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1 Introduction

Panel methods are classical and widely accepted in the indus{flp
for calculating potential flows, e.g., Morino and Kud,], Katz
and Plotkin[2]. In some problems a two-dimensional approach S,
sufficient, for instance, flows past multicomponent airfoils, infinité
cascade and ground effects, e.g., Mol®y; Storti et al.[4] while
in others a three-dimensional approach is necessary. Earlier p
methods were of nonlifting type, which have served as a basis
their lifting successors. Since most subsequent panel deve
ments carried out by aircraft-oriented investigators for whom t
lift and the wake are all-important, principal attention was focus
on the means of handling thefe.g., Morino[5]). Marine prob-
lems, like the flow around propellers, can be also treated by t
same methodse.g., Kinnas and Hsiii6]). However, many of
them are truly nonlifting, such as the case of surface steps,
Dawson[7]) and, then, in these problems, where the nonliftin
case has received a most extensive development and indus
use. More recently, ship-wake and wave-pattern far downstre
are also of interest due to satellite remote sensing. In general,
hydrodynamic problem retains many of the complexities assogJ;
ated with aircraft case such as the need to predict the flow aro
multiple bodies, for instance, the fuselage/wing interaction can 8
seen as equivalent to hull/keel interaction. Other approachessa
also possible as multigrid Euler schemes with artificial compre
ibility (e.g., Farmer et al.8]). In the surface ship case, when
body moves near the free surface of a fluid, a pattern of traili
gravity waves is formed. The energy spent in building this patte
comes from the work done by the body against Weve resis-
tance As a first approximation, the wave resistance can be co
puted using a potential model, while for the viscous drag it can
assumed that the position of the surface is held fixed at the refi
ence hydrostatic position, i.e., a plane. This is, basically, t
Froude hypothese®Vith this assumption the interaction produce
between the boundary laydwhich tends to produce a larger
body) and the wave pattern is neglected. Even if a potential mo
is assumed for the liquid, the problem is nonlinear due to the fr%‘?

surface boundary condition.

This work focuses in the computation of the flow field an
wave resistance for a body in steady motion on deep water
means of a potential model for the fluid and a linearized frag0

A Panel-Fourier Method for
Free-Surface Flows

A panel-Fourier method for ship-wave flow problems is considered here. It is based on a
three-dimensional potential flow model with a linearized free surface condition, and it is
implemented by means of a low order panel method coupled to a Fourier-series. The
wave-resistance is computed by pressure integration over the static wet hull and the
wave-pattern is obtained by a post-processing procedure. The strategy avoids the use of
numerical viscosity, in contrast with the Dawson-like methods, widely used in naval-panel
codes, therefore a second centered scheme can be used for the discrete operator on the
free surface. Numerical results including the wave-pattern for a ferry along fifteen ship-
lengths are presentefiS0098-220000)01402-4

surface boundary condition. This is the basis for most ship design
des in industry. The governing equations are the Laplace equa-
(}/n with slip boundary conditions on the hull and channel walls,
inlet/outlet conditions at the corresponding planes and the free
rface boundary conditions. At this stage, the mathematical
model results in a nonlinear one due to both kinematic and dy-
narpic boundary conditions on the free surfdeq., see Stoker,
atg . The first of them is related to the unknown position of the
| e surface, while the second one is related to the nonlinear ex-
ession of the Bernoulli equation. A classical strategy in hydro-
%namic theory is to make use of asymptotic expans@g., see
n Dyke,[10]). In this case, the flow equations are parameterized
ith respect to an expansion parameter, for example, the Froude
mber or some of the draft/length and beam/length relations.
Then, abasic flow is solved which is obtained by taking some
limit process on the parameterized equations, so a simpler flow
roblem is obtained. Finally, gerturbedflow is solved, where the
urbation is assumed small enough to remain valid the
mptotic procedure, and usually it is sufficient to stop this pro-
ure at this point. A number of linearizations assuming expan-
n in the aforementioned parameters can be found in ship hy-
LlgI%dynamic, see e.g., Newm§fhl]. But the most useful are those
ated to the slow shigsmall Froude numbgrwhere the(com-
Bsed free surface boundary condition of the perturbed flow
mounts to a Neumann boundary condition with a source term
roportional to the streamlined second derivative of the basic po-
fntial flow. However, without radiation boundary conditions the
Wydrodynamic problem as stated so far is not well posed, since it
is invariant under longitudinal coordinate inversior— —Xx),
"Und, therefore, unable to capture the characteristic trailing waves
?opagating downstream. To correct this deficiency, it can be ei-
er add a dissipative numerical mechanism or impose some kind
%ﬂ absorbingboundary condition. The addition of a third-order
erivative to the free surface boundary conditions results equiva-
ent to add a dissipative mechanism and captures the correct sense
propagation for the wave pattern. This is equivalent to the use
a noncentered discretization scheme for the second order op-
rator and falls among the well knowrpwind techniques, e.g.,
%ee Baumann et dl12] or Nigro et al.[13]. The amount of added
?écosity is related to the length of the mesh downstream of the
dy. If the viscosity parameter is too low, the trailing waves
arriving at the downstream boundary, are reflected in the upstream
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wave-resistance are obtained. Extending the mesh in the down-
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velocity u,, and thez-axis positive upwards. The velocity fieldis
given byu=V®, where® is the total potential, which satisfies
the Laplace equation in the flow domaid. It is split as ®
=ulx+¢ wherex=(x,y,z) is the position vector an@ is the
perturbation potential. The position of the free surflges given
by the single valued function= {(x,y), where( is the elevation
of the free surface with respect to the reference pan@ which
is the hydrostatic equilibrium plane.

