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ABSTRACT evation are described using a B-spline approach and the body
The wave-current effects are very important in several off- geometry using a NURBS description [2].
shore applications, for instance, the wave-drift-damping of a The methodology developed by the Numerical Offshore

Turret moored FPSO. This papers presents the incorporation of Tank (TPN) is the pre-analysis of the most critical conditions by
current effects in the higher order time domain Rankine Panel nymerical simulations, validation of the numerical estimations
Method on development in the Numerical Offshore Tank (TPN) with experimental data and then extrapolation to real scale con-
at the University of 8o Paulo (USP) already introduced in [1].  cerning all conditions. This paper describes the inclusion of cur-
The method is based on a perturbation theory to study first and rent effects in a code based on Rankine sources on time domain
second order effects, considering the geometry described usingfor the prediction of platform motions using a higher order ap-

NURBS (Non Uniform Rational Basis Spline) and the potential proach, which has started in a 2D version [3] and lately extended
function, free surface elevation, pressure etc by B-splines of ar- tg a 3D lower order version [4].

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.

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
KEYWORDS the velocity field is poor, as the wave runup close to the body.

Time domain Rankine Panel Method, Seakeeping, Wave- The limitations of a constant panel method are presented, for in-
current interaction. 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 las
INTRODUCTION years for wave-structure interactions, see for instance, SeaFEM

The prediction of body forces/motions are important in sev- [7], WAMIT [8], AQWA [9], THOBEM considering quadratic
eral practical applications, where design/operational conditions quadrilateral elements (8 nodes) [6], the 9-node quadratic ele-
should be defined. The wave-current interaction can change thements from [10], the 12-node cubic elements from [11], as the
zero current solution appreciably, which is investigated using an B-splines from [12] (included in the higher order module of
extension of the higher order time domain rankine panel method WAMIT), the last one following a frequency domain approach
introduced in [1], where the potential function, free surface el- without current effects.
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The accurate spatialerivatives 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.

=003 900 (1)
i=1

The zero ordepotential is decomposed in the incident current
field (Ux) and the disturbance zero order potentiélob, Eq. 2.
TheBVP is stated from Eqn. 3 to 6, assuming the double-body
linearization, theré&s is the meariree surface level outside the
body, Stixed: Som and Sty are the mearsubmerged surfaces of
fixed bodies, prescribed motion and floating bodies \itinor-

mal vector (i, ny andn, components).
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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 Egn. 7. The "mixed” zerof/first order
potential terms are also present in these conditions, w&b@e

is the disturbancédirst order potential, that takes into account
all hydrodynamic effects (i.e: radiation, diffraction etc.) while
qq(l) is the firstorder incident wave field assuming the super-
position of several regular components with amplitégleg the
gravity acceleratioormodule, k; the ware number,3; the wave
direction (measured from the axis x in the counter-clockwise),
& the relatie phase,wo the wave frequency andyg the en-
counter frequeng assuming the correction shown in Eqn. 9.
The free surface conditions shown in Egn 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 termgM], [C(9] and[K (9] 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 py(V}, the \e-
locity of the center of gravity byg in the translationaDoF and
@ for the rotationalones. The vectoimg 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.

¢(l) _ qoél) + (H(l) (7)
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The second-order force®nsidering only the interaction of first
order and zero order quantities can be computed using Eqn. 17,

wherea @ = (x{M x{Y xV).
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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
Eqgn. 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 fre 2
regardlesshe geometry discretization.

a® AxJPrdl (17)

—4mngs,, if PisQ
” 0Ceq _ anjpSQ )doaq - { —2ngs,, if PisatoQ
s %o "ong No 0, if P is outsideQ
(18)
The computational domain considered in Eqn. 18 changes ac-
cording to the order of the problem (zerof/first/second) to improve
the convergence rate of the zero order potential. The first or-
der potential is solved considering the computational domain as
Q = StsU Stixed W Somu Stp @and the "simple’Rankine source as
Green function (Eqn. 19), while the zero order problem is solved
considering the computational domain@s- Stixeq v Somu S,
neglecting thdree surface domain and adding the image of the
Rankine source about the plane z=0 as Green function (Egn. 20).

