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ABSTRACT
The wave-current effects are very important in several off-

shore applications, for instance, the wave-drift-damping of a
Turret moored FPSO. This papers presents the incorporation of
current effects in the higher order time domain Rankine Panel
Method on development in the Numerical Offshore Tank (TPN)
at the University of S̃ao Paulo (USP) already introduced in [1].
The method is based on a perturbation theory to study first and
second order effects, considering the geometry described using
NURBS (Non Uniform Rational Basis Spline) and the potential
function, free surface elevation, pressure etc by B-splines of ar-
bitrary degree. The study is performed for a simplified geometry
(sphere) and the results regarding a fixed hemisphere compared
to other numerical methods considering both first and second or-
der quantities are presented.

KEYWORDS
Time domain Rankine Panel Method, Seakeeping, Wave-

current interaction.

INTRODUCTION
The prediction of body forces/motions are important in sev-

eral practical applications, where design/operational conditions
should be defined. The wave-current interaction can change the
zero current solution appreciably, which is investigated using an
extension of the higher order time domain rankine panel method
introduced in [1], where the potential function, free surface el-

evation are described using a B-spline approach and the body
geometry using a NURBS description [2].

The methodology developed by the Numerical Offshore
Tank (TPN) is the pre-analysis of the most critical conditions by
numerical simulations, validation of the numerical estimations
with experimental data and then extrapolation to real scale con-
cerning all conditions. This paper describes the inclusion of cur-
rent effects in a code based on Rankine sources on time domain
for the prediction of platform motions using a higher order ap-
proach, which has started in a 2D version [3] and lately extended
to a 3D lower order version [4].

However the computation of mean drift forces, slow drift
forces and wave-current interaction required the computation of
the derivatives of the velocity potential. These facts motivated
the development of a higher order approach in the numerical
method since the quantities in the panel following a low order
approach are constant in each panel, therefore the prediction of
the velocity field is poor, as the wave runup close to the body.
The limitations of a constant panel method are presented, for in-
stance, in [5] and some comparisons regarding the accuracy and
computational time of both approaches can be seen in [6]. Sev-
eral commercial/academic codes have been developed in the last
years for wave-structure interactions, see for instance, SeaFEM
[7], WAMIT [8], AQWA [9], THOBEM considering quadratic
quadrilateral elements (8 nodes) [6], the 9-node quadratic ele-
ments from [10], the 12-node cubic elements from [11], as the
B-splines from [12] (included in the higher order module of
WAMIT), the last one following a frequency domain approach
without current effects.
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The accurate spatialderivatives computation is particularly
important for the so-called ”m-terms” evaluation, introduced by
[13] and studied by several authors, see for instance [14] and
[15], that are required for free floating simulations. In this paper
only results for fixed structures are presented since it is the first
step in the validation procedure of wave-current computations,
therefore the ”m-terms” are not presented. However, since the
next step is the free floating simulations, the formulation is pre-
sented in time domain considering a generic case including fixed,
prescribed motions and free floating structures.

The time domain approach is chosen due to the possibility of
inclusion of both weak and strong non-linearities in the hydrody-
namic problem, which can be performed simpler in time domain
formulation compared to the traditional frequency domain ap-
proach. This method usually computes the hydrodynamic coeffi-
cients (added mass, wave damping, diffraction force etc.) using
the wave source Green function from [16] to avoid free surface
discretization and after the solution is simulated in time-domain
using Cummins equation [17].

It should be noticed that some important non-linear effects
are verified for the wave drift damping regarding the yaw equi-
librium of a ship shape turret platform, as the wave runup about
a cylindrical and cone shaped foundations for offshore wind tur-
bines, that change appreciably under current effects.

MATHEMATICAL PROBLEM

The mathematical problem is described as a collection of
floating and fixed structures under the incidence of waves and
current. The flow is assumed as irrotational and the fluid as ideal
with the free surface assumed as a mathematical function. The
weakly non-linear approach is applied assuming all quantities as
describes by Stokes series, see for instance Eqn. 1, which are
replaced in the traditional no flux condition for fixed and floating
bodies and in the kinematic and dynamic free surface conditions.