2.1 Kinematic Boundary Condition. The kinematic
boundary condition is the slip conditiofn,®=0 at the wetted
Fig. 1 Geometrical description of the ship wave-resistance body surface, channel walls, bottom and free surface. Alterna-
problem tively, Dirichlet boundary conditions at the bottom can be consid-
ered, e.g., see Storti et &1.6]. The unit normal to the free surface
z={(x,y) is expressed as=(n,,ny,n,)=(—{x,—¢y,1).

stream direction allows the use of a lower viscosity parameter,2.2 Dynamic Boundary Condition. An additional condi-
since the waves are damped over a longer distance, but increags$ must be added to the Laplace equation and the kinematic
the computational costcore memory. Numerical experience houndary conditions, since the positigiof the free surface is not
shows that this third-order streamline viscosity term is too disSinown beforehand. This is done by means of the Bernoulli
pative and the meshes should be extended downstream too mugfuation
Dawson proposed a method, where a fourth order derivéiive

velocity formulation is used instead, with a very particular finite p 1 5 . )

difference discretization. It is astonishing that standard discretiza- r 5IVo[*+gi=C in Q; (1)

tion of the same operator does not work and neither do higher

order operatorgsay to the seventh orderAs a result, most of which relates the pressugg the velocity V@ and the height.
today’s industrial hydrodynamic codes are still using some kind dihe vapor pressure and the surface tension of the water are disre-
variant of the Dawson scheme. However, this very particular vigarded, therefore the mechanical equilibrium on the air/water in-
cosity term is hard to extend to general boundary fitted meshes, titface requires that the pressprbe equal on both sides of them,
alone unstructured computational methods like finite elemen@nd equal to the atmospheric presspygg, which is also assumed
Due to this cause most codes are based on a highly structutee constant. Then, at infinity upstrea@¥ pm/p+u2/2 and,
panel formulation. Another possibility is to use absorbing without loss of generalityp,w=0 is adopted.

boundary condition in the downstream boundary. If such a nu- . . .
merical device were found, then there would be no need to add -3 Radiation Boundary Conditions. Roughly speaking,
numerical viscosity term since the trailing waves are not reflect&f radiation boundary conditions should allow the energy to flow,
upstream, and a standard second order centered scheme calf) jBe form of radiating waves propagate downstream and exit
used for the free-surface boundary term. Absorbing boundary cdi€@nly atl'o . In contrast, no waves are allowed to propagate

ditions have been throughly studied for other wave phenomeHBStreéam tol’, so that the boundary condition imposes that the

like the Helmholtz equation, as the DitGivoli and Keller[14]) potential should fapproach the undisturbed one on this bpundary.
or the DNL (Bonet et al[15]). For the ship-wave resistance probNote that, the different treatment if, and T'o is the unique
lem the absorbing boundary conditions are seldom used dueS{§ment that determines the symmetry breaking—x, and en-
inherent difficulties in its development. Recently, Storti et afures a physically correct wave pattern.
[16-18 have proposed a method with a finite element approach,2 4 Governing Equations. The governing equations for the
while Broeze and Romafd 9] developed an absorbing boundaryso|ytion {®, ¢ of this model are:
condition with a panel method in the context of a temporal evo-
lution of the free surface. A®=0 in Q;

The general objective of this work is the development of a 9 =0 at Tet T
numerical method for the ship-wave flow potential problem with n stoC
centered schemes in contrast to the Dawson-like methods. This is =(ui—|vV®|?)/(29) at T'g; 2)
done by a panel method coupled with a finite Fourier series and _ )
discrete nonlocal absorbing boundary conditions. On the one TP Ly Pyt P,=0 atT'e;
hand, periodic boundary conditions on the beam direction are as- |Vd| <o at I'y o.
sumed and, then, the asymptotic wave-potential is represented by
a superposition of monochromatic-waves. On the other hand, it3s Slow Ship Expansion

assumed that the mesh is structured both at the upstream ang toti . for this fl bl I id
downstream sides with a finite number of strips in the beam di- Symptotic éxpansions for this flow problem, usuaily, consider

rection. Then, additional boundary equations are introduced whigh™e ©f the following parameters: the draft relatign=H/L, the
are based on the flow kinematics at the upstream and downstré¢gm relationg=B/L or the Froude num.ber HU/\/Q_L; which
boundaries taking into account the right sense of the wave pattefAnduce to the known linearizations of: tséendership when

so that a secondenteredscheme can still be used for the discretéH,s<1, thethin ship whenmz<1, theslowship when F=1 and,
free surface operator. of course, some combinations of them. The only case considered

here is the slow ship on deep water, where its basic flow is ob-
. . tained by taking the limig— o and, then, the free surfadéx,y)
2 Formulation of Potential Flow shrinks to the hydrostatic equilibrium plaze=0, as it immedi-

The flow around a ship moving at a constant speed in a chanagtly follows from inspection of the dynamic boundary condition.
of uniform section is considered. It is supposed, for simplicityThat is, the wave-pattern behind the ship is missing, and is also
that the channel section is a rectangle of deptind widthL,, as equivalent to adouble bodyflow obtained by mirroring the flow
shown in Fig. 1. The fluid occupies the regidd which is regime with respect to the plane=0. After solving the basic
bounded by: the channel walls and bottdrg, the inlet/outlet flow, the gravity acceleration is restarted to its original value. If
boundaried’|,o, the wetted surface of the shilps and the free the wave heights are small enough, then they would be seen as a
surfacel'r. The x-axis is parallel to the upstream nonperturbegerturbation of the basic flowe.g., see Referendd 1]), whose
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mathematical treatment, at a first stage, leads to a linearizationnef n,+n,, where, usuallyn,>n;,. The panel numeration should
the governing equations following some kind of approach on the correlative for an easy block-matrix treatment, starting with the
free surface. Next, a linearized expansion of the dynamic afrée surfacel',. A low order panel formulation for both flow
kinematic boundary conditions over the free surface for the slosases is employed, with collocation at the centroids of the panels,
ship is considered. Thk-solution of a perturbation procedure isto set up a linear system of algebraic equations, where the system
{v, i}, potential and elevation, respectively. Hée 0 corre- matrix is square of dimensioN=n for the basic flow, andN
sponds to théasicflow problem andk=1 is theperturbedflow. =n+2n, for the perturbed one, with,<n.