c® = 1 - 1 (19)

PQ  A/(Xp—%Q)2 + (Yo —¥Q)? + (2o — 2q)?
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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 Egn.
21, wherep is the basis function degrea,is the point on the
curve domain and; are the knotsector in the interior region. It
should be noticed that the spline of degreéonsidering p:0)
is defined by a recurrence equation, where the spline of degree 0
is given by Eqn. 22, which is piecewise continuous.

u—u; Ui —u
Nip(u) = — I Ni,p—l(u)*‘LNHl,p—l(U)v p>0
Ui+p — Ui Uitpr1— Ul 1)
21
. B Lifu<u<uyg
Nio(u) = {0, ifu<uyoru=u (22)

Since a sukce has 2 degrees of freedom, it can be built using 2
orthogonal splines polynomials combined in generic directions
andv to provide the surface domain. Although the surface do-
main can be generic because th&nots 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.
Theit" basis function oflegreek are null at all domain but in the
range[ui, Ui k4 1], 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 combinéd(u)N,(v) function for knot
vectors{0,0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8,0.94nd is clear that
the function has only a localized influence. The NURBS surface
is created considering expression 23, whéqeare the control
pointsof the surface ands; are the respeaté 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: spherednd 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 Egn. 24.

5238 W GiNp (N (V) He10<ye1
z(u:v) Zi’\lilzrj\ilijNi»P(u)NjaP(v) 7 7

(23)
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= X(u,v) = (x(u,v),y(u,v), z(u,v))
(24)

-3

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 qq(?)p are the codicient corresponding to thé" basis

function in directionu, jt" basis function indirection v corre-
sponding of thep™™ patch of thedomain considering the nth dis-
turbance velocity potential (first or second order quantities). The
basis functions have degrég, k, in the uand v direction, re-
spectively.

Np Ny
ZPZZ#”"NK”’ NFP(v)  (25)
p=0i=0j=0

Potential function derivatives

order kinematic fresurface condition.

aff o
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The second-order destives in the body surface required for m-
terms computation are computed following a similar procedure
of Egn. 27 considering the second order derivatigég/ou?,
0%@/oV?, 0%@/oudv, as Laplacequation to compute the spatial
second order derivative® @/0x?,0°@/dy?,0%@/0Z°,0° @/ oxdy ...
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

The potential function first derivatives in the bodies and first  ¢ontinuous in the entire geometric domain.
order quantities in the free surface can be evaluated by computing
the derivative in u and v directions using Egn. 26 since the shape
functions are continuous. However this derivatives are defined in Jf
the parametric space, which should be converted to the phy5|cal
space using Eqn. 27 to provide the velocity field.

daQQ PVJ J ¢ (u,v)— a )\J(u v)|dvdu

PnQ rpQ n

(29)
) 9 NP NP
U % 1
au(UV) = Z Z Z V) 26 %% =PV \J (u,v)[dvdu (30)
y P J g o
v(UV) = Z Z Z AN L
The equation 29 can be discretized using the potential function
approximation by B-spline, converting into 31, already taking
9ﬁ ox oy 0z -1 o advantage from the fact that the basis functions are null outside
& XY e S 27) their influence regions to reduce the integration interval. This
4 oV oV oV 5% fact is important because it avoids the waste of numerical re-

(X(uV),y(uv),z(uv)) (uv) sources in the numerical integration procedure concerning re-

gions where the basis function is null by construction.

Howewer 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
Egn. 28 in the x-direction. The y-component is computed analo-
gously, as the second derivative in z-direction required ifitbe

§55562 (%) 19(u,v) ldvdu=
Z ZINuOZNvO(R J SUI+ku+l SVJ+kv+1 N-k“’p(u)NJ!("’p(v) 31)
(rpo> 13(u,v)|dvdu

The integration of source/dipole terms are performed using
Gauss-Legendre quadrature for the farfield and nearfield ele-
ments as shown in Eqn. 32, wheMgy, andNg, are thenumber

1In the presenivork it was used always the same degree in both directions.
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FIGURE 4. lllustrationof 4 collocation points inside each panel.