ϕ “ ϕp0q `
8ÿ

i“1

ϕpiqptq.ε i (1)

The zero orderpotential is decomposed in the incident current
field (Ux) and the disturbance zero order potential (φ p0q

S ), Eq. 2.
TheBVP is stated from Eqn. 3 to 6, assuming the double-body
linearization, therēSf s is the meanfree surface level outside the
body, S̄f ixed, S̄pm and S̄f b are the meansubmerged surfaces of
fixed bodies, prescribed motion and floating bodies with~n nor-
mal vector (nx, ny andnz components).

ϕp0q “ φ p0q
S `Ux (2)

∇2φ p0q
S “ 0, in Ω̄ (3)

Bφ p0q
S

Bz
“ 0, in Q P S̄f s (4)

Bφ p0q
S

Bn
“ ´UnxQ, in Q P S̄f ixedY S̄pmY S̄f b (5)

∇φ p0q
S Ñ~0,|~x| Ñ 8 (6)

Thefirst order problem concerning both the velocity and acceler-
ation potential coupled to motion equations can be summarized
from Eqn. 10 to 16, already replacing the first order potential
decomposition shown in Eqn. 7. The ”mixed” zero/first order
potential terms are also present in these conditions, whereφ p1q

s

is the disturbancefirst order potential, that takes into account
all hydrodynamic effects (i.e: radiation, diffraction etc.) while
φ p1q

I is the firstorder incident wave field assuming the super-
position of several regular components with amplitudeAi , g the
gravity accelerationmodule,ki the wave number,βi the wave
direction (measured from the axis x in the counter-clockwise),
δi the relative phase,ωi0 the wave frequency andωi the en-
counter frequency, assuming the correction shown in Eqn. 9.
The free surface conditions shown in Eqn 11 and 12 contain ad-
ditional terms to absorb the radiated/diffracted waves following
a ”sponge layer” approach introduced by [18] and discussed in
more details in [4].

The termsrMs, rCp0qs andrKp0qs in Eqn. 16are the mass, ex-
ternal damping and total stiffness matrix (hydrostatic+external).
The acceleration potential approach is assumed to provide sta-
bility in the time domain simulation, as discussed by [19], [20]
and [21].

The first order body motions are defined bytXp1qu, the ve-
locity of the center of gravity by~vG in the translationalDoF and
~ω for the rotationalones. The vector~mQ contain the so-called
”m-terms” introduced by [13] and are re-arranged to split the
time-variant terms from the constant ones (geometric ones) in
order to avoid the re-computation of the terms at each time-step.

ϕp1q “ φ p1q
S ` φ p1q

I (7)
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φ p1q
I “

Nÿ

i“1

Aig
ωi0

ekizcospkixcosβi ` kiysinβi ´ ωit ` δiq (8)

ωi “ |Ukcosβi ´ ωi0| (9)

∇2φ p1q
S “ 0, ∇2

´Bφ p1q
S

Bt

ˉ
“ 0, in Ω̄ (10)

Bφ p1q
S

Bt
` gηp1q

S ` p
Bφ p1q

I

Bt
` gηp1q

I q `

∇ϕp0q ¨ ∇ϕp1q ´ νηp1q
S “ 0, in Q P S̄f s (11)

Bηp1q
S

Bt
´

Bφ p1q
S

Bz
` p

Bηp1q
I

Bt
´

Bφ p1q
I

Bz
q `

`∇ϕp0q ¨ ∇ηp1q `
B2ϕp0q

Bz2 ηp1q ´ νφ p1q
S “ 0, in Q P S̄f s (12)

Bφ p1q
SQ

Bnp0q
Q

“ ´
Bφ p1q

IQ

Bnp0q
Q

,
B2φ p1q

SQ

Bnp0q
Q Bt

“ ´
B2φ p1q

IQ

Bnp0q
Q Bt

, Q P S̄f ixed (13)

Bφ p1q
SQ

Bnp0q
Q

“ r~np0q
Q ,pQp0q ´ Gp0qq ^~np0q

Q s ¨ t~vp1q
G , ~ωp1qu `

~mQ ¨ ~Xp1q, Q P tS̄pmY S̄f bu (14)