In order to obtain the pair solutiof,,{,} an asymptotic expan- )
sion is made,, {1} =1do+ e, lo+ ne), at first order ins, 5.1 Panel Method for the Basic Flow. The system of equa-

with e=Fr and O<e<1 for the slow ship, wheréy, 7} is the tions for the basic flow problem is written #&gu®=hb°, whereA
(incremental wave-pair solution composed by the wave-potentid$ the (bipolan matrix system, angi’ andb® are the basic poten-
¢ and the wave-height;. Both potentials¢,, are harmonic, tial and source vectors, respectively, evaluated at the centroids of
Ao ,=0, in their respective domain@®?, and it will be also the n-panels. The source vectd’=Co® is the product of the
assumed that the elevationiy ; are single valued and small monopolar influence matri€ and the flow vectow® obtained by
enough, so the resulting pair of incremental soluti¢ng,s»} means of theslip boundary condition on the solid wallg,o(xj)
={¢p1— &g,{1— {o} are also small enough when<1. The lin- = —Ug(xj)n(xj), wheren(x;) is thej-unit panel normal oriented
earized dynamic and kinematic boundary conditions can be ax-the wetted side. The bipolar and monopolar matrisesnd C
pressed in terms of the wave-pair solutifg, 7} and they are are given by the surface integrals
derived in the Appendix.
A= [ ar M ang ¢ lfdl“l 8
. . . = i—— and C;;j=-— —,
4 Linearized Wave-Potential R P DA J T ) (8)
SO'IIl'JktlieorI]l?zar}lzc?;jnpbeert\tljvrrki)tignsgss.tem for the incremental Wave-p%\%erer” =|x—x;| is the distance between the centrgjcand the

7 ' integration pointx; over thej-panel surface, andk=(x,y,z).
Ay=0 in Q; (3a) These discrete integrals are evaluated in closed form following a
rotational strategy, e.g., see Medina and Lig§2®, D'Elia[21],

=0 at 's+1I'c; (3b) or D’Elia et al.[22—24. The matrix system is split in a plane-
gn=—-UVy—r, at z=0; (3c)  body block fashion

Anp=VT(Uy7) at z=0; (3d) Ao Ap|[ml] [Cop Cpbl[of

Vgl <o at Ty . (3¢) Aoy Ao uﬁ}: Cop Cop [08}' ©

where Ug=u..+V ¢, is the velocity field over the hydrostatic

planez=0 andry s the residue of the dynamic boundary condig, 2y o' Srie 1% 'S, ioces remain fixed and the same
tion of the basic flow. ReplacinBc) in (3d) P

panel mesh is employed. A lineal system similar to the previous

1_. T 1_. one is written. The Neumann boundary condition is split in two
Inip=— aV UoUoV i~ aV Uofo- (4)  components: a null part over the body=0 and
The residuerq is found writing the Bernoulli equatiofwith p 0p=DppptT; (20)

=1) for the basic flow . . .
over the free surface, whe@,,=diag(D;), with D;=D(x;), is

1 1 the free-surface matrix arfd= f(x;) is the forcing vector. Replac-
5U§+g§°:§ui+ro; ®) " ing ¢, and o, and rearrar;%ing( ) ’ P
where®,= ulx+ ¢, is the total potential of the basic flow, but, in (App—CppPpp)  App | [Copf
this case, the free surface coincides with the hydrostatic plane (Ayo—Cp Do) A H”b :{Cb f}; (11)
{’=z=0, and from thisry=(U3—u?)/2, where U3=|Vd,|2. bp- ~bp=pp/ Tibb P
Then and it remains to introduce the radiation boundary conditions up-
1 1 stream and downstream since, otherwise, the hydrodynamic prob-
= — aVTUoUEV - EVTUO(U%— u?) (6) lemis not well posed.

5.3 Free Surface Matrix. A discrete version for the scalar
operatorVTUOUEV can be obtained with several approaches, for
example finite/differences or mesh-less methods. But in any case
% will have a compact stencil and the free surface matrix will be
quite sparse. Then, the computational cost of evaluating the ma-

is a nonhomogeneous Neumann boundary condiagbm=0) for
the wave-perturbation potentigf and it can be seen agranspi-
ration flow ¢’ =4,¢ that is injected to simulate the displacemen
of the free surface from the hydrostatic plane0. Therefore

o' =Dy+T; trix right productCD with the (densé monopolar influence matrix
D= —1/gVTUOUEV; ) C, will not be exp.er)swe.lf thg operations are convenlently rear-
B T PR ranged. The artificial viscosity schemes, such as upwind or
f=—-1/(29)V Up(Up—uz). Dawson-like methods, are usually introduced in the free surface
. matrix Dy,,, while for the proposed method a second orcen-
5 Panel Formulation tered scheme can still be used for the discrete operator. For in-

The panel solution is carried out in two steps. First, the basttance ifu,=(U,0,0)~cnst over a structured mesk; (y;) on the
flow problem is solved and, then, the perturbed one. For bofiee surface, witm,xn, nodes and mesh steps,h, , then, it
steps the same panel mesh is employed, where the free surfeae be estimated thaD(,pp,)p,q::—Uzlgaxx,u|p,q, wherep=i
portion coincides with the hydrostatic equilibrium portion over the- 1/2, q=j + 1/2, since the potentials are evaluated at the panel
planez=0. The zero-order panel mesh is a polyhedric one witbentroids, and
flat facesI',=I",UT'y, beingl’, the mesh wit, panels over a .
finite portion of the free surfac&€r and 'y, the mesh withn,, Axxtt] p.g=Ny “(tp-1q—28p gt Mp+1g)- (12)
panels over the wetted body surface. The total number of panels is
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6 Panel-Fourier Method kyq=2mq/Ly

