− E+S−

a+
√
K

)
(36)

Here (a; b; c)=F2(�; �; k), K is function (32), E± are localizing functions de�ned as

E±=e−(a±
√
K)2=4 (37)

S, S0 and S± stand for

S = S(a=F2; b=F2) (38)

S0 = S(0; 0) (39)

S± = S(±
√
K=F2; b=F2) (40)

4. MATCHING CONDITIONS

The coupling algorithm can only be used with steady �ows. During the �rst part of compu-
tations RANSE are computed on the entire �ow �eld. The coupling algorithm is then used
when the steady state is established.
Conditions on So are given by the potential-�ow calculation; velocity components on S i,

given by RANSE method, are used as velocity distributions for the Fourier–Kochin method
to compute velocity and pressure in the inner domain on So and to compute wave �eld in the
outer domain. Once these calculations are made, a new time step of the RANSE calculation
is performed with the updated boundary condition on So.
In practical computations, surface S i and its intersection curve �i with the mean free surface

are divided in panels and segments (Figure 2). Velocity is assumed constant on each panel
and segment, then the spectrum function can be expressed as a sum on panels and segments:

S(�; �) =
np∑
j=1

∫
S ij

AS
i
j ek(z−zoj)+!j dAj

−
ns∑
j=1

∫
�ij

A�
i
je−kzoj+!j dLj (41)
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where np and ns represent, respectively, number of panels on S i and number of segments on
�i and !j= i(�(x − xoj) + �(y − yoj)).
Moreover, functions AS

i
j and A�

i
j are written as functions of velocity components on each

panel and segment, so by inverting sums on np and ns in (41) with Fourier integrals in (33)
and (34), far-�eld and near-�eld components can be expressed as sums of functions of the
velocity on surface S i and on water-line �i, multiplying in�uence coe�cients [19]. These
in�uence coe�cients only depend on panels geometry and on �ow-observation points. Thus,
they are evaluated at the beginning of the computation. When the outer boundary condition
on So is updated, only functions of the velocity are re-evaluated.
The coupling algorithm is used to provide new velocity components on the outer boundary

So of the RANSE solver and to provide pressure in cells closed to the outer surface So. If
only velocity are computed by the coupling method, mass conservation is not verify on cells
closed to So and then computations fail after few time steps. Pressure in these cells is then
provided and the mass conservation law is not solved.

5. RESULTS

In order to test the method some numerical applications have been performed. These applica-
tions correspond to the steadyship-waves problem studied in previous sections. For this appli-
cation, a self-consistency test is �rst performed in order to valid the Fourier–Kochin approach
for coupling problems. For self-consistency computations, the potential and its derivatives
on a half-sphere surrounding a source are computed. In a second step, these derivatives are
used as velocity distributions for the coupling method to compute the potential outside the
half-hemisphere. The potential computed by the coupling approach is then compared with the
potential directly provided by the source (Figure 3).
Once the coupling method is validated by the self-consistency test, the method is used with

the RANSE solver in the inner domain. The �ow around the ship hull is separated in two
overlapping zones. Near the hull (in the inner domain), RANSE are solved. Away from the
hull (in the outer domain), �ow is assumed to be potential and the coupling approach is used.
The inner domain is located between the hull Sh and the outer coupling surface So, while the
outer domain is located outside the inner coupling surface S i (Figure 4). Velocities computed
by the RANSE solver on S i are used as velocity distributions for the Fourier–Kochin method

x

y

z

  
V

Sc →

�

Figure 3. Sketch of the self-consistency test.
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S o

S i

Outer domain

Inner domain

Figure 4. Sketch of coupling surfaces.

Figure 5. Partial view of the grid around serie 60.

in the outer domain. Speci�cally, velocities components and pressures on the outer surface
So are evaluated with the coupling algorithm. A new RANSE computation is then performed
with these updated boundary conditions.
Flows around a serie 60 CB=0:6 merchant ship at Froude number Fn=0:316 is studied.

Results of the self-consistency test are �rst presented, then the viscous–potential coupling is
studied. Only symmetric cases are studied, hence one-half of the �uid domain around the hull
is discretized.
For self-consistency computations, in�uence of the number of panels on the half-hemisphere

and in�uence of the near-�eld component of the Green function are studied.
For the coupling calculations O–O grid is used (Figure 5). The grid has 57 nodes in the

streamwise direction, 57 nodes in the normal direction and 25 nodes in the girthwise direction.
Non-dimensional values are de�ned with respect to the ship length L, the acceleration of
gravity g, the density of water � and the hull velocity U∞.

