Surface integration of ship-motion Green function
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Free-surface potential flow associated with a distribution of singularities on a boundary surface, called super Green
function by Noblesse et al. in [1], is studied here for the special case of two flat panels essential in obtaining the
kernel elements constructing the boundary integral equations. Unlike the zero-speed case where the free-surface
Green function oscillates at a unique wavenumber associated with one frequency, the ship-motion Green function
presents high oscillations associated with several groups of wavenumbers for one encounter frequency, such that the
numerical integration of the Green function and its gradient becomes extremely difficult. Analytical formulations
are then developed for the accurate integration and presented here.

1 Introduction

The fundamental solution to ship-motion problems, known as the ship-motion Green function associated with a
pulsating and translating source, has been much studied as collected in [2], and summarized in [3]. There are two
parameters including wave encounter frequency and ship forward speed. Except the special case of the zero-speed
Green function, the most notable characteristic of Green functions for non-zero speed cases is the presence of peculiar
singularities and rapid oscillations as field points approach the track of the source point, when both are near the
free surface. This behavior was initially observed by Ursell [4] for the zero-frequency case and later investigated by
Chen & Wu [5] in a more general context for any combination of frequency and speed. This peculiar behavior poses
challenges when computing waterline integrals in classical Boundary Integral Equation (BIE) formulations. More
difficulties arise in computing the free-surface integrals involved in the New BIE [6] including integrals on the free
surface, to account for interactions with the base flows. To remove this unphysical feature of the Green function, an
introduction of viscous effects based on the linearized Navier-Stokes equations has been formulated and analysed in
[3]. The ship-motion Green function with viscous effects presents many sound features useful in numerical schemes.

Still the Green function with viscous effects is not directly useful, as the boundary integral equations involve
distributions of singularities (sources or sources plus dipoles). Integrations of point Green function on panels of ship
hull and free surface associated with distributions of singularities are to be evaluated in an accurate and efficient
way. The representation of Havelock’s type is a single integral of Fourier polar angle in which a special function
called wavenumber integral function in [3] is involved. The surface integral of Green function becomes the integral
of the wavenumber integral function. An appropriate application of the integral theorem of Stokes leads to convert
the surface integral to the line integral along the surface contour. The line integral is then formulated as the sum of
values of antiderivatives of different order at the nodes. In this way, the surface integration of the integrand function
in the Fourier polar integral is analytically obtained. Finally, a numerical scheme based on Gauss quadrature is
developed to evaluate the single integral and shown to be accurate and efficient to obtain super Green function.

2 Ship-motion Green fucntion

We define a Cartesian coordinate system (o — zyz) moving at the same constant speed U as the ship along the
positive x direction, by choosing its (z, y) plane to coincide with the undisturbed free surface and the z—axis oriented
positively upward. In the moving coordinate system (o — xyz), the source is located at & = (£, 7, () and pulsating at a
frequency denoted as we. In this gravity-dominant fluid domain, the reference length L, the acceleration of gravity g
and the water density p are used to define the nondimensional coordinates x = (x,y, z), the time ¢, the fluid velocity
u = (u,v,w), the velocity potential ® and the dynamic pressure P with respect to (L,+/g/L,v/gL,\/gL?, pgL),
respectively, while the nondimensional frequency w, the Froude number F; and the Brard number 7 are scaled by

(wi Fiim) = (wev/L/g: U/V/9L: Ui /g) &)

respectively. The fundamental solution to time-harmonic ship-motion problems is written as
G(x.&1) = {G(x, e ™} with 47G(x,€) = —1/r+1/r' + G"(x.€) (2)

in which r is the distance from the field point x = (z,y, z) to the source point & = (£,7,¢) and 7’ is that to the
mirror soure point & = (£,7,—¢). The free-surface term G¥(x,¢) is initially defined by a double Fourier integral
(with resepct to wavenumber and polar angle) and given in [3] after integration on wavenumber by

GF(X, 5) = l 71-F‘(Z, 9) dé with F‘(Z7 9) = AlK(Z, k‘l) + AQK(Z, kg) + AgK(Z, kjg) (3)
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in which three complex wavenumbers denoted by k1 2 3(6) = k1,2,3(0)+ip1,2,3(0) are determined by the cubic equation
(Frkcosf — w)? — k — i4eF3 (Fykcos — w)k? =0 (4)
with the non-dimensional coefficient € = 11g/(pU?) involving p the fluid dynamic viscosity. The amplitude coefficients
Ay = A1(0) = iky J[4eF cos O(ky — ko) (k1 — k3)]
Ay = Ay(0) = iko/[4e i cos O(ky — k3) (ko — k1)] (5)
Az = A3(0) = iks/[4eF cos O(ks — k1) (ks — ko)]

are dependent on the wavenumbers. Both k; 2 3 and A; 2 3(6) are symmetric function of the polar angle. Furthermore,
the complex variable Z is defined by

Z=2(x,€0) =z+¢—i[(z —§)cost+ (y —n)sinf] (6)
and the wavenumber integral function K(Z, k;) in (3) is expressed by
K(Z,k;) = "Z By (k; Z) + ir [sgn(p;) + sgn(psv — k;w) | H(k;) 57 for i=1,2,3 (7)

in [3] with the exponential integral function F4(-) defined by Eq.5.1.1 in [7], the usual sign function sgn(-) and the
Heaviside function H(-). The single Fourier polar integral (3) is often referred as the representation of Havelock’s
type of the Green function.