6.1 Finite Fourier Series. First, a two-dimensional flow is Kyq= \/K2/2+ 1/2\/K*+ 4K2k)2,q (19)
considered, from left to right with non-perturbed velocity, k. =K2 JK
around a ship-like body of characteristic lendttsituated at the 2
origin, totally or partially submerged in the flow. The governingor 4=0,2, ... n,/2. They can be seen as a sortdipersion
equations for the wave-potentia(x,z) (see e.g., Stokdi©]) and relation (since thex-coordinate can be regarded as time-jike-
tween the Cartesian wave-numbdéss .k, and the draft atenua-

V2i on —o<z<0; tion k, for eachn,-Fourier mode.
B+ (UPQ) =0  at z=0; (13) 6.3 Absorbing Boundary Conditions. A finite portion of
& and d,5 bounded for ally,z. the basic free surfacglanez=0) is discretized by a structured

} . mesh inn,=n, X n, panels, whera, ,n, are the panel numbers in
Its asymptotic solution downstream and far enough from the bodyie length and beam direction, respectively, with a panel numera-
are written as a linear combination of sines and cosines in ttien | =(i—1)n,+j, for 1<i<n, and 1I<j=<n,. Next, a vertical

propagating directioxx affected with a decreasing exponential inwall is introduced atx=x,, far enough downstream from the
the draft directiore body, with 0<L <x,, <=, also discretized with a structured panel
. mesh inn,=n,Xn, panels, whera, is the number of panels in
fu(x,2) = A€“? sin(Kx) + Be"? cog Kx) (4 the draft (Vjvirec)t/ion.z(r))n the other hand, the mestthe bgdy sur-
for x>x,, andz=0, wherex,, is an abscissa far enough from thef@c€ has, panels and can beonstructuredThe total number of
body, i.e., O<L<x,<, A,B are two arbitrary amplitude con- panels isn=n,+n,+ny and the matrix system for the perturbed
stants which are determined from the boundary conditions, afl@w Problem is
K=g/U? is the wave number related to the wavelength

; . ) Apy App A Cpp, C
=27K " 1=2m(U?%qg). For the three-dimensional case an equiva- AR I PP TRW
lent asymptotic solution is developed. This is done by imposing App Apy Apw!|| o |=| Cop Cow o } (20)
periodic boundary conditions in the beam direction, and is equiva- A A A C C w
lent to an infinite cascade of ship-like bodies with transversal wp Pwb - Aww wpo W
disposition to the mean stream. Then, a finite Fourier seriesvitiere
introduced in the strip-L,/2<y=<L,/2 on a structured panel ~
mesh withn, transversal strips, which allow the asymptotic wave- App=App~— CppDpp: 21)
potential to ber(x,y,z) and itsx-derivatives(x,y,z) =d, . as App=App—CoDpp:
~ mt ) and Eq.(10) was introduced. Neithew,, nor o, are known and,
n= 2 €4l Aq SiN(KyX) + B cog kyx) Jcogkyqy) then, the system is under-specified. Next, a relation between them
a=0 will be found through the absorbing boundary conditions. First,
m the n,-Fourier modes on the vertical wall are introduced
+ in(kyqx) +D k in(kyqy); (1 ~ -~
qu eq[cq sm( qu) qCOQ qu)]sm( qu)x ( 5) 0|=0; and M= W (22)

for j—n,—n,=1,2,...n,. As they already satisfy the govern-
ing equations, the last row of E€RO) is relaxed. The remaining

m-1
= qZO fol Aq cOS kxgX) — Bq Sin(kgX) Jcoskyqy) set of equations in full length form are

i2 n

m i1
+q§:‘,1 fo[ Cq COS KygX) — Dy SIN(KyX) 1SiN(Kyqy)  (16) 121 aiwﬁj:%l auMﬁj:%l ajj =Dy ; (23)
where m=n,/2=1 is assumed,eq=ekzqz, fq:kxqekzqzl and fori=1,2,...,0,+ nb?, wherej;=n,, j,=ny+n, and

Aq.Bq.Cq.Dq are the amplitude constants of the Fourier modes, I2 n

Kyq.Kyq are the Cartesian plane wave-numbers on the hydrostatic bjzz ci;f;+ 2 Cijoj - (24)
equilibrium plane and, is the draft attenuation of each mode. It =1 j=ia+1

can be shown that this finite Fourier series evaluated at the c@f)spiacing from Eas(15). (16). and (20

troid ordinatesy; satisfies the orthogonal conditions. Now, a rela- P 9 as(19), (16), 20

tion betweerk,q, kyq andk,q is needed.

6.2 Dispersion Relation. With the geometrical assumptions

made above, the asymptotic wave-perturbation potenfialy,z) .
has been represented as the linear superposition of travel\’r‘ﬁ'@h

1=

J1 12 n J1
> Ayt X agmt 2 Ti=2 cf;i (25)
j=1 jpt+1 i=iat1 j=1

plane-wavesuq(x,y,2) on the planeg=cnst, with exponential ny/2
attenuation in the draft direction<0, that is, T,:qu (@ijqAq+ BijaBaT ¥iiaCqt 8jqDa)- (26)
ny/2 N
,TL:EO Eqftqg With Zig= et ikygy thee (17) There are fi,+ny+2n,) unknowns, but there are onlyng
&=

+nyp) collocation equations, thenn2 additional equations must

be added for the Fourier amplitudes. Second, Xinematic
r?:w%undary conditions are introduced upstream and downstream. At
upstream, awull x-slope on each panel strip is imposed

with E, being complex constants. By superposition each traveli
wave must satisfy the Laplace equation in the donfaiand the
linearized free boundary condition a0