B2φ p1q
SQ

Bnp0q
Q Bt

“ r~np0q
Q ,pQp0q ´ Gp0qq ^~np0q

Q s ¨ t~ap1q
G , 9~ω

p1q
u

~mQ ¨ t~vp1q
G , ~ωp1qu Q P tS̄pmY S̄f bu

p15q

rMst :Xp1qu ` rCp0qst 9Xp1qu ` rKp0qstXp1qu “

´ρ
ĳ

S̄f b

”Bϕp1q
Q

Bt
` ∇ϕp0q

Q ¨ ∇ϕp1q
Q

ı! ~np0q
Q

pQp0q ´ Gp0qq ^~np0q
Q

)
dSQ(16)

The second-order forcesconsidering only the interaction of first
order and zero order quantities can be computed using Eqn. 17,
where~αp1q “ pXp1q

4 ,Xp1q
5 ,Xp1q

6 q.

~Fp2q “ ´
ĳ

S̄f b

´1
2

∇ϕp1q
Q ¨ ∇ϕp1q

Q `~xp1q
Q ¨ ∇

Bϕp1q
Q

Bt
`

∇ϕp0q
Q ¨ ∇p∇ϕp1q

Q ¨~xp1q
Q q

ˉ
~ndS

´ρ~α ^
ĳ

S̄f b

´Bϕp1q
Q

Bt
` ∇ϕp0q

Q ¨ ∇ϕp1q
Q

ˉ
~ndS

´
1
2

ρg
¿

WL

rηp1q
Q ´ Xp1q

3 ´~αp1q ^~xp0q
Q s2~ndl (17)

The equationsand conditions presented so far are enough to
guarantee an unique solution to the boundary value problem.
The mathematical problem is solved applying Green’s identity
assuming the Rankine sources as the Green function, leading to
Eqn. 18. It should be noticed that in the developed method only
points located on continuous region of the surface are consid-
ered, therefore the contribution due to the solid angle will be 2π
regardlessthe geometry discretization.

ĳ

BΩ´P

´
φSQ

BGPQ

BnQ
´GPQ

BφSQ

BnQ

ˉ
dBΩQ “

# ´4πφSP, i f P is Ω
´2πφSP, i f P is at BΩ

0, i f P is outsideΩ
(18)

The computational domain considered in Eqn. 18 changes ac-
cording to the order of the problem (zero/first/second) to improve
the convergence rate of the zero order potential. The first or-
der potential is solved considering the computational domain as
Ω̄ “ S̄f sY S̄f ixedY S̄pmY S̄f b and the ”simple”Rankine source as
Green function (Eqn. 19), while the zero order problem is solved
considering the computational domain asΩ̄ “ S̄f ixedY S̄pmY S̄f b,
neglecting thefree surface domain and adding the image of the
Rankine source about the plane z=0 as Green function (Eqn. 20).

Gp1q “
1

rPQ
“

1
a

pxP ´ xQq2 ` pyP ´ yQq2 ` pzP ´ zQq2
(19)
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Gp0q “
1

rPQ
`

1
r 1
PQ

“

1
a

pxP ´ xQq2 ` pyP ´ yQq2 ` pzP ´ zQq2
`

1
a

pxP ´ xQq2 ` pyP ´ yQq2 ` pzP ` zQq2
(20)

NUMERICAL METHOD
Geometry

The geometry is described assuming a standard ”igs” file,
one of the industry standards, which in the context of a panel
method contains essentially the surface representation using
NURBS. This description is based on the superposition of spline
functions properly weighted, which are generically given by Eqn.
21, wherep is the basis function degree,u is the point on the
curve domain andui are the knotsvector in the interior region. It
should be noticed that the spline of degreep (considering pą0)
is defined by a recurrence equation, where the spline of degree 0
is given by Eqn. 22, which is piecewise continuous.