5.1. Self-consistency test

In a �rst step, the problem of steady �ow past a source is solved with the Fourier–Kochin
formulation of the Green function. Green function and velocity are computed on the free
surface and on a surface surrounding the source. In a second step, velocity components on
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Figure 6. Self-consistency test—Fn=0:32—in�uence of the panels number.
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Figure 7. Self-consistency test—Fn=0:32—in�uence of the near-�eld component.

the surface surrounding the source are used to distribute sources and doublets panels over this
surface. This second step is then similar to a coupling. Computed velocity potentials behind
the source for the two steps are then compared. The half-hemisphere is centred at the origin
and its radius is 0.3. The source is located in (x=0; y=0; z= − 0:05). In Reference [20]
Yang et al. present results of self-consistency tests on the whole free-surface for two di�erent
shape of coupling surface; a half-hemisphere and a half-ellipsoid. Here, results in the wake of
the source on the free surface are discussed. In�uence of the number of panels on the surface
surrounding the source is �rst presented. This surface is discretized with 100; 1600 and 25 600
panels. Figure 6 show the potential GF =GN +GW behind the source on the free surface.
Figure 6 shows that results of the three computations are in accordance with the source

potential and that results for 1600 and 25 600 panels are quite similar. A �ne mesh re�nement
is then not required on the coupling surface.
In Figure 7, in�uence of the near-�eld component of the Green function on the coupling is

studied. On this picture, results of the self-consistency test are shown by using GW +GN and

Copyright ? 2003 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2003; 43:301–318



314 P. E. GUILLERM AND B. ALESSANDRINI

-0.5 -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5
-0.02

-0.015

-0.01

-0.005

0.005

0

0.01

0.015

0.02

h

Navier-Stokes with coupling
Navier-Stokes
Experimental data

x

Figure 8. Free-surface elevation on the hull.

only GW . In this �gure, we notice that the near-�eld component of the Green function is not
signi�cant behind the coupling surface except before the source. Moreover, much more time
is needed to compute the near-�eld component of the Green function (about 3 or 4 times),
so for viscous–potential coupling this term will not be computed.

5.2. Viscous–potential coupling

In this section, numerical results of the coupling procedure are compared with RANSE calcu-
lations and with experimental results of Stern et al. [21]. All the computations are performed
with a Froude number Fn=0:316 and a Reynolds number Re=2:5×106. In the outer domain
the Green function has been evaluated for steady ship-boundary conditions, so the coupling
algorithm can only be used when the hull has reached its �nal velocity. For this study the
ship is starting from rest and reaches its nominal velocity after 75 time steps. The coupling
is performed after 180 time steps and then every time step.
First, results are compared with experimental data to check the accuracy of the coupling

method. Then in�uence of coupling surfaces locations is studied, and results are compared
with fully RANSE computations. Lastly, CPU time safe is studied.

5.2.1. Comparison with experimental data. In this section, results of the coupling approach
are compared with experimental data of Stern et al. [21]. Coupling surfaces S i and So corre-
spond to 20th and 35th surfaces in the normal direction. Lastly, the inner coupling surface is
discretized with 800 panels.
In Figures 8–10, results of the coupling method are compared with fully RANSE compu-

tations and with experimental data [21]. Speci�cally, free-surface elevations on the hull and
in two slides y=Cst are shown.
In Figures 9 and 10, the dotted line shows the limit between inner and outer domains.
Near the hull (in the inner domain) results of both computations are very closed. So the

coupling algorithm does not disturb the inner �ow computation. Moreover, we can notice free-
surface numerical damping with fully RANSE computations, while with the coupling algorithm
there is no damping and numerical results are closed to experimental data (Figure 10).

5.2.2. Location of the inner coupling surface S i. In order to show in�uence of the inner
coupling surface location, two computations are performed with two di�erent inner coupling
surfaces. Thus, the outer coupling surface is the 35th surface in the normal direction and the
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inner coupling surfaces are the 20th and 30th surfaces in the normal direction. Moreover, the
inner coupling surface is discretized with 300 panels on the half-surface.
In Plate 1, pressure on the free surface is presented. Black curves represent sights of

coupling surfaces on the free surface. Velocity levels are chosen between +0:9 and +1:1,
while pressure levels are chosen between +100 and −100. In Plate 1, pressure magnitudes
are smaller when the inner coupling surface is far from the hull. Wavelength � in the wake
is evaluated using expression [22]:

�
L
=2
Fn2

This gives a wavelength �=L=0:6. For the inner coupling surface j=20, RANSE are solved
with 34 cells by wavelength, while for the inner coupling surface j=30, RANSE are solved
with 17 cells by wavelength. In the last computation the number of cells on the inner coupling
surface seems to small to correctly propagate the wave �eld far from the hull, then numerical
damping occurs in the viscous �ow.
This �rst test shows that the inner coupling surface has to be located close to the hull,

where the numerical damping does not in�uence the RANSE solver. Following [22] at least
30 cells by wavelength are required on the inner coupling surface to ensure wave propagation
without damping.
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5.2.3. Location of the outer coupling surface So. Once the inner coupling surface S i is
chosen, the outer coupling surface So has to be located. As for the inner coupling surface,
two computations with two di�erent outer coupling surfaces are performed. The inner coupling
surface is the 20th surface in the normal direction, while the two outer surfaces correspond
to the 25th and 35th surfaces in the normal direction. In Plate 2, non-dimensional pressure
on the free surface is presented for the two computations.
Pressure �eld computed with coupling surfaces j=20 and 25 is on the upper part of the