— i+ =0 fori=1,2,... 27
Oyt dyytiqt dzq=0 on Q; F ” -

g+ Kdgitg=0 at z=0. (18)  while at downstream, compatability is imposed between the wave-
e e potential and its asymptotic expansion on each panel strip, at the
From Eq.(18), the following discrete relations are found intersection between the free surface and the vertical wall
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n means of the Green functions and complex variable theory. This
1 3 e ) : Lo
— = ion == E T,-* =0; (28) artifice is widely regarded as a reliable way to satisfy the radiation
2 v 2 j=iz+1 boundary conditions. The difference operator for numerical differ-
with entiation may be derived from the Taylor series. For data uni-
; formly spaced, the Taylor series abougives
Ny
T* = * A+ BEBy+ 75 Cyt 65Dy 29 o1
i qgl (aq| q :8q| q™ Yqitq qi q): (29) f(x+nh):2 F(nh)"f“”(x); (33)
k=0 K2

i — T * * *
for Dp+ny 1.2,... Ny, where the coefficients;, Aqiv Yai 4 gifference operator for the first derivative has the form of the
and & are extrapolations oOfeijq, Bijq. ¥ijq and dijq 10 \yeighed sum of several ordinates
(Xw,Yi,0), and an extrapolation scheme on the two last panel

layers is used, since the potentials are evaluated at the panel cen- df
troids. In this way, the algebraic problem is closed, since there are d—X%hfl >, paf(x+nh); (34)
N=n+2n, equations and unknowns. There aractivepanels, as n=oe

rows and unknowns of the matrix equation ant, 2ionlocal ab- substituting(33) and reversing the order of the summations
sorbing equations, where usuatly<n.

“+ oo

df <
~ k—=1§(K) (-
i g)ekh F0(x); (35)

7 Asymmetry of Dawson Methods

In order to understand how symmetry is broken in the Dawso#here
like methods, some properties of the related finite-difference op- 1
erators should be taken in account. A very comprehensive analysis &= E pnnk (36)
is shown by Letcheff25]. In these methods the free surface flow is k! 45

considered to be a small perturbation of the double-body floyk yhe coefficient of thécth derivative in(35). For a first-derivative
which satisfies a zero normal velocity boundary condition on tht?perator it is suitable to maley=0 ande, =1, by suitable choice
hydrostatic equilibrium plane=0. A linear free-surface bound- ot yhe\y (e.q., sed25] for more details Thus, the effect of using
ary condition is derived and applied at=0. The flow is then gne of the difference formulas in place of the exact derivative in
modeled with Rankine source panels placed over both the hyd[gy) is 15 introduce an infinite series of new terms involving
static wetted body surface and a limited portion of the plane, 05 higher derivatives af

=0. On each body panel, the usual Neumann boundary condition
is applied and over each free surface panel, a Dawson-like bound-
ary condition supplies one linear equation in the source densities. TJ,X+2 eh (9,0 U+ KW+ »Ti=0. 37)
A key element is the use of upstream finite difference operators to k=2

approximate derivatives occurring in the free-surface boundapythe solution far downstream is assumed in the form
condition. By means of two-dimensional tests with a variety of

“+ oo

difference operators, Dawson found théf: centered operators TJ~eRZ sin(Kx);

produce solutions exhibiting waves both upstream and down- T eKZ cog R x)- (38)
o : . . W~e"? cogKx);

stream; (i) operators using upstream points succeeded in sup-

pressing upstream waveii) the damping of the downstreamthen(37) conduces to

wave depend strongly on the choice of the difference operator and - ) 4 5 .

on the Froude number; ani/) a very particular upstream four- K=K(1-esp"tesp —e;8°+..); (39)

point operatofin a velocity formulation gives near zero damping v=K(e,8'— e, B3+ egB5—..) (3%)

over a range of moderate speeds. The Dawson boundary condition _
for the perturbed flow discards all quadratic terms and can kéhere 3=Kh. The parametekh is 27 over the number of sur-
written as face panels per wavelength, &8a) shows that if thee, are small
— 2 ~_ o112 _ andKh is not too large, then, the perturbed wavenurmbevould

2000+ UR +giwv=—2U7U . on z=0 (30) pe equal tK within O(K?h?). The strong effect of the odd terms
where U is the x-component of the double-body velocifi=u in the error is thus a small modification of the wavelength. On the
—U, W=w—W are the perturbations on the velocity, withw)  other hand,(3%) shows that the even terms act exactly like a
as the components of the tof@erturbed velocity. As is noticed (speed-dependenartificial viscosity » needed to exactly offset
by Letcher, the Dawson scheme isiamtional approximation in the damping effects of the error terms. As Letcher remarks, the
the van Dykesensesince it is not exact in any known limit and Dawson-like methods usually break down at higher Froude num-
does not possess any small parameter allowing terms to be asyiwg-(lower Kh) because the strong decline in the magnitudelof
totically ordered, so there is little rational basis to decide whichllows upstream waves, but the breakdown has nothing to do with
terms to include and which to discard, aside from empirical derthe question of whether these methods are low-speed theories ow-
onstrations. In case that the double-body velotityon z=0 is ing to its basis in a double-body linearization. It is the upstream
constant, e.qg. if there is no body or the body is far away, (88h differencing that fails, not the double-body linearization.
reduces to the fully linearized free-surface boundary condition

U,+KW=0 onz=0 (31) 8 Asymmetry of the Wave Expansion

with K=g/U2, and this is invariant under the longitudinal coor- The same procedure can be used for the asymptotic wave ex-
dinate inversion symmetry— —x. In order to break it, the stan- pansion. For simplicity, a velocity formulation is used and the
dard Rayleigh procedure is to introduceatificial viscosityv as linearized free surface boundary conditi(8®) is rewritten as