Ni,ppuq “
u´ ui

ui`p ´ ui
Ni,p´1puq`

ui`p`1 ´ u

ui`p`1 ´ ui`1
Ni`1,p´1puq, pą 0

(21)

Ni,0puq “
! 1, i f ui ď u ă ui`1

0, i f u ă ui or u ě ui`1
(22)

Since a surface has 2 degrees of freedom, it can be built using 2
orthogonal splines polynomials combined in generic directionsu
andv to provide the surface domain. Although the surface do-
main can be generic because theu knots andv knots could be
arbitrary, it is convenient to ”scale” it into the square of dimen-
sions [0,1]x[0,1] in order to simplify the algebraic manipulations.
Theith basis function ofdegreek are null at all domain but in the
rangerui ,ui`k`1s, so thebasis function have a local influence re-
gion, which allows almost any smooth continuous arbitrary func-
tion to be represented using NURBS without an excessive com-
putational effort. This characteristic is very useful specially for
complex surfaces, such as the stern or a bulb of a ship, since mov-
ing the surface control points will not change the entire surface,
just a small region surrounding the control point. An example of
the combined b-spline curves of degree 2 can be seen in Figure
1, where it is shown the combinedN2puqN2pvq function for knot
vectors{0,0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8,0.9,1}and is clear that
the function has only a localized influence. The NURBS surface
is created considering expression 23, where~Ci j are the control
pointsof the surface andwi j are the respective weights.

An example of geometries described using NURBS ap-
proach can be seen in Figure 2, concerning simple 1 patch

FIGURE 1. Exampleof shape function.

FIGURE 2. Example of geometries described by NURBS (sphere-left
and containership - right).

geometries (i.e: sphere)and more complex one (i.e:semi-
submersible platform). The normal vector can be computed from
the cross product of the position vector in parametric space in
both directions (u and v), as shown in Eqn. 24.

$
&

%

xpu,vq
ypu,vq
zpu,vq

,
.

-
“

řNu
i“1

řNv
j“1wi j ~Ci j Ni,ppuqNj,ppvq

řNu
i“1

řNv
j“1wi j Ni,ppuqNj,ppvq

,0ď uď 1,0ď vď 1

(23)

~n“
´B~X

Bu
^

B~X
Bv

ˉ
{
ˇ
ˇ
ˇ
B~X
Bu

^
B~X
Bv

ˇ
ˇ
ˇ ñ~Xpu,vq “ pxpu,vq,ypu,vq,zpu,vqq

(24)

Potential function and other quantities
The solution quantities (i.e: potential function, velocity

field, pressure etc.) are represented using B-spline functions
therefore the surface approximation is independent of the solu-
tion, which is desirable in the context of a generic method. There
is no additional consideration regarding the continuity of the po-
tential function among patches since it would be really difficult
from the topology point of view and would require a previous
knowledge concerning the flow because on corners the potential
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function could bediscontinuous due to high gradients (i.e: cor-
ners).

However, since the solution is built inside the parametric
space of each patch an additional ”hidden” layer should be con-
sidered to avoid the potential function to be null in the ends of
the parametric space.

The disturbance velocity potential (acceleration potential,
free surface elevation etc.) are given generically by Eqn. 25,
where φ pnqp

i, j are the coefficient corresponding to theith basis

function in directionu, jth basis function indirection v corre-
sponding of thepth patch of thedomain considering the nth dis-
turbance velocity potential (first or second order quantities). The
basis functions have degreeku , kv in the uand v direction, re-
spectively1.

φ pnq
S pu,vq “

Npÿ

p“0

Nuÿ

i“0

Nvÿ

j“0

φ pnqp
i, j Nku,p

i puqNkv,p
j pvq (25)

Potential function derivatives

The potential function first derivatives in the bodies and first
order quantities in the free surface can be evaluated by computing
the derivative in u and v directions using Eqn. 26 since the shape
functions are continuous. However this derivatives are defined in
the parametric space, which should be converted to the physical
space using Eqn. 27 to provide the velocity field.

