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1. Introduction

Of critical importance is the development of a practical computation method with reliable accuracy for
predicting the added resistance acting on actual ships in waves. With this background, a number of papers have
been published recently on computed results of the added resistance by use of Rankine panel method taking
account of the effect of steady-disturbance flow around an advancing ship. These computations are based on
direct integration of the pressure on the ship-hull surface but taking only the time average, which is known as
the near-field method. The resultant computation formula is rather complicated and hence not easy to keep
higher accuracy and to understand physical relations between ship-generated waves and added resistance.

On the other hand, the so-called far-field method based on the momentum and energy conservation principles,
established by Maruo [1], is expedient in understanding the importance of unsteady wave-making component
in the added resistance. However, Maruo’s formula based on the far-field method is not suitable for numerical
computations with Rankine panel method or CFD method. From this reason, the middle-filed method [2] is
also developed and applied recently with Rankine panel method.

Although it is not popular, it is possible to compute the time-averaged steady force on a body by using
Lagally’s theorem [3] particularly for the zero-speed case [4, 5], which correlates the force with hydrodynamic
singularities representing a body and the induced-velocity field at those singularity points. The derivation of
Lagally’s theorem is based primarily on the pressure integration on the body surface, but by applying Gauss
theorem and Green’s identity we can prove a relation between Maruo’s formula to be evaluated at a far field and
Lagally’s theorem to be applied on the body surface. In fact, Tsubogo [7, 8, 9] derived a calculation formula for
the zero-speed drift force by applying the Green’s 2nd identity to a combination of the total velocity potential
¢ and its derivative in complex conjugate V¢*; which can be interpreted as equivalent to Lagally’s theorem.

In this short note, with a premise that a Rankine panel method will be used, we will start with a review
on the momentum-conservation principle for computing the wave drift force and apply the Stokes and Green
theorems to derive a calculation formula developed by Tsubogo. Through this review study, a relationship of
Tsubogo’s calculation formula with Lagally’s theorem can be explained. (Details for the Lagally’s theorem for
computing hydrodynamic forces are described in another material written in Japanese.) Then, the analysis will
be extended to the forward-speed case to understand in what way the effect of forward speed of a ship appears
and to derive consequently a new calculation formula for the added resistance that can be computed on the
body surface, which looks much simpler than that using the near-field method.

2. Momentum-conservation principle at zero speed

For simplicity, while keeping the essence in deriving the time-averaged steady force consistent to the 2nd-
order in the velocity potential, let us focus our attention on the zero-speed case at the outset and consider
incompressible fluid of constant density. The forward-speed case will be discussed later.

First, according to Appendix 1 in a paper of Newman [6], the rate of change of linear momentum (i-th
component) in the control volume V' is written as
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Here U,, denotes the normal velocity of the boundary surface, and note that the gravitational potential gz does
not contribute to the horizontal component (i = 1,2), because 9(gz)/0x; = 0 for i = 1 and 2. Thus, by applying
Gauss’ theorem, the horizontal component of Eq. (1) can be written as
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where the boundary surface S is a sum of S = S+ SF + S surrounding the volume of fluid and this boundary
surface is assumed to be nonlinear (exact, instantaneous). Since the motion is periodic and there can be no net
increase of the momentum in V' (¢) over one period, we can say that the time average over a period (denoted

with overbar) of Eq. (2) is zero,
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Here, the pressure p, the velocity potential @, and the free-surface wave elevation (,, are written for the zero-
speed case as follows:
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In what follows, starting with Eq. (1), a calculation formula will be derived for the wave drift force in terms of
two different analyses for treating the boundary surface.

3. Analysis with nonlinear boundary of Sg + S
In this nonlinear case, the boundary conditions satisfied are given as

v, = U, on Sg+ Sp }
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Therefore, from Eq.(4) we can obtain the following equation for the z-component from the momentum-

conservation principle:
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This equation is well known and used as the basis of the analysis in References [1] and [6]. Furthermore, as
explicitly written in Eq. (43) in Maruo’s paper [1] and in page 53 in Newman’s paper [6], the range of integration

in the vertical z-axis must be up to z = (,, and we will keep 2nd-order terms only and discard the terms higher
than and equal to O(®3). With this concept, we can write Eq. (8) in the form
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Then we can approximate the last term as follows:
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Taking account of this approximation, Eq. (9) can be written as
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where K = w?/g is the wavenumber of oscillatory quantities.

This is the correct expression for the wave drift force at zero speed, using the far-field method. It should be
noted that there are basically two components in this formula: the first one is the integration of the dynamic
pressure of fluid-velocity squared and the second term originates from the square of relative wave height on
z = 0, known as the so-called line-integral term. These two contributing terms are normally opposite in sign
and the magnitude is larger in the second term. Without the second term, well-established Maruo’s formula for
the drift force cannot be obtained; which was re-confirmed by Newman in Reference [6].

To be more specific, the first term (double integral) will be transformed with a cylindrical coordinate system
(r,0,z). Assuming the control surface S, be located at r — oo, we can obtain the following:
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Furthermore at a large distance (r — o0 ), there exist no local waves, and hence the z-dependency in the
velocity potential is ¢ ~ Aef?. Thus the integration in z in Eq. (12) can be performed in advance, with the

following result: 0
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Therefore we have the following expression:
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This is Eq. (45) in Maruo’s paper [1] (where d¢ = r df is adopted), and thus we can realize the importance of
the line-integral term to be obtained as a contribution from the integral from z = 0 up to z = (.