Uy, +KW+2»U=0 on z=0. (32) Ugxt Kwg+rvug=0 on z=0. (40)

This artificial viscosity is a small constafwith dimensions of the whereu,=7 x andwy=1 , are the perturbednoda) velocities.
reciprocal of a length which eventually approaches zero, and haat far downstream, the wave expansi88) is assumed an¢39)
the effect of moving a pole slightly off the integration path durings again obtained. The centered three-point difference operator
evaluation of integrals that arise with an equivalent analysis lsing the points ah=—1,0,+1 has the weightspy,p1.,p2) =
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(—=1/2,0,1/2), its odd terms,,, 1 are all nulls, but not its even 350

terms e, . Then, from (39), both perturbed and unperturbed E—m/\/\N\/\_W
wavenumber are equaIE,=K, while the (speed-dependenarti- 300 ;4___/\_/\/W
ficial viscosity v remains. In other words, the proposed wave ex- o5q) .~~~
pansion (indirectly) satisfy the absorbing boundary conditions e e~
and, with a centered difference free-surface operator, no error is 5gg —————————"~ "NV
introduced in the wavenumbé. e A VA A
9 Numerical Examples NI e VAV S

9.1 Wigley Hull. The hull shape for the model 1805 A, e.g.,

see Dawsoni7], is given by ==+ (1— £?)(1—0.6¢%)(1—7?), 50

with £&=2x/L, »=2y/B and{=z/H, whereH,B,L are the length, x [m]
beam and draft of the model, respectively. The prismatic coeffi-

cient is defined a£,=Q/(LS) and the wave-resistance coeffi- 3500_ 200 400 600 800 1000 1200 1400 1600
cient employed is the Circular Froude CoefficieDy,=F,/Fg, g U
with Fo= (7/250)pU20?3 where() is the volume an®the area 300 >
of the midship section. For this modél=(88/225). BH, S EEEEeEEe—————

=(2/3)BH and C,=44/75~0.587, respectively. The panel mesh 250
200 B N 2 NI

0.6 T T T T T T T T T 150 - V|
100
0.4 50
X [m]
0 200 400 600 800 1000 1200 1400 1600
0.2 ! ) I
Fig. 4 Wave profiles at 40 knots ferry speed (magnification
factor =10), top: from sensor measurements each 25 m on
planes parallel to the gallery one, bottom: from a Panel-Fourier

0 computation.

employed, see Fig. 2, covers the free surface of the basic flow
02 with 60X 20 quadrilaterals, the wetted hull with about 1800 tri-

’ (] angles and a vertical wall with 2040 quadrilaterals, there are 20
panel strips, 40-Fourier modes and 3000 total unknowns. Fig. 3
shows the wave resistance coefficient plot obtained with the pro-

04 posed method, compared with Shearer res(flem Wehausen

) [26]), where: (i) the computed curve tends to be less in mean

value than the experimental curvéis) the humps and the hollows

in the computed curve are especially marked in comparison with
06 . . . . . s ) : \ the experimental one an(@i) the humps and the hollows occur
05 -04 -03 02 -01 0 01 02 03 04 05

Fig. 2 A structured panel mesh over the free surface, around a Table 1 Scatter table of the significant wave height H, as a

Wigley model  (xy-view) function of the zero crossing period  T,, at 10 knots, for 10
selected measured waves at each distance. Threshold level t
=0.05.

1.6 Yao | 2: | 2.70 | 240 | 1.80 | 1.90 | 3.08 [ 2.70 | 2.55 | 3.05 | 3.08 | 3.15
x 2 C H, | 008[0.11]0.06 [ 006|006 | 0.14 ] 0.14 | 0.06 | 0.06 | 0.05
14, O Yis | T, | 260 | 240 | 1.92 | 222 [ 3.15 | 2.88 | 2.53 | 2.60 | 3.10 | 2.97
H, | 0.0 | 0.11] 0.05 | 007 | 0.06 | 0.07 | 0.11 | 0.17 | 0.12 | 0.10
1.2 Yico| 1: | 260 | 250 [ 22872257 2.15 | 2.33°[ 2.80 | 2.50 | 2.63 | 2.58
H, | 009|010 006|006 0.05] 007 | 0.08] 014 ] 0.11 ] 0.08
1 Yizs| T: | 260 | 2.53 | 2.50 | 253 | 2.22 | 2.55 | 2.95 | 2.80 | 2.72 | 2.75
H. | 005{0.08]010 | 007006 | 007 [ 0.07 ]| 0.14 | 0.14 | 0.13
0.8 Yiso| T; | 2.60 | 247 | 2427 247 | 2.75 | 258 | 3.13
H, | 007 | 0.07 | 0.06 { 0.11 | 0.10 | 0.10 [ 0.05
0.6 Yirs| I: | 2.70 | 2.70 | 253 | 2.42 | 2.65 | 3.08 | 2.40 | 2.72 | 2.30 | 3.25
H, 005 | 0.08 [ 008|007 0.06 | 0.08 | 0.13 | 0.07 | 0.07 | 0.06
0.4 Yaoo| I: | 242 | 2.58 | 263 | 2.40 | 2.95 | 245 | 2.53 | 2.90 | 2.35 | 3.22
_______ H, | 0.05[0.08 1009|006 [0.05] 01t [0.15 | 0.08 | 0.07 | 0.07
0.2 Yoos| T» | 263 | 2.63 | 2.60 | 2.53 | 2.80 | 2.70 | 2.53 | 2.35 | 2.92
Fn = U/ sqrt (Lg) H, | 007 | 0.08 { 0.07 | 0.07 | 0.07 | 0.09 | 0.12 | 0.06 | 0.08
Yoso| 1. | 263 | 2.67 | 2.45 | 2.45 | 2.65 | 2.80 | 2.53 | 2.35 | 2.47 | 2.95
H, {007 | 0.09 | 0.07 | 0.08 | 0.10 | 0.09 { 0.11 | 0.08 | 0.07 | 0.07
01 02 03 0.4 0.5 0.6 0.7 08 Yors| 1> | 260 | 2.58 | 253 | 2.42 | 2.70 | 2.85 | 2.55 | 2.80 | 3.00 | 3.28
. . - ) H, 007|007 006|007 000009 | 0.00 | 007 ] 0.06 | 0.05