3 Super Green function and its gradient

The surface integration of the Green function over the source surface associated with a field point is called S2P integral
while the further integration of S2P integral over the field surface called S2S integral. The two-fold integration (S2S)
is necessary in the evaluation of influence coefficients of the boundary integral equation based on the Galerkin scheme.
First we consider a flat panel S on which a constant source is applied. The panel is of polygonal form with m vertices
with the coordinates Q;(&;,n;,¢;) for j =1,2,--- ,m, and connectivities from Q; to Q41 with Q11 = Q1 to close
the contour. The field point is denoted by P(z,y, z) and the variable Z;(P, Q;,6) connects P(x,y, z) to Q;(&;,n;, ;)
by its definition (6). Using the following notations

3 3
:ZAZ-K(Z, k) and F,(Z,0) :ZAiKn(Z, k;) (8)

for n > 1, the integration of the Green function defined by (3) is then obtained by

// (x,&)ds(€ /Tr jil ¢; Fo(Z;,0) + del(Zj>9)] do 9)

developed in [8]. The geometry-dependent coefficients (c¢;,d;) are defined by

¢j = (ng+ingsin0)[(&;—&-1)65_1 —(§41—&;)85] — (na+ing cos0) [(n;—n;-1)05_1 — (nj11—n;)05]

- d p : d d (10)
dj = (n2+1n3 Sin 9) [(53‘_fj—1)57—1+(fj+1—§j)5j] - (n1 +ingz cos ) [(771‘—771‘—1)5]'—14‘(77%1—Uj)dj}
in which 7 = (n1,712,n3) is the normal vector of the surface S, and (45, (551) given by
50 = 1/A; for |Aj| > e and 65-1 _Jo for |A;| > e (11)
0 for |A;] < e 1/2 for |A;] <es

with A = (¢j41—¢;) +i[(&j41 —&;) cos O+ (41 —n;) sinf] for j =1,2,--- ,m and a tolerance e, = 0.001. It is worth
noting that the subscript sequences (-)o = (-)m and (-)m+1 = (-)1 are to be taken in applying (10) to obtain (c;, d;)
and A;. In the same way, the integration of the derivatives of the Green function can be obtained and written as

vGF (x // ¢ GF(x,8)ds(§) = /” 11(;,?1?2 i[C'FﬂZ‘ 0) + d;F(Z;,0)] do (12)
82 1 )= / k RS

involving the functions (Fy, F') in place of (Fy, Fy) in (9) with (Fy, Fy, F) defined in (8). In the definition (8) of
F(Z,0) and F,,(Z,0), the functions K,,(Z, k;) for n > 1 are successive antiderivatives of K(Z,k;), i.e



with respect to Z. The work in [3] gives three expressions of antiderivatives:

Ko(Z, ki) =k " |K(Z,k;) + ni(klZ)mL (2) (14)
m=0
: c- % p—D!| (ki2)™ -
Ko(Z,k;) = ME::O K(Zo, ki +p§::1 k 7o | Gl (15)
Ko(Z, ki) = i(k )" Z" Loy (Z, k) (16)
m=0
with
Lo(Z)=In(-Z2) and L,(Z)=[Lm-1(Z)—1/m!l]/m for m>1 (17)
used in (14) and
Lo(Z, k) =~v+In(—k;) +In(—2) and L,(Z, k) = [Lm-1(Z, ki) —1/ml]/m for m>1 (18)

in which v = 0.5772156649.. .. is the Euler’s constant, Zy = 2o+ (o — i[(xo — &o) cos 8 + (yo — 1o ) sin ] associated with
a pair of reference points (x¢,&,), and Z = Z — Zy, used in (15). All three antiderivatives K, by (14), K,, by (15)
and K,, by (16) are equivalent and have a different constant (indepedent of Z) between them which does not induce
any difference in their applications to super Green functions.