Bϕ
Bu pu,vq “

řNp

p“0

řNu

i“0

řNv

j“0
φ p

i, j
BNku,p

i puq
Bu Nkv,p

j pvq

Bϕ
Bv pu,vq “

řNp

p“0

řNu

i“0

řNv

j“0
φ p

i, jN
ku,p
i puq

BNkv,p
j pvq

Bv

(26)

$
’&

’%

Bϕ
Bx
Bϕ
By
Bϕ
Bz

,
/.

/-
pxpu,vq,ypu,vq,zpu,vqq

“

»

–
Bx
Bu

By
Bu

Bz
Bu

Bx
Bv

By
Bv

Bz
Bv

nx ny nz

fi

fl

´1

pu,vq

$
&

%

Bϕ
Bu
Bϕ
Bv
Bϕ
Bn

,
.

-
pu,vq

(27)

However since the zero order problem is solved using the
Rankine source combined of the image about the plane z=0, the
first order derivatives in the free surface are computed based on
Eqn. 28 in the x-direction. The y-component is computed analo-
gously, as the second derivative in z-direction required in thefirst

1In the presentwork it was used always the same degree in both directions.

order kinematic freesurface condition.

Bφ p0q
SP

Bx
“

´1
4π

ĳ

BΩ´P

´
φ p0q

SQ

B2GPQ

BxPBnQ
´ GPQ

B2φ p0q
SQ

BxPBnQ

ˉ
dBΩQ (28)

The second-order derivatives in the body surface required for m-
terms computation are computed following a similar procedure
of Eqn. 27 considering the second order derivativesB2φ{Bu2,
B2φ{Bv2, B2φ{BuBv, as Laplaceequation to compute the spatial
second order derivativesB2φ{Bx2,B2φ{By2,B2φ{Bz2,B2φ{BxBy ...
required in them-terms computation.

Integration of the source and dipole terms
The terms regarding sources and dipoles contain singulari-

ties when the field and source points are coincident. The integral
terms are given by 29 and 30, where the normal vector and Ja-
cobian are assumed to be obtained from geometry description
using NURBS. The residue of these integral were already eval-
uated using Green’s identity assuming that no collocation points
are located in the corners and the surface normal vector to be
continuous in the entire geometric domain.

ĳ

BΩ´P

ϕQ
B

BnQ

´ 1
rPQ

ˉ
dBΩQ “ PV

ż 1

0

ż 1

0
ϕpu,vq

B
Bn

´ 1
rPQ

ˉ
|Jpu,vq|dvdu

(29)

ĳ

BΩ´P

BϕQ

BnQ

1
rPQ

dBΩQ “ PV
ż 1

0

ż 1

0

Bϕ
Bn

´ 1
rPQ

ˉ
|Jpu,vq|dvdu (30)

The equation 29 can be discretized using the potential function
approximation by B-spline, converting into 31, already taking
advantage from the fact that the basis functions are null outside
their influence regions to reduce the integration interval. This
fact is important because it avoids the waste of numerical re-
sources in the numerical integration procedure concerning re-
gions where the basis function is null by construction.

1
0

1
0 ϕ B

Bn

´
1

rPQ

ˉ
|Jpu,vq|dvdu“

řNp
p“0

řNu
i“0

řNv
j“0 φ p

i, j

ui`ku`1
ui

vj`kv`1
vj

Nku,p
i puqNkv,p

j pvq
B

Bn

´
1

rPQ

ˉ
|Jpu,vq|dvdu

(31)

The integration of source/dipole terms are performed using
Gauss-Legendre quadrature for the farfield and nearfield ele-
ments as shown in Eqn. 32, whereNgu andNgv are thenumber
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FIGURE 3. Domainsplitting into 4 triangles and integration domain
considering the region (2) using bi-quadratic transformation.

of gaussianpoints in u and v direction,wm andwn are the weights
andum andvn are the gaussian points.