Fig. 3 Wave resistance coefficient for the Wigley model Tooa| 7. [ 272 | 2.85 | 265 [ 253 [ 250 | 555 | 285 | 270 | 230

2891: C, : residuary for model free to trim, C,: residuary for H. | 0.06 [ 0.07 ] 0.07 | 0.05] 0.09 | 0.11 | 0.09 } 0.08 | 0.06

model fixed, Cj: calculated Michell resistance  (from Wehausen Yaas| T: [ 2.70 | 2.65 | 2.55 | 2.50 | 2.42 | 2.60 [ 2.88 | 2.67 | 2.92

[26], Fig. 20, p. 182); C,: Panel-Fourier computation. H:]005]006]005) 006008 009) 009 0.08] 0.05
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Table 2 Scatter table of the significant wave height H,as a 200 T T T T T T T T
function of the zero crossing period T,, at 40 knots, for 10

selected measured waves at each distance. Threshold level t 150} 1
=0.20.
Yoo | 7. | 7.70 | 3.47 | 3.00 | 3.72 | 6.78 | 11.93 | 10.93
H,| 167 [ 141} 071]044[024] 022 | 0.24 100 ]
Yis | 1. | 852 | 5.38 | 3.80 | 3.53 | 2.97 | 3.00 | 8.45 | 10.32
H,| 112 [096|151]077[035] 032 [ 0.27 | 023
Yioo| 7. | 948 | 8.03 | 4.53 | 3.38 | 3.80 | 4.15 | 2.75 | 2.58 | 3.15 | 10.00 sof 4
H,| 102 [076]099|132]084] 045 [ 027 | 0.21 | 0.21] 0.20
Yizs| T; | 10.07 | 7.82 | 5.05 | 4.78 | 3.60 | 3.35 | 3.92 | 3.60 | 2.90 1]
H,| 069 [007]084]093]145] 091 [ 032 | 044 | 031 of ]
Yiso| 7= | 8.55 | 5.22 | 6.38 | 4.03 | 3.58 | 3.50 | 3.60 | 3.712 | 347 N
H,| 103 | 041|058]084)1.24] 1.6 | 0:45 | 0.20 | 0.38
Yirs| T: | 0.13 | 6.43 | 6.13 | 4.80 | 4.47 | 3.563 | 3.35 | 3.70 sob ]
H, | 090 | 058|046]041}078] 1.09 [ 1.10 | 0.70
Yaoo| T: | 765 | 5.40 | 6.53 | 4.35 | 4.15 | 3.85 | 3.35
H,| 079 [038]043]037[084] 103 [ 1.11
Yozs| 7. | 10.98 | 8.57 | 5.20 | 6.97 | 4.43 | 5.50 | 3.67 -1001 ]
H.{ 060 | 0.86 | 043 [ 060 | 0.23 1 054 | 047
Yoso| T: | 8.98 | 8.60 | 5.93 | 6.25 | 4.78

H, | 0.88 | 0.51 [ 0.47 | 0.34 | 0.29 -150
Yors| T, | 9.25 | 7.78 | 5.60 | 8.80

H,| 053 | 070|029 | 0.49
Vioo| 7. | 10.05 | 8.30 | 582 | 6.50 200 L L . . . L L L

H.| 059 | 076 038 | 0.47 200 -150 100 50 © 50 100 150 200 250
Yom| 7. | 1023 | 850 | 7.05 | 5.90

H | 045 | 0.82] 050 | 041 Fig. 5 Structured panel mesh on the free surface, around a

ferry (xy-view)

rather earlier in the computed curve than in the experimental daja. . . .
Note that the whole set of secondary maxima is clearly captur ,rthe dragging and_controlllng of the model. The water depth in
extending to Froude numbers as low as 0.2. On the other extre ltests_was m equivalent to 125 m at real scale, therefore it can
Froude numbers as high as 0.8 are computed without proble € considered to correspond to deep water. The model was

while standard methods like those derived from Dawson suffdf@gged from its center of mass following rectilinear trajectories
from some reflections specially at high Froude numbers In such a way that it allows vertical and dynamic trim motions.
' The measurements were done by means of three resistive sensors

9.2 Transport Ferry. Tests of the wave-height profile, atto elevation of the free surface, located at fixed points of the
40 equivalent knots, have been performed for a model of transpoentral zone of the channel, as to avoid reflections on the walls,
ferry, in scale(1:25 made of glass fiber and ballasted in order tand over a same transversal line to the channel, separated at a
reproduce the displacement, mean draft and trim correspondingdistance of 2 m between them, equivalent to 50 m at full scale.
the real ship. The main model dimensions are: displacement wkbur passages at 2, 3, 8,88 m between the gallery plane and
appendices1.11 kN, length between perpendiculas4 m, the nearest sensor were done. In this form the wake was measured
beam of trace0.588 m, and draft mear0.095m. The vessel between 50 and 325 m with intervals of 25 m at real scale, in
channel is 158 30X 5 m and possesses a planar motion carriageanes parallel to the gallery plane of the ship. The wake-profiles

LR
A\@\.\\
0

IRAY
'&‘3!3:2523::.