4. Analysis with linear (flat) boundary of Sg

In the analysis for the time-averaged 2nd-order steady force, it is important to distinguish whether the
boundary (especially the free surface Sg) is treated as exact nonlinear or linearized flat plane (i.e. z = 0)
in the Taylor-series expansion. It would be possible to consider the momentum-conservation principle for the
linearized flat boundary on Sp, but in this case we should note that the boundary is fixed (U, = 0) and the
linearized free-surface condition gives the following relation:
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With this change taken into account, the transformation of Eq. (4) based on the momentum conservation must
be performed as follows:
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where Spg and Spg denote the linearized boundary of the body and free surfaces, respectively.
The integral on Sgq, denoted as F, can be performed further using Eq. (15), with the following result:
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where Cp denotes the peripheral line integration path along the intersection between body and free surfaces,
and the positive direction of line integral is taken such that the enclosed surface is viewed on the left-hand side
with outward normal vector (which is the ordinary definition in the Gauss theorem).

Substituting Eq. (17) into Eq. (16), we can obtain the result expressed in the form
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This is essentially the same as Eq. (12) and we can understand that the right-hand side provides the formula
based on the far-field method and the left-hand side the formula of the near-field method to be computed from
direct pressure integration on the body surface. We can realize again the importance of 2nd-order line-integral
terms, associated with a square of the free-surface elevation, both in the near-field and far-field methods.

It should be noted for the near-field method that, when a floating body is oscillating with small amplitude of
the motion, the 2nd-order pressure p®) and the relative wave elevation on the free surface ¢,, must be modified
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to include the effect of body movement and also the normal vector must be expanded by taking account of the
difference between the body-fixed and space-fixed axes (the effect of body’s rotational motion).

5. Derivation of Tsubogo’s formula, equivalent to Lagally’s theorem

The right-hand side of Eq. (12) or equivalently Eq. (18), derived based on the far-field method, can be
transformed further ingeniously by using Stokes’ theorem. First, the integrand of the double integral will be
separated into two parts as follows:
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Then, we can see that the first part of the above expression can be written as
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With this result substituted in Eq. (12), we can obtain the followmg result:
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The first term on the right-hand side can be transformed further by applying Stokes’ formula, which may be

written as
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The reason of minus sign in front of the peripheral line integral along C', is that the integration direction along
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C (which is defined as positive in the counter clockwise direction from Gauss’ theorem, as seen in Eq. (17) for
example) is opposite to the conventional definition in the Stokes theorem.

We note that dr = (dz,dy,0) = (—ny dl, ny d¢, 0) along C on z = 0 and thus, in terms of Eq. (21) and
the linearized free-surface condition written as Eq. (15), we can obtain
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Substituting this result into Eq. (22), we can see that the final result can be written as
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and hence the line-integral term cancels exactly. Consequently Eq. (25) does not include the line-integral term
and takes a form where the Green’s 2nd identity can be applied to convert into the same form of integral
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(with opposite sign) on the body surface Sp below the still water surface z = 0. The proof using the Green’s
2nd identity is the same as that for several hydrodynamic relations known in the linear wave-body interaction
theory. That is, since both ¢ and V¢* satisfy the same Laplace equation and the boundary condition on the
free surface, we can easily derive the following equation:
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One important point to be learnt from the present transformation is a fact that the line-integral term along
the intersection between the body and free surfaces can be canceled by a certain double integral on the wetted
surface of a floating body in terms of Stokes’s theorem. Another thing to be noted is that ¢ in Eq. (27) is the
total velocity potential, and thus Eq. (27) can be used even for the motion-free case.

Although the mathematical proof is different from that shown in this note, Eq.(27) is the same as that
derived by Tsubogo [7, 8]. Originally he started considering a combination of two different velocity potentials
(¢ and V¢* ) to be used in the Green’s 2nd identity, like Eq. (27). Then, through mathematical manipulation,
he found that Eq.(27) is equal to the calculation formula derived by Maruo [1] and Newman [6]. However,
in his paper [10], he also provided a reverse proof that the Maruo’s formula by the far-filed method could
be transformed into Eq. (27); which is essentially the same as the proof shown here. Furthermore, Tsubogo
confirmed in his another paper [9] that computed results based on Eq. (27) for a 3-D floating body are virtually
the same as those computed with Maruo’s far-field method and also with the near-field pressure integration
method.

Despite a simple and compact expression, the numerical computation using Eq. (27) is rather cumbersome,
because Eq. (27) requires evaluation of the 2nd derivative of the body-disturbance velocity potential on the body
surface, and hence Maruo’s formula is much convenient at least for the zero-speed case. Moreover, at zero speed,
the velocity potential can be represented with Bessel functions for the r-dependence and Fourier series for the
6-dependence (although their coefficients must be determined numerically for a general-shaped body). Then,
the integral with respect to € can be analytically conducted, leading to a formula including only the coefficients
of the eigen-function expansion method. Details on this mathematical transformation is summarized in another
material prepared as an annex, together with several notes and proofs related to the wave drift force.

6. Extension to the forward-speed case

The final objective in the present study is not the zero-speed problem but extension of the analysis in the
preceding section to the forward-speed added resistance problem. In this forward-speed problem, however, more
careful analysis seems to be necessary especially for the line-integral term (which is 2nd-order in the velocity
potential) and also in applying the Green’s 2nd identity to convert the integral on S, into the same one with
opposite sign on Spg, because the free-surface boundary condition includes speed-dependent terms which makes
the integral on S not simply zero, unlike the zero-speed case.

In order to consider extension of the analysis, we will start with the momentum-conservation principle to
consider correctly the forward-speed effect. Since there is a uniform flow on S, an equation corresponding to
Eq. (8) must be of the form
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where the pressure and the free-surface elevation at S, can be written as
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Therefore, the formula for the z-component of the 2nd-order force can be obtained as follows:
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where K, = w?/g, 7 = Uw,/g (which will be used later), and Ko = g/U>.
Then, regarding the first term on the right-hand side of Eq. (31), the same transformation as that for the

zero-speed case, i.e. Eq. (20) through Eq. (27), can be used, although the velocity potential ¢ includes implicitly
the forward-speed effects. That is,
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Substituting this result into Eq. (31), we can write as follows:

m=fn [ {0 (G0) - 5a5s bas
+2 &e// (VxA) dS—Z/COC( K.p0* —i%%f)zz N df (34)

It should be noted that the free-surface condition satisfied by @ on C located far from a body is given as
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Therefore, as previously, the second term on the right-hand side of Eq. (34) can be transformed with Stokes
formula in terms of the linearized uniform-flow free-surface condition, Eq. (36), valid at a far field. The result
must have the following form
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Substituting this in Eq. (34) and applying the Green’s 2nd identity for the first term on the right-hand side of

Eq. (34), it follows that
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Then, in what follows, we will consider the surface integral on Sr appearing in the first line on the right-hand
side for both the Neumann-Kelvin and double-body-flow formulations.