ż ui`ku`1

ui

ż vj`kv`1

vj

f pu,vqdvdu«
Nguÿ

m“1

Ngvÿ

n“1

wmwn f pum,vnq (32)

The self-influence terms(i.e: when the source and field points are
located in the same panel) are integrated using a modification of
the procedure proposed by [5] to consider the NURBS geometry
description, where the panel is divided in 4 quadrilaterals, each
one with a specific bi-quadratic transformation, as illustrated in
Figure 3. Since this method applies the hidden layer approach re-
garding the potential function approximation the use of a single
collocation point in each panel would lead to an undetermined
linear system, providing no solution. Therefore it was assumed
4 collocation points per panel (see Figure 4 ) leading to an over-
determined linear system, which is solved using a least-square
approach, as shown in Eq. 34, whererAsm,n is the influencema-
trix, tcun,1 is the splinecoefficients vector andtBum,1 is the forc-
ing vector.

rAsm,ntcun,1 “ tBum,1 (33)

tcun,1 “ prAsTn,mrAsm,nq´1rAsTn,mtBum,1 (34)

The free surface equations are also evaluated in terms of a least
square approach since there are more equations than variables
since 4 collocation panels for each panel are assumed.

0 0.2 0.4 0.6 0.8 1
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

u

v

FIGURE 4. Illustrationof 4 collocation points inside each panel.

Time integration
The integration in time of the ordinary differential equations

is performed using a 4th order Runge-Kutta method, following
the procedure described in Eqn. 39. In order to clarify the pro-
cedure, the first step is illustrated in Figure 5 and the other steps
are performed analogously.

k0 “ f pti ,yiq (35)

k1 “ f pti ` 0.5Δt,yi ` 0.5Δtk0q (36)

k2 “ f pti ` 0.5Δt,yi ` 0.5Δtk1q (37)

k3 “ f pti ` Δt,yi ` Δtk2q (38)

yi`1 “ yi `
Δt
6

pk0 ` 2k1 ` 2k2 ` k3q (39)

NUMERICAL RESULTS
Thestudy is performed for a hemisphere, a simplified geom-

etry, in order to simplify the validation procedure. The sphere is
defined by a single patch, as the free surface, which can be seen
in Figure 6, assuming a 1m radius sphere with a circular free sur-
face domain with 20m radius. In this study 11 wave periods were
selected in order to provide equally spaced ka numbers between
0.4 and 1.5, where k is the wave number under 3 Froude num-
bers (-0.1, 0.0 and +0.1). A previous convergence analysis was
performed for the null Froude number considering the slowest
and highest wave period, defining the mesh 16x12 panels in the
body and 30x24 panels in the free surface as the recommended
one, which can be seen in Figure 7. The comparisons are per-
formed for the zero order solution, first order forces, wave-runup
and mean drift forces.
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FIGURE 5. Illustrationof the first step in the Runge-Kutta scheme for
solving wave-body interaction.

FIGURE 6. Sphereand free surface geometries.

Zero or der solution
The first comparisons are performed considering the zero-

order potential with the analytic solution for a unitary uniform
flow. The results are compared considering the potential of order
zero, flow velocity in both body surface and free surface, the last
one considering the collocation points at each panel (4 points per
panel). The results in the free surface, computed using the inte-
gral equation, as explained previously, can be seen from Figure 8
to 10, showing a good agreement between the numerical method
and analytic solution can be verified. It should also be noticed

FIGURE 7. Meshesassumed in the computation of the sphere.

that due tothe higher order description different points in the
same panel have different velocities vectors, as verified in Figure
9 and 10. The results regarding the body surface can be veri-
fied from Figure 11 to 12, which are computed using the b-spline
derivatives.

The analytical solutions for the zero order poten-
tial/derivatives can be found in several references, se for in-
stance, [22] and are reproduced from Eqn. 40 to 43, where a is
the sphere radius and U the undisturbed flow velocity magnitude.

φ p0q
S “ ´

1
2

U
a3x

px2 ` y2 ` z2q3{2
(40)

Bφ p0q

Bx
“ ´

U
2

”
2´

3a3x2

px2 ` y2 ` z2q5{2
`

a3

px2 ` y2 ` z2q3{2

ı
(41)

Bφ p0q

Bx
“ U

3a3xy

2px2 ` y2 ` z2q5{2
(42)

First or der excitation forces
The first order excitation forces are computed in surge di-

rection considering three Froude numbers (Fn “ V{
?

ga): 0, 0.1
and-0.1, where the negative sign means that current and wave
are in the same direction. The results are computed are compared
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FIGURE 8. Zeroorder potential in the sphere surface.