Now we consider the field point P(z,y,z) located within a flat panel H of polygonal form with m vertices
Py(xg,ye,20) for £ =1,2,--- , m. The side segments are denoted by the connection from P; to Pypy1 with Priq1 = P
to close the contour. The second-fold integration of GF(x) by (9) on the field panel H is obtained by

/ G (x) ds(x SO [esBuZye,0) + ey + i) Fs(Z30.0) + dydi Fa(Z0. )] a0 (19)
T =1 ¢=1
in which the coefficients (c;,d;) are given by (10) and (&, d,) by
¢ = (Mg —ingsinb) [(zg—2¢-1)07_ — (xe41—x0) 0] — (M1 —ing cos 0) [(ye—ye—1)05_1 — (Yer1—ye) 05 (20)
CZ@ = (ﬁgfiﬁg sin 9) [(ngasg 1) (‘TF-H 7xg)5 ] (T_ll —ing cos 9) [(yg*yg_l)gg_1+(yg+1 *yg)gg]
involving the normal vector i = (7i1, N2, i3) on the panel H and (0%, 0¢) given by
- 1/A f A s < f A s
5o = A for |2 >e and 58 =" or |2 > e (21)
0 for |Ay <es 1/2 for |Ay| < es
with Ay = (241 — 20) — i[(zer1 — 7¢) cosO + (ygr1 — ye)sinf] for £ = 1,2,---  m. Again, the subscript sequences

(o = () and ()m41 = ()1 are implied in the application of (20) to obtain (¢, d;) and A,. Furthermore, The
variables Z;, is defined by Z;; = 2z + {; — i[(z¢ — &;) cos € + (ye — n;j)sinf]. In the same way, the integration of
VG¥(x) on the field panel H is expressed by

1 icos@\ m m
VSF:/ V6P (x) ds(x):;/ <1sm9 ZZ[CMFS Z0,0) + (cjdg+d;20) Fa(Zj0,0) + d dzpl(zﬂ,e)} o (22)
H - j=1¢=1

involving the functions (Fj3, Fp, F1) in place of (Fy, F3, Fy) in (19) with F,, for n > 1 defined in (8) using the
antiderivatives K, (Z, k;) given by (14)—(16) of the wavenumber integral function K(Z, k;) defined by (7).

4 Numerical results and discussions

The ship-motion Green function is expressed as a double Fourier integral and its surface integration on the source
panel results in a four-fold integration or six-fold integration if the second surface integral on the field panel is
performed according to the Galerkin scheme. The four-fold (or six-fold) integration is reduced to a single integral of
Fourier polar angle, thanks to Havelock’s representation of the Green function by analytical integration with Fourier
wavenumber as the inner integral, and analytical surface integration on flat panels summarized in the aforegoing.

The surface integration of the wavenumber integral function K (Z, k;) involves its antiderivatives K, (Z, k;) with
respect to Z, and geometrical coefficients (¢;,d;) and (&, dy) of flat panels. There are three equivalent expressions
(14)—(16) which are complementary in numerical applications. The original expression (14) denoted by K, (Z,k;) is
well suited for computations when F?k; is of order O(1) or larger, which is the case for ky and k3, also for k; when



Table 1: Coordinates of panels’ vertices scaled with the reference length L = 1m
No H(xvyvz) Sl(x7yaz) SQ(Jf‘awa)
-0.681511, -0.239974, -0.033530 -1.407723, -0.504959, 0.0)  (2.111993, -1.626152, 0.0
-0.681511, -0.245641, -0.017905 -1.539255, -0.665065, 0.0)  (2.027278, -1.449003, 0.0
) (
) (

-0.748460, -0.234381, -0.017905 -1.605234, -0.622041, 0.0 2.102859, -1.428670, 0.0
-0.748460, -0.228974, -0.033530 -1.468064, -0.472292, 0.0 2.193806, -1.597798, 0.0
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Ffky = O(1). For small w and Fk; ~ 72, the formulations (15) denoted by K, (Z,k;) and (16) by K, (Z, k) are
preferred. Among K, (Z, k1) and K,(Z, k1), it is preferred to use (15) when the reference distance Z; between two
panels is large.

Super Green function (S2S integral) is evaluated with three typical panels: one H on Wigley hull and two (51, S2)
on the mean free surface. The coordinates of 4 vertices of panels are listed in Tab.1. The first test concerns the two
panels S; and Ss, and surface integration of K (Z, ki) is carried out by using antiderivatives (14)—(16) for w = 0.9
and 7 = 0.27 with € = 0.001. The results by using (14) in which the numerical accuracy of K(Z, k1) is limited to
6 digits, presented on the left of Fig.1, are not good since very small F?k; = 0.0729 while those by using (15) are
globally good except in the vicinity of /7 = —0.58 and /7 = 0.42 where k1Zy < 2. On the other side, the results
using (16) are accurate in these intervals where k1 Zj is small. In general, the numerical accuracy of formulation
(14) is good for F2k; > 0.4 while the formulation (16) is efficient for k;Zy < 10 and that (15) for k1 Zy > 6. The
second test case concerns the panels H and S; for w = 3 and 7 = 0.9 with ¢ = 0.001. Numerical results by the
Gauss-Legendre quadrature, presented on the right of Fig.1, are carried out with 1x1, 2x2 and 8 x8 Gauss points
on the panels and compared with those by analytical integration (19) in which the integrand function is augmented
by summing the part for § € [—m,0]. The values of SGF presented in Fig.1 are scaled with F}. It is shown that the
analytical integration using (14)-(16) in a complementary way is accurate and efficient.
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Figure 1: Comparison of numerical integration and analytical integration