6.1 Neumann-Kelvin formulation

In this case, the free-surface boundary condition is the same as Eq. (36); that is,
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Therefore, with Gauss’ theorem and a relation of dy = n, df, we have the following
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By substituting this result into Eq. (38), we can see that the line-integral term on C, cancels exactly with the
last term in Eq. (38), but instead another line-integral term along C'z must be included as in the following form
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This is an extension of Eq. (27) to the case of Neumann-Kelvin formulation taking account of the uniform flow
only as the forward-speed effect.

The second-line in this expression becomes zero for the zero-speed case and also for a submerged body
even with forward speed. In fact, it is shown that computed results using Eq. (27) for a submerged spheroid
with forward speed agree well with corresponding results using the direct pressure integration. However, once
Eq. (27) has been applied for a surface-piercing ship, the discrepancy tends to deteriorate with increasing the
forward speed and the ship’s bluntness, due to existence of the speed-dependent line-integral term along Cg.

6.2 Double-body-flow formulation

In this case, the most commonly-used equation as the free-surface boundary condition may be written in
the following form
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where K, = w?/g, 7 = Uw. /g, and Ky = g/U?, with following expressions adopted
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We note that the second line in Eq. (42) originates from the Taylor-series expansion as an interaction between
steady-disturbance and unsteady flows (in particular, the last term is a first-order correction of the difference
between z = ¢, and z = 0); which vanishes in the Neumann-Kelvin formulation. Since the rigid-wall boundary
condition is satisfied by ®#g on z = 0, the differential operator V in Eq.(42) must be interpreted as two
dimensional; that is, only with respect to x and y in the horizontal plane z = 0.

The body boundary condition for the double-body velocity potential $g(x) is expressed as
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Eq. (42) can be written with indicial notation in the form
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where the Einstein’s summation convention is adopted.
Using this boundary condition, the integrand in the surface integral on Sp, corresponding to Eq. (40), may
be transformed as follows:
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Therefore, in the surface integral Z; corresponding to Eq. (40) on Sp, we can apply the Gauss theorem for the
first and second terms on the right-hand side of Eq. (46), with the result
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Here, we note that the line-integral term on Cp must be zero because of the body boundary condition for &g
as given by Eq. (44) and that the line-integral term on Cs, can be rewritten by assuming @g(x) — 0 at Coo
(which is the case!) and hence
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Substituting this into Eq. (47), we can see that the line-integral term on C,, cancels with the last term in
Eq. (47), as in the Neumann-Kelvin problem, and thus the resulting expression for the time-averaged steady
force takes the following form
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What is important and interesting here is that there is no line-integral term along Cp in the double-body-
flow formulation because of satisfaction of the body boundary condition by the double-flow velocity potential,
Eq. (44), but instead a partial integration on the free surface shown as the second line of Eq.(50) must be
evaluated. The reason of ‘partial’ integral is that the double-body velocity potential @5 may be represented

with a doublet (because the sum of hydrodynamic sources and sinks must be zero for a rigid closed body), and
hence at a distance from the body, the order of the velocity potential and its derivatives becomes

1 1 ) 1

This implies that the order of integrand in the last term of Eq. (50) becomes O(1/r7), which decays rapidly as
the distance from the body, r, increases.

As we can see from Eq.(42), this remaining integral on Sg in Eq.(50) originates from the Taylor-series
expansion of the dynamic steady pressure %V@s -V&g. Hence, if a solution of the Rankine panel method would
be obtained without this term in the free-surface boundary condition, there is no need to include the last term
in Eq. (50); that is, the last term disappears in the free-surface integral in the Green’s second identity. However,
this kind of solution is rare and inconsistent, and the usual Rankine panel method adopts the full expression
of Eq. (42) in the framework of the double-body-flow formulation. Therefore it seems plausible to evaluate the
last term in Eq. (50) in the Rankine panel method using the double-body-flow formulation.
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% . Landweber 512 X 22 Em X[ O REOHEZRT ERRNDOLH TR D.

MiL('U) = — 47Tp5ijk |:/// OXjVk dVv
14

ovy, 4
+Z(mxjv,'€+ujv,g+xjueaxlz—37T0$j,uk>] (66)

F 72 (65) ROMBEMENITBER L TWAHALE 1 HOF R X, Lagally Force IZxt7 2 (59) XOEE & FEEIC
WIKOHERIEE B Z W TES ZENTE L0, REERRORLEHLE R0 T, ARTIIENLEZERKT D
235,
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7. BERNIZxHT B Lagally O FEED&EH

Lagally O EH I, WIRIE ¢, @ 2 RITHHIL, RFRFEEZ W72 L I/ LN D BIRE K OFHE
WCHEMAT 22 LN TED. ZORERNRMITH 2R3 72012, BIFTOGML B2 SR LN 5, TN
BONTODERBRAKDEEMFE = 7 HICH < WERNITO VW TEZTH L.