FIGURE 9. Velocity field in x direction for the zero-order potential in
the free surface.

FIGURE 10. Velocity field in y direction for the zero-order potential
in the free surface.

FIGURE 11. Velocity field in x direction for the zero-order potential
in the body surface.

FIGURE 12. Velocity field in y direction for the zero-order potential
in the body surface.

FIGURE 13. Comparison of surge first order excitation forces for a
fixed sphere under several Froude numbers.

with WAMIT predictions for the zero Froude number condition
and also with [10], which can be verified in Figure 13. In gen-
eral a good agreement can be verified, although for the lowest
and highest ka number computed there some differences. It can
also be verified that the forces change appreciably in the entire
ka range with large variations close to ka=0.7, where the forces
considering the negative Froude are higher than the zero Froude
number condition by about 20%. On the other hand for the posi-
tive Froude number condition the force is reduced 15%.

Wave runup
The comparison regarding wave runup around the fixed

hemisphere is also performed and some comparisons with
WAMIT results for zero Froude number are presented in Figure
14 for wave periods of 3.17s and 2.24s. It can be verified a gen-
eral good agreement regarding the runup pattern for the present
method and WAMIT results, although there are some differences
mainly in the points located upstream for the higher frequencies.
The influence of current is also evident since changes the runup
pattern appreciably.
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FIGURE 14. Comparison of Wave runup around the sphere for
T=3.17s and T=2.24s for several Froude numbers.

Mean drift f orces
The mean drift forces are computed from the second-order

forces time-series using equation 43, whereti is the transienttime
neglected in the mean drift forces computation to avoid the influ-
ence of transient effects in the beginning of the simulation. An
example of surge second order force time series can be verified
in Figure 15, where the double frequency component can also
be verified in the force signal. The comparison with WAMIT
prediction for the zero Froude number and the results from [10]
can be verified in Figure 16, where a good agreement is verified
one more time. It should be noticed that the mean drift forces
change appreciably in the entire ka range and the large variations
are verified close to ka=1.4.

F̄k “
1
Δt

ż ti`Δt

ti

Fp2q
k ptqdt, k “ 1,2,3, ...,6 (43)

CONCLUSIONS
This paper presented an extension of the mathematical for-

mulation concerning the fluid-structure interaction problem in
the scope of a multi-scale approach under a potential flow hy-
pothesis to include the wave-current effects in both first and sec-

FIGURE 15. Example of the surge quadratic second order forces for
a monochromatic wave for a fixed sphereω=4 rad/s.

FIGURE 16. Comparison of surge mean drift forces for a fixed sphere
under several Froude numbers.

ond order forces.The problems of interest requires the evaluation
of the velocity field close to the body therefore the computation
of the tangential derivatives of the potential function over the sur-
faces are important, requiring the development of a higher order
panel method to overcome the limitations of the lower order one,
as the free surface elevation around the hull to compute the wave
run-up. The zero order problem was solved using a double flow
hypothesis, providing good agreement considering the quantities
in both body and free surfaces. The higher order method was
developed assuming the geometry described by NURBS and the
quantities in the panels by B-splines of arbitrary degree.

The zeros order velocity field was computed for a fixed
hemisphere, which is essential for the computation of the wave-
current interaction problem. The first order excitation forces,
wave run-up and second order mean drift forces were computed
and compared with WAMIT predictions for zero Froude number
and the results of [10], providing a reasonable agreement con-
cerning all quantities.

The second order mean drift forces were computed for the
hemisphere providing a good agreement although for some par-
ticular points close to patch transitions or edges the velocity field
and runup had some differences to WAMIT predictions, show-
ing that the contributions due to this points to the entire forces is
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negligible.
The next steps will be the comparisons for the sphere free

floating condition considering results already published in fre-
quency domain, for instance, [23]. After that, the inclusion of
full second order effects will be performed considering the sec-
ond order body motions and the second order problem solution.
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