picture and pressure �eld computed with coupling surfaces j=20 and 35 is on the lower
part.
In Plate 2, we notice that non-physical oscillations appear in front of the boat. These os-

cillations come from the bad resolution of the linear system in the inner domain. Moreover,
pressure magnitude in the wake increases when the two surfaces are closed. With the coupling
surfaces j=20 and 35, distance between the two surfaces is greater than �=2 while with the
coupling surfaces j=20 and 25, distance between the two surface is equal to �=5. Coupling
computations are performed without the near-�eld component of the Green function, but sim-
ilar results are obtained if the near-�eld component is used [19]. The outer coupling surface
j=25 seems to be too closed from the hull. Indeed, with the coupling approach, based on
potential-�ow theory, there is no wake behind the ship (Plate 4). So the coupling algorithm
modi�es the �ow in the wake in the inner domain. If the outer coupling surface is far from
the hull, the wake is numerically damped and the outer domain computation has a smaller
in�uence on the �ow in the wake in the viscous domain.
The outer coupling surface should be located at more than �=2 from the inner coupling

surface in order to get a negligible near-�eld component but also to not cross the wake close
to the hull. A good way to overcome this problem would be to performed computations on
C–O grid. Then j surfaces would not cross the wake and coupling algorithm would be used
on surfaces where both viscosity and curl are negligible.

5.2.4. Comparison with fully RANSE computations. In this section, results of the coupling
approach are compared with results of the RANSE solver without coupling. Coupling surfaces
S i and So are chosen following conclusions of previous sections and then correspond to 20th
and 35th surfaces in the normal direction. Lastly, the inner coupling surface is dicretized with
800 panels. In Plates 3 and 4, velocity in x and pressure on the free surface are presented
for the viscous solver and for the coupling approach.
In Plates 3 and 4, numerical damping in the viscous �ow is noticed while the coupling

approach computes the far-�eld waves. The coupling algorithm which is based on the potential-
�ow theory, does not compute the wake in the inner domain. Viscous velocity �elds in the
wake are slightly perturbed by the coupling algorithm, nevertheless this has no in�uence
on the �ow closed to the hull (Figure 8). As mentioned previously, computations on C–O
grids will overcome this problem. Moreover, Figures 11(a) and 11(b) show computations
stability.
Figure 11(a) shows that CPU time decreases of a factor 3 when the coupling algorithm

is used. When the coupling is used, the Navier–Stokes grid is reduced so the number of
unknowns in the linear system is reduced as well. Moreover, 11(b) shows that solver iterations
by time step decrease when the coupling algorithm is used. As for the CPU time, the linear
system to solve is smaller, then the solver reaches convergence faster.
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Plate 1. Pressure on the free surface with Fn=0:316—in�uence of the location of S i.

Plate 2. Pressure on the free surface for Fn=0:316—in�uence of the outer surface location.
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Plate 3. Pressure on the free surface with Fn=0:316—comparison with fully RANSE computation.

Plate 4. Velocity in x on the free surface with Fn=0:316—comparison with fully RANSE computation.
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Figure 11. CPU time and solver iterations by time step: (a) CPU time, (b) solver iterations.

6. CONCLUSION

This paper deals with a new coupling approach for viscous–potential coupling. In the inner
viscous domain, RANSE are solved with a fully coupled velocity, pressure and free-surface
elevation method, while the Fourier–Kochin formulation of the Green function is used to com-
pute potential �ow in the outer domain. The great advantage of the Fourier–Kochin approach
lies in the use of the three components of the viscous velocity-�eld to compute the external
potential �ow. So this method is very well suited to viscous–potential coupling. A strong
coupling between the two domains is performed; at every time step the coupling algorithm is
used to compute new boundary conditions for the viscous solver.
Computations were successfully performed on the steady ship-wave problem. This study

shows stability of the coupling algorithm and that the coupling method computes far-�eld
waves without disturbing the viscous �ow closed to the hull. Moreover, in�uence of inner
and outer surfaces locations is studied which allow us to select coupling surfaces following
(i) the number of grid-point per wavelength in the viscous domain on the inner coupling
surface and (ii) the wavelength for the outer coupling surface.
Main advantages of this approach are (i) CPU time decreasing, indeed CPU time per time

iteration is divided by a factor 2 or 3 when the coupling approach is used, and (ii) a better
computation of far-�eld waves, since the potential-�ow theory avoids numerical damping dues
to grid stretching away from the hull.
Further numerical computations are needed in order to valid this method. Computations on

C–O or H–H grids will be investigated in order to get coupling surfaces which do not cut the
wake. Thus, the wake will be compute by the Navier–Stokes solver which shall lead to more
accurate computations and will allow us to use the present coupling method for numerous
Froude number.
Nevertheless this study show abilities of strong viscous–potential coupling by the Fourier–

Kochin method to solve wave resistance problems.
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