Lagally O E# X (57) Kb 5\ T (59) Tfffzﬁﬂhéﬁ), I TIEHbEH L LERTRICE AR &
bEHLoOWEKRESMAZRBEICES, TAOORINEHHCLEHT L5452 5. T72bb

S(P,t) =Re[a(P)e'™"], D(P,t) = Re[p(P)e™"] (67)
ERL, LTOMITTIE P =(2,y,2), Q= (2',y,2) O BEZHW5. i FOFE o] 1%
U —Re{ 8¢ 1wt:|

ia¢ O | 2 (68)
¢(P):TaeKz{QOO(xvy)—’_ch(mvy)}v Yo = elK$7 K:?
ERT LT D, T2 TOAHBEIL, LETERERIC 2 BHOAFHEICEITL TWVD EEZTWND.,

D& E ORI & B o RO EF AR Fy 1%, RHEEHOFREARELEA T2 &, (57) ALY

)

LTI ENTEHES ). EROMERB LS Y HW KK OMFI A 4 % 2 5 BRIC I3 K E T4
CBEHRAOND. EEUMOHARLFLICARS 2 LE2RTEDIC, AHEOETHRTH S —a JA
u@<ﬁ@ﬁﬁ%ybz;ﬁe§¢:&m¢nﬁ<m:x&%w1>&ﬁ@iﬁ@%ﬁﬁ&@a

o (5
zgﬁpRg[LB{a*uvax+¢ﬁuna (gi)}ds (70)

7.1 EREKAFI S LDOFEM
BT O X 3] TE AL HERBOKOMFE 27 ATIEOEH LAMETEEZEZXLTRO L HIZKR L.

— 1
F, = —47rp§ Re

o(P) = m(r,y) e, mle,y) = L2 Mz y)

ZA cosnﬂffaz Jalr) i

cosnf, k=Ka

m=0 n=0 H(Q)/( )
Fio, TODEH LM WS THROBEIC LD EERT v 2 v b op(e,y) &
bpp = miel? Ca: M(z',y') H? (KR) ds'
c
- WC‘I@K{K/ M(0") H(()Q)(KR)ds/], ds' = adf’ (72)
w 2 C
ko< = ’
~ ep(x,y) /M H(()2)(KR) ds' = —Zen(i)"H{g)<:))H£2)(Kr) cosnf (73)
n=0 n K

KR=K\/r?2—2rr'cos( —0') +712 +— r=1r'=a

/

= Ka\/2{1—cos(f — ")} = 2k

(k=Ka) (74)

sin
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LESND. ThbE (T0) RICHEMT 5L RO LI IHT I LBTE 5.
2 2Kz * . a

Fp = pg(; Re // e M*(z,y) 267{ wolx,y) + ws(z,y)}ds (75)
Si z

TEMF RO T 2 ICHET 2WOITEITITI ZENTES.

0 2K 1
zd - =
/ e z Ye

— 00

DIERERAL, @ =eK? ZETNT (12) REH VB &, KO EHICHTLEBTEB.

Fp lmxaRg/JW* L2 L oo(P) +05(P) } ds

2 K 0z
— L Re / M*(P{ etk / M(Q —H(Q)(KR) }ds (76)
2 C 83?1,
I TCHEEBEORY, KFEEANOMEEOMEEZ P=(2,y), Q= (z,y) £EXLTWD. DI ds = adf,

ds' =add’ ThHHNDH, KBTI, 0 %#57—)1&@&@% \U;é

(75) RO IIAS B Ay e B IZB L CIRRAEZITITH) 2N TE D0, WELEERT v vy b
op(P) DEIZEH L CTIREEZET L. £, N7 AVEEO o, ICET 55 ICIZU T OBEBRNH 50T,
PRTO z, IZOVTHALTH, Q HTD z, ITOWTHMAH L THEEILAIETHD.

0 B,
a—po((,Q)(KR) = a—%H(Q)(KR) ZIZTR= \/(xp — )2+ (Yp — Yq)? (77)
E3 M(P)=Sp+iTp, M(Q)=So+iTo } -
iM*(PYM(Q) = (Tp +iSp)(Sq +iTg) = (TpSqg — ToSp) +i(SpSq + TrTq)
DR S
I 0 . /
Re{/CzM (P)/CM(Q)%{JO(KR) —zYO(KR)}ds ds}
/ 0 0
= /Cds/cds { (TPSQ — TQSP)T%J()(KR) + (SPSQ +TPTQ)8$1)Y0(KR)} (79)

LIRBN, PLQEAMBITENEMEREEZNENDD LT, Yo(KR) 2 BRT % H LR
CHEE LAV LR TE S (BFTB]) . 20 end, ~r ok HP(KR) © o #yics v it
FHE S DOF 1RV J(KR) O 2 A EEZNEFHTHE 2 ENHNsE. L) Z ki, (72)
XD ds’ =add’ 2T DR %

Fo(P) = 5 [ M(Q)I(R) ds

=— Z en(i)™ {’,21)(,’1) Jn (K1) cosnf (80)

DEINATH 1% T ap ITHFT DM 21TV, (76) NOFHE %
_ 2 * sz ii,v
Fp = pg( Re/ M*( { + KameDB(P)}dS (81)

WEoTIToTHRWVWEWS Z &2/ b, FEEE, ORI KBTS O (76) X X 5 12i#s L To
A THLVMHTHL. bHAHA

P = gpaite [ ar@{ e L [ arQ L nr s} (52)

DHBAIWZE>THRICHEREZBDIZLIIFARETHY, TOFEMITE T Note 2 127 TZ &L XD,
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LT OB T, (1) A &R L 28O THE F0 , 2) AL O L 52 73 124515 T
REWBTH. T7obb (81)(82) X%

Fp :fpg@aRe[ ZW 4 7z (2)}

2m 2m .
FO E/ M*(0){ —eE*}do, F@ E/ M*(0 )ii op(r,0)do (83)
0 0 K oz
. B o o0 g_sineg
ZZT xz=rcosf, y=rsinb, 92 _608967‘ ey
DEHICERLTEL.
7.2 ASHKEHEKOTHE 7O OHE
— KT JIEE TR T, ML (r=a) TiX
— e — Zén(i)an(KJ) cosnfl, e=1¢6,=2(n>1) (84)
n=0
Tho0b, M) BT 2trfig (1) Xx s ke d.
g0 L i € (_i)mL ie (i)"J /Qﬂ cos m# cos nf do (85)
ﬂ-ﬁmzo " J Hg)/n 0 ! ! 0
- - 2 27
— - / cosmb cosnb db = - Om.n (86)
0 n