Time integration
of gaussiarpoints in u and v directionym andw, are the weights The integration in time of the ordinary differential equations
andum andv, are the gussian points. is performed using a 4th order Runge-Kutta method, following
the procedure described in Egn. 39. In order to clarify the pro-
Uitk dl (Vitkytl Ng, Ngy cedure, the first step is illustrated in Figure 5 and the other steps
f J f(u,v)dvdux Z Z WrWn T (Um, V) (32) are performed analogously.
_ v

m=1n=1
The self-influence term.e: when the source and field points are = 1ty (25)
located in the same panel) are integrated using a modification of ko = 1(t +0. SAt i +0.50tko) (36)
the procedure proposed by [5] to consider the NURBS geometry ko = f(t +0.5At,y; + 0.5Atks) (37)
description, where the panel is divided in 4 quadrilaterals, each k3 = f(t + At,y; + Atko) (38)
one with a specific bi-quadratic transformation, as illustrated in
Figure 3. Since this method applies the hidden layer approach re- Yirr =Yi+ (ko +2ki + 2k 1 k3) (39)
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 NUMERICAL RESULTS
approach, as shown in Eq. 34, whéAdm p is the influencena- Thestudy is performed for a hemisphere, a simplified geom-
trix, {c}n.1 is the splinecoefficients vector an{B}m is the forc- etry, in order to simplify the validation procedure. The sphere is
ing vector. defined by a single patch, as the free surface, which can be seer
in Figure 6, assuming a 1m radius sphere with a circular free sur-
[Almn{Chnt = {Blm1 (33) 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
The free surice equations are also evaluated in terms of a least one, which can be seen in Figure 7. The comparisons are per-
square approach since there are more equations than variablegormed for the zero order solution, first order forces, wave-runup
since 4 collocation panels for each panel are assumed. and mean drift forces.

{Chna= ([A]I,m[A]m,n)_1[A]I,m{B}m,1 (34)
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FIGURE 5. lllustrationof the first step in the Runge-Kutta scheme for
solving wave-body interaction.

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 Eqgn. 40 to 43, where a is
the sphere radius and U the undisturbed flow velocity magnitude.

o
3

o_ 1, ax .,
& >U 0@ 1+ y2+ )32 (40)
FIGURE 6. Spherand free surface geometries. 09® U 3a3x2 as 1)

x 2 [ Cry2 1252 (@ryet 22)3/2]
. o 3axy

Zero or der solution =U 42
ox 2(x2+y?+22)52 (42)

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 First or der excitation forces
panel). The results in the free surface, computed using the inte- The first order excitation forces are computed in surge di-
gral equation, as explained previously, can be seen from Figure 8rection considering three Froude numbdfs£ V/,/ga): 0, 0.1
to 10, showing a good agreement between the numerical methodand-0.1, where the negative sign means that current and wave
and analytic solution can be verified. It should also be noticed are in the same direction. The results are computed are comparec
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FIGURE 11. Velocity field in x direction for the zero-order potential
in the body surface.

_ 1 1
]1 -08 06 04 02 0 0.2 0.4 0.6 0.8 1
X coordinate (m)

FIGURE 12. \elocity field in y direction for the zero-order potential
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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, whei®the transientime
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.

FP(t)dt, 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-

—Second order force
-—Mean drift

i
i

L
I

I I
20 30 40
Time (s)

10 50 60

FIGURE 15. Example of the surge quadratic second order forces for
a monochromatic wave for a fixed sphevse4 rad/s.
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FIGURE 16. Comparison of surge mean drift forces for a fixed sphere
under several Froude numbers.

ond order forcesThe 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
guantities 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 net steps will be the comparisons for the sphere free

floating condition considering results already published in fre-
guency domain, for instance, [23]. After that, the inclusion of
full second order effects will be performed considering the sec- [12] Maniar, H., 1995. “A b-spline based higher order method
ond order body motions and the second order problem solution.
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