Fig. 6 Perspective view of the wave-pattern for a ferry at 40 knots along 15 ship-lengths, computed with the
Fourier series

Journal of Fluids Engineering JUNE 2000, Vol. 122 / 315



measured are shown at the top of Fig. 4. Ten measures wgppendix: Linearized Boundary Conditions
selected from the greater zero-crossing waves at each distanc linearized dynamic boundary condition is developed first. At

where the measured waves that were smaller than a threshgl - .
were discarded in order to reduce interference effects, surfacgIt ?} O,lT-stages(basm .and perturbed flowsthe potentials are
1=U.X+ ¢g 1. Their gradient modules are

regularities and noise. The threshold level was varied for ea
velocity due to the different magnitude of the wake height. The U3,=u2+2ulug,+u3 (41)
plots of the significant wave height as a function of the zero cross- ' ’ '

ing period(scatter diagramsare shown in Tables 1 and 2. In thewhereU, ;= V@ andug ;= V ¢%L Then

calibration of the wave-resistive sensors, the display constant was - 5

of 0.731 mm/point and the sensor constant resulting was AU=2u.Au+Aus (42)
VIm. Each sensor generates a proper wave which is a function gf .o A j2— U2—U2, Au=u;—u, and Au?=u?—u2. Expand-
the velocity and kind of the measured wave, but in any case W"@ 4, and 7, at first order ine

greater than 2 mm. In these tests, the proper wave was measured’ N

in vacuum(<<0.5 mm and, then, was subtracted to the measured sf=cd1— o (43a)
senial. The panel mesh, see Fig. 5, covers: the free surface of the {877: oy (43b)
basic flow with 90 36 quadrilaterals, the wetted hull with 438

triangles and a vertical wall with 3618 quadrilaterals, resulting Thenu;=uy+eV 4 and

3678 active panels), =36 panel strips, 72 Fourier modes and 2 T P 2

3750 total unknowns)f Once a numerical solution over the compu- Au*=2supV g+ VyI*. (44)
tational free surface is obtained, the wave-pattern behind the vgitroducing(44) in (42)

tical wall may be computed by means of a post-processing com-

putation with the finite Fourier representation of the asymptotic AUZ=28UgVy+0(s?). (45)
wave-potential coupled to the dispersive relation. The initial daﬁah
is the wave-potential and itsderivative at the panel strip behind
the ship. At the bottom of Fig. 4 the numerical wave-height pro- 1 .. O o1

files of the wake are shown, which are found with the post- FUTHgl =St at I (46)
processing procedure at the same planes as the measured ones,

with a reasonable comparison between measured and compwiéere r®* are the 0,1-residuals since in an asymptotic iterative
wave-heights profiles, except, of course, near to the transom-stprocess it is assumed that the dynamic condition is not fully veri-
due to vorticity effects. It is also noted that it can go back as far fied. The difference is

15 lengths in the downstream direction and 3 lengths in the beam 1

one, with a negligible computational effort as compared with a TAL12 — 01

direct strategy of trying to cover this surface with panels. Finally, AUTrgac=Ar atl (“47)

in Fig. 6 a perspective view of the computed wake is shown. whereAZ=¢,— £o andAr=r,—r,. Introducing(43b) and (45)

10 Conclusions e(UIVy+gn)+0(ed) =Ar (48)
The ship-like flow problem has been considered by means og
three-dimensional potential model and a linearized free-surfa

boundary condition. This problem has been numerically solved B lified orocedure can be introduced by means of a transfer
a panel method coupled with a finite Fourier series. In contra pimied p u : u Y

with the Dawson-like methods, a second centered diﬁerengglculus_(e.g., Referenc_sﬁlo]). For if we only consider "”QW”
scheme has been used for the free-surface discrete operator. G@yndaries, alllfIO\,/v varllables are transferred’ then ¢,(x’)
tered schemes reduce the numerical viscosity in the discretizatioi1(X) and ¢~(x")~¢~(x) plus termsO(e), ie., a simple

in such a way that, no error is introduced in the wavenumbgpundary displacement. All terms in E@8) are evaluated dt°
while the (speed-dependentartificial viscosity remains. The and Eq.(3.3) is obtained. - .
wave-resistance has been computed by a pressure integration ov&fext, a linearized kinematic boundary condition is obtained.
the static wetted hull, and the wave-heights in the downstreafie basic free surfadg® is the planez=0, whereas the perturbed
free surface behind the artificial boundary, have been obtainedaie I'! can be written ag=¢7(x,y), and will be near it fore

a post-processing procedure, therefore, it can go fairly far behiaghall enough. Over the planeg=0 the unit normal n(x)

the ship with a lower computational cost than a direct strategy ef(0,0,1) is constant, and over the perturbed ongx’)
covering the free surface with panels. This procedure enablest¢—<7,,—&7 1), atfirst order or. Its change can be written
consider significantly smaller meshes for the free surface, and e

computation can be done over a broad interval of the Froude ,

number. The overall approach is limited by the restrictions of the n(x)=n(x")—n(x)=(—enx,~€7,,0) (49)
potential flowlmodel and the use of a structured free surface megfherex’ e Tt andxeI'°. The transfer of the gradient is consid-
Future modeling efforts would be focused on this area as well ggyq by

on coupling the hydrodynamic model with a boundary layer

solver for a viscous/inviscid interaction. V(X' )=V (x)+VV T (x)n(X) 7¢. (50)

e Bernoulli equations at the 0,1-stages are

fhce Uy is evaluated al’® and V%! are evaluated aF®%, it
ould be known the location of the two boundad&s!, but a

Introducing (43) and sinceVVT¢%! are assumed symmetric, re-
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: ; _ Analysis of the Unsteady Flow Around Extreme Propeller Geometries,”
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tively. The boundary velocity in the basic flow is contained by the [7] Dawson, C. W., 1977, “A Practical Computer Method for Solving Ship-Wave

planez=0 and thenV"¢,n=0. Now Problems”2nd Int. Conf. on Numerical Ships HydrodynamiBgrkeley, CA,
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