LRBEDPLUTOLEICHREHRTES. (Rt VERBEOIK k= Ko ZEBLTRLTWS. £7-8 2
Mo VB HY oBEEERE 1B R BHY b b))

FO = i |:27TJ6 Jo + illﬂijl n} = ien (87)
LAY - R A = H(”’
R (83) RO KV ICEEH G OAEEZDHDT, ROLHIITHELZLHTES.
Z0) _ 2“ A +§{ }] _ 2§{%+%+l} (58)
w g Z\ Hfil pi )

ZORERE, DENCRLE (B3EH A HEEAICETS ) — MeBIT 5 (T5)-(76) KERMLTH S =
LRLING.
7.3 HEIKOEIZCLDHE 73 Dt

RIC FO OHBEICHOWTTHB N, p(P) & LT (80) RxklE)H &,

i 0pp i 0 sinf 0O
_(cosear—r{M)@B(r 0)

K Oz K
N n [
:712%(2) H(Q)/{J cosf cosnf + — J smf)smn@}
n=0
_ ! 3 ynJn 0 6
_57;)5”(1) W{Jnﬂcos(n—i—l) — Jp—1cos(n —1) } (89)

L5 M@O) LT (M) REHVWDE, 83) RTEHLE FO BIKRDOEICHRD.

oo o] J,

PIONEE S Z )
1) e
21K = T H( o en
2 2m
X {Jn+1 / cosmf cos(n +1)0d0 — J,_1 / cosmd cos(n — 1) d@} (90)
0 0
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ZZ7T 27
I, = /0 cosmb cos(n + 1)0d0 = T 6y 11 (91)
2m
2 2r m=0,n>1
I,1= / cosmd cos(n — 1)0do = —ﬂémﬂ,n = " (92)
0 €n ™ m>1 n=01,---
LD ZEEMND E, (90) ITKDO L HITheD.
. / !/
@_ ., Jo Ji S S _
F _+27Tf€ 27TJ H(l)/(22)H(2)/J0+7T( QZ)J H(l)/H(z) J1 — Jai=-J
J oo
+ 27 6n a1 a1 +4mi 1 Im
o A T
9 i ’ /_"_1
== (2) =57 (93)
K n=0 Hr(z )/HfHM

ZORERIE, DRETD ) — N4 (76) RicEk 1T 5 2ATAT, & REEHICLTCO) ALTHDLZEBH05.
LLEDRER%E (83) RICRAT D LK EHD.

a 0 J/ ’ N J/ / L
FD:pgggReZ{ n_ ol g _—nont (94)
N WSS Al a2
ZHUBEORERIL, LAt s — R[4 o (76) KLFE L 2L AL TH Y
e’} 2
a ( n+1Y/ r/LYnIH)
Fp = pg¢a— ,
Z I R (T V)
n+1) 1
= pgCia { } ; 95
=P 2+ 7.2 (T2, + V) (80)

MELND. Z ORI, ﬂﬁ®73¥£ ( Near-field method =° Far-field method ) TR O 7-fETfE L F U
THY, Lagally D FEIC L > THRMFEHEE LTOEFHRERNNPELIRDLEND E VD) Z &R
T&E 7.

[Note2] 2@ (2xtd 2 RlfiRiE

DU R L 252, “HEMS L LTUTOXEERZLTHD.

FP = / M*(0) do / M0 Jo(KR)do’ (A1)
ZZT _
9 Jo(KR) = —KJ(KR)2E = —K” v J1(KR)
oxp oxp
' 016 90 (4.2)
KR = 2k |sin , w—z =a(cosh —cosf’) = —2asin sin 5
LT .00
S / /
aaiJo(KR) =K 2__gin 2 + 4 Ji <2/{ sin ) (A.3)
Lp

0—0'
2

sin

THDHN, 0—0 =a tBNTH ORDLHIZO<a<2T @*ﬁa‘i%ﬁ:%%#ﬁ;{naisma_a >0 LTBHILENTES.

ZoLEUTORERD 5 N N N
aa—%Jo(KR) = H{SIHGCOSE - cos0s1n§}J1 (2n ‘sm§D (A.4)

SO RyENVEBOMEERIC IR OBEGERH 5.

e
sin o 0 cos ka
Ji (25; ’sin 2 D i = Z I (k) Jrr1(k)
2 cos 3 ke —oo sin ko

{ cos ka — cos(k + 1)

— Jka,k 1 :—Jka+1 (A5)
sinka + sin(k + 1)a } ()
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Ehic Ly ~
M(a):—an;f‘mcosm, Am = el @y

oo (A.6)
N o1 . .
MO)=M@O—-a)= m{;}An{cosnecosna+smn051nnoz}
Thodhb, ZLLERAL, MK, TFHEOEEELBETLERANERD.
F@ _ i1\ A N - 1) g@) _ o) (@)
F _2(M) sz::() m; kz:: J,M{s $® _cWe } (A7)
27
cW E/ cos mb cos n cos 6 df
0271'
s E/ cos m# sin nf sin 6 d6
0 (A.8)

27
c? = / cosna{cos ko — cos(k + 1)a } da
0

27
5@ = / sinna{sin ko + sin(k + 1)a } da
0

“ABABOEETICET AR EE N, HEOICHBEBEERNER LD (cos0 =1 E7d) AL TEE LD &,
Tk = SH A — cDC? 248 T % 5235 5 #6854 B8

i [— cos(n + k)acos(m +n — 1)0 — cos(n — k)accos(m —n — 1)0

+cos(n — k — 1)a{cos(m +n — 1)0 + cos(m —n + 1)9}]

THHIND —71'2(6,“,,9 5m,n+1 — 5n,k+l (Sn,m+1) for (n > 1, k > 1, m > 1) (A )
—27% for (n=0, k=0, m=1), 2x%for(n=1, k=0, m=0)
ERDENHETEDLTHAI.
Ik (A7) RIZRAL, 222 (A6) XD A, NS &
;o _ i1\ 5 N/
7= 5(&) kY en(=i) 7 2 enl <2 ZJ’“ T T }
m=0 Jm H’m n=0 H
i 1 2,{ Ji Jo Jo J{ }
= -—— |4n% —— —FJoJ1 + —F———~Jo 1
2 T2 J H(l)/JOH(2)/ JO Hél)/Jl H£2)l
o / J/ R J/ /
+47T2’L‘ ntl J Jn 1+ = mtl Jme 1}
{Zl Jar HO g v 1 g B G HEL T
2. JhJh
=-=) 2o (A.10)
Kn:O H<1)IH7(L2<31

LB LR ING. ZAULHET (93) ER LTS TS,

74 RERNOHELAKXDAER

EETRFIRICE S WERDICET 2 7 — b (Z2ZCH[4]) O 11 i TlE, Far-field method 12317 %
HERRE 5 COMAEMH (Soo) TOIHHBRRNERIZ Ko THEM D 2 FICERT HMBEHENELL D L0 D
AHEAXB RSN, Z2ORL ¢ & Vo IZ LTV =0 ORXNHEHTE DR Lo TED, ¢ & Vor
R UM AR ESEGZMIZT ZEND Soo ETORBMABMIL, Firid KBS ENIEFEEEZRR (Sy) E
TORBMEPTETTHETELIA ERhoTWD., ThaHiLT oL,

99 5</>* o™

ERTENTE D, HELEROEFBIL, Lagally O ER TIIMWEERE ) BAMAE (FAKTER O 1)
& LTWD A, Z#d Far-field method TO 4 (RKFEIH AR E) L THD DT, (96) N TIEEH

F.
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KR4 TCORICYA FTAFEZEZMHLTVD ZEICHESNTZY. ZOWERDICET 2HERL, FITHE
BB ~BIICE-TEPNTZEDTHLZEHBRLLTEIRNETTHA ).
STZoFHEA L (69) X TR LK Lagally OEE, T72bbH

p;prRgléB{aangi:+Muﬂ51(gi)}ds (97)

FAREHNICFRI LR TH L ZLIZRANBMILS THAD. T72bbH

0P = { =202 r) = 5 { o) (99)

LR LT L. B BEREEECOMERT L S VTR KE R T & I LA, BT I i A
BT Ly NI TRTILENTEDLN, TALOMSIE (98) ke LTHZ BN, RKK 1/dr 13 X
HLAERTEEM —1r ORBEDEHLORE Q=dtm=1 L EHLTVEEDThD. IR 1/2
I, RN TONBERADRS EEZNITESE LTEXNELY. S5ICF 7Ly Folk Rk
BT b N RSB T 5 Lagally O B CIRERBERETOFM LR THS (Q AT 5 IERMY
2P RICET BRI OB EEXTBFELVEEDRS.)

WPRIC LT h, FEIBIC & o TR & Rz i /) o 3 E30(96) 213 Lagally 0 & BEIC & - Tl A 72 35
KL AEMCALTHL LBMT 5L b TE S,

&% Xk

[3] BIFTIEF] : [EE R KIE T OIENITH W T, &M mCE, § 101 5, pp.1-9, 1957.

[4] #iAR IE:EERRBRCE EERDOFEICONT, RS AT — 1, 2021

(5] BR4E 1 FRARICAE S 2 B D O i A IS oW T, HARKMATESE T2 SCE, %575, pp. 143
153, 2007.

(6] FE4R o AICIER T 2 W ER D OEFERIITONT (2 8) , BAMMIEE T¥2Hh CE, 56
%, pp.347-350, 2007.

[7) BEAS W REICAER T AR ) O EF I OWT (5 3 W), B AKMIEE LS CE, H8
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FERRKZERIZBSCRERADEEIZDNT
B R s At A K iE

1. [FL®IZ

WERNERET DI EITERTCOREROREANEBZ X LBICEETHY, EmMMBRERYT 2 —E
HEECHAT T ABICIX RPN E L CEERYHEE TH D, Z OWMER X, HEimiIIE AR
g (Cq) D2IZHAIT 2D T, HHEKRE COENESORMFEHEELZEZ D L EIZ, { DEIT/NHIIVNEN
5&%@??@K&%#é@%?«fﬁhﬁ<%ﬁ?niﬁbwﬁ%#T%éi??%éoﬁ%%ﬁi
TOEIFRESIT Lo TRD 5 F571E1 near-field method & & 9 2%, EEBIRBFEROLEASITIIERERER L
OFEHEIEICHED 25 257, FICH I /KETE TOMMSKNO2FEOFHEEENME T T 2HENH 5,
ThuaWETLHIEE LT, MKRERSEICKT 2 EB&RAAZEA L, BERE ECTOE IS OF
BESE 21 T COEMBELLOBREHHEICE SR D LN TE S, Z 0 JiE% far-field method
EEWV, FERNDEENTZIE TS TR ORI EITIER Y DA EEZZNVERWVWO T, FHRITHRE
P CHARELR W, 27210, #REEICEHER DL RE DT 20T, WIRE (, O2FITHAH T
LIENOFRERE ETORHERD D Z EIXTERN,

zts TIX, £ far-field method (2 & o TEE IR TZ A IS M) < Bk /1 2 5HHE T 5 FIEICHO W THB
o WIZ, BONTEHAEAXRTHEE I 2O5A2E 2L, B COEZRERENEGBVICEZ DN
50)“6‘, FHEMA L7725 R 1T near-field method TR O 7ZWER TOHEAXNEBRICECICRDZ L %
R, Thbb, EESEERGFANOBREMEZHEND D ZENTE DN, 0T LITEEHEREOMIEZ{T
5J:T”B WARITF R BREZEMET 2 ECH R L TH D,

AR TIEZRIAX —(REFEANC L ABERIC S W T E X, ZOREELH WD &, WER D NZEK
@ﬁﬁf%éb%ﬁﬁ&@&fﬁ%f%é:k%ﬁbfwéo:@i*»?*%%ﬁﬁ,ﬁﬁﬁ?7V¥
NEZDEBLEBEIIH LTIV = OARXEHHAT L2 L THEROLNDID, TDOZ LIZONT S
LTWa, WERDOHE L F 2L, BRI iéﬁﬂ&’%%Lt:%yﬁﬁ%mwfﬁwﬁéﬁ%ﬁﬂ
Bl ICXoTREN, BENRHE e 77 ARIICHWLEN TS, K TIXZOHEARXDEHIZ
WTHEEMAERLTEY, TOMENRRBOFIE TR LIEMTIC L DR L ERICH Lfdbé_}:fbuftﬁﬂ
LTWBER, TOXDRIEWADPHARINTZDOIEIRBRIYIDTTHS 9,

% Xk

[1] Maruo, H.: The Drift of a Body Floating on Waves, Journal of Ship Research, Vol. 4, pp.1-10, 1960.

[2] 2 VAR D WRAR T Hifm — B R O BUEFH R L, A AREMTSTE L Z AR Sm, £6 %
SWILENERIEZ DO 3, Il ENE, 20034

2. BERTUOIUYILEFDEAB TORER
B 2R T vy iz E x, HERT Uy L ERO X HICERT,

D(x,y, z,1t) o(z,y,2) "] (1)

Re[¢(
6
Bw,y,2) = £2{ 0+ 7 | + _ZwX o;

gCa{
gc“{%w?—KZ ;qb]} %ol g0+ 6 | (2)

I Tw FEAMNESICEIT2HEEETHY, BIERENENGSIIIAFBEOHEABERTH D, (1T
NS ORGE, g TENMEETHY, K=w?/g LRXRLTWD, Kig TIEMHITOME L 2 #hoEH Mm%



SRETMEXELTEY, IO/, — N EeHTH LN, KB RICITEEITIEIARAENREBVTIZ ARV, Z
DANRFEOEERT v ik, HRAKE (z=h) OEFE, KOXH>IT5z26Nn5,

coshkg(z — h)

—iko(z cos B4y sin 3) 3
cosh koh ¢ )

QSO(xayVZ):
ZIT, B MOEHFMICHTIAFNATHY, =020z 8O EFR~OEITE GEWE), =12
FOWTHAWHEEERZEINTVD (ZNHUMO / — M EEFWFIZRS5TWD), TETHEOREE k &
RXLTEY, Zhe w & OBEKRIT

wQ

ko tanh kgh = ; =K (4)
Th D, LI ORENT TlX ¢r & HUEL (scattering) RT v > v )b, ¢g + ¢7 = ¢p Zdiffraction N7 > >y &
K9, FLQRICEBIT D ¢ (=1~ 6) I radiation K7 > v vv, X; 1L jE— ROBEELIRECTH Y,
X; EBH R EML L TROEND,
HWERT vy ¢y (j=1~6,D) X3 7 77 AKX (L], BHRERRSENE [F), BHEE R, 725
NV R H (Sy) TOER SR

8¢j7 e a(ZSDi
5o =7 ((=1~6), —==0 onSy (5)

ZMZTLOCROOND, TOFMIZI ZTEIERT 20, ERAERETIIUTORS TR ZM 2
ETIRERE ETOMZRD L Z LN TE D,

[H]

// n;(Q)G(P;Q)dS(Q), for j—1~6

¢o(P) for j=D

@)+ [[ oQz-crQdsQ 0

ZZTP=(x,y,2) 1% field point, Q= (&,n,¢) FFEAEEm LOES R THY, B THWDMEERE (r,0,2)
TlXz=rcosf,y=rsingd LE£IND, 72 GP;Q) IFHMBIDODLEH LICLZ2HERT v, T
b7 ) — UL, FRKETEHLTOLIICETZENTE S,

i 1 o
G(P1Q) = 5 Qo) %0(€) He” (ko) + 23 C ¢) Ko(knR) (7)
- 2 2
K 1 h(k2 — K2) K — h(k2 + K2) .
_ coshko(z — h) _ coskp(z—h)
Zo(2) = cosh koh Zn(2) = cos kph
W2
K = — = kgtanh koh = —k, tank,h ©))
)

Th Y, HP (koR) 1XHE2H A 7 VB CH T ~DEFTH &% L, Ko(knR) 1XH2ME K~ & L B %K
TR — oo TIHELBEEMICEr L0 TRAKEEZEL TS, £/ RIFIAFEAN (2 BZ—E) TD
(x,y) =(r,0) & (&n) = (r',0") DHEETH Y, KD X I REARBKY Lo,

R=+(z =62+ (y—n2=r2+r2—2rr' cos(d — ") (10)

H{? (koR) Z T (kor") H (ko) e=m(0=0")

Ko(knR) = Y In(knr') Ky (kpr) e ™00
AT r > R L TR SRy B VBB OIEEE TH Y, Jun(kor), In(k,r) IZZNZH m KD
FIfE, F2RNy B LEBTHD, 0ICHT L7 - 2B A ER B TEL, WEROEHZ n TE R m



ELTmOEE —co~ 400 & LTS Z EBLRID / — b k/ﬂ:fi%ﬁﬁ, IHFBROAEREZELSIZT D
72D H DT, FEREE cosm(0 —0") & H T R KRR IT 20 IR %,
AR OHERT > vy () RITHFEEIE TR &

o

G0(r,0,2) = Zo(z) e 7O = Zy(z) 3 (=i)" Ty (or) e O
= Zo(z) Y (—i)an Julkor) e, oy = e (12)

LD, (—)" & ap DEFRIZED DT PEMEFFEITIZERTHA D, ap TEDTHEELTWVWDH DL
DEEEZEZTDODI L THD,

WA OELIC L D FAREIRN TOMERT > v vbid, (7), (1D)X%E 6)RITRAL, 6)RITBIT DL
EAZ CP)=1 T NITLVDT, £ scattering N7 > ¥y /L

61(P) = 1 (P) — 6o(P) = / 6(Q) GQ (P;Q)dS(Q)

= > [BmOZo(z)Hff)(kor)+ZanZn(z)Km(knr) emimo (13)

m=—00 n=1

== Buo =~ co/ ¢D§ZO(¢)Jm(kor’) ¢ ds
Sm n

) 5 (14)

an = - On/ QZ)DiZn(C)Im(knT‘/) eim@’ dsS
™ SH an

ERTZENTE D, FEEIC radiation KT ¥ vl ¢ (j=1~6) IFKDOLIICKTZENTE D,

65(P) = //S 2 s @5 ferQas@)

871@

o0

= Z {ijozo( YH® (kor) + ZRj,ngn(z)Km(knr) eimd (15)

m=-—o00 n=1

(y
[y

< Rymo =5 Co [[[ {52 = i3} 2o(C)Tulhar’) e a5

1 6¢ 1 im@’
Rjmn = = Ch // gl qua—n}zn(g)lm(kznr )™ ds
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i]—] = cosﬁi%n Re{ ozS.Ag} (102)
n=0 n=0

FEEIZ LT

sinnf = cos Bsin(n+ 1)8 —sin B cos(n + 1)3 } (103)

sin(n + 1)8 = cos Bsinnf + sin 3 cosnf
Fo = Re{ ad A fad  AS } = Re{ sinnﬁAg_H +sin(n +1)8A35 }

= cosﬂRe{ sin(n + 1)8A5 | +sinnBAS } - sinBRe{ cos(n + 1)BAS, — cosnBAS } (104)

3 Fy =cosf3 3 2¢, Red o A5 (105)
=0 =0

(102)K & (105) KD FE B 2T, IHIC(E) RO ALFXF—RFAZEHAT 5 &, KOBKRARELNS,
Re Z |: CAS—T—I + an-l—l’An =+ OZSA;S:_I + an-l—l’An :|
:cosﬂReZ2en<agA§+a§A§)——CObﬂZQGH{Vl | +|AS| } (106)
n=0

LEeoT, 2% (68)RITHRATDE, o @ h Mm@ < WER F, 13RO X5 ITHRIRIC X 2 8L o iR
MRIZTNOEETED Z LMD,

Fiz

Z [Re(ACASL + ASAHH) — cosﬁen{ |AT(’:’2 + |A5‘2}} (107)

ac 7
RO HEZ (69D F, Ko\ THEXTHE S, (100)5% A5 &
Fs= Re{ CASt —al, A5 } - Re{ cosnfBAS,, — cos(n + 1)BAS }

= sin fRe{ sin(n + 1)8AS | +sinnfAS b+ cos fRe{ cos(n + 1)BAS,, —cosnBAS | (108)
ifg :sinb’i%nRe{ aﬁAﬁ} (109)

n=0 n=0

LB NG, £-(103)RE NS L
Fi= Re{ —aS A%, +aS, AC } - Re{ —sinnBAC, | + sin(n + 1)BAC }

= sinﬁRe{ cos(n + 1)BAY, | + cosnBAS } + cosﬂRe{ —sin(n + 1)6A§+1 + sinnB.AY } (110)

i]ﬂ; zsinﬁi%nRe{ ongg} (111)
n=0 n=0

(109), (1M)XDOF%EHE 2T, IHIZ(96)X2 M5 EROMBREZES

Lo T

oo
2 C C S S 4Cx S C
|: An+1 n+1'An - anAn+1 + an+1An :|

:sinﬁReZ2en(a§Aﬁ+a§A§) :—sinﬂZQan{|A§|2+|A§\2} (112)
— n=0
LMo T, ylhi i< ER N F, O BRIROLIICEKRT L L TEDZ E0NRD,
Ffongz Z[ A%n+1 ASAn+1> sinﬁen{|A§|2+|A§}2}] (113)
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INHORERIL, F,—iF, OBEFEHRERIIHLTEZLZLHTED, B3)RD a, & A, LOTH
FHIZOWTEZXD ERXNEH 5D,

an A+ Agal g = emPAN L+ e B 4

- e—iﬂ{ B gr 4 eminB g, } - e_w{ R L } (114)
el G .
> {an+1Az+1+a;An} <Z+ Z >{an+1A:;H +a;;An} =2 > Re(ajA,) (115)
n=-—oo n=-—1 n=-—oo

ERTZLENTELZEITHEEL, WAz x L F—FFEAEZANWDE, RAZ/HLIENTE D,

—iF,

.

“CK [.A Ai o +e P Re(ar A, )}

n=—oo

[AHA;H e |An|2] (116)

2 0
*CoK et
8. J)—CDARZAVWVEIRILF—REINDOEH

NFHT XX —DRFANL, BHFGICBT2QNAROELEZExNEHLND LW 2 EBngrol
2, BNXDOFITFEIT G & ¢ It T D7V = OARCHEBLTNDHDOT, TOFHHEZLTEZ 9,
2ODEIRBANT B o LY ITH L TH UV RAOEREAND L, RABXELND,

ey {8z

ZITORMERIFEE LT, ¢, v 1FEbICTTFITAHERNEMWL, HHKXE Sp, KE Sg TR LEOFE
WERFNEZW =T LT 5,

0 0
7] % i ko—0, 2 iKky=0
0z 0z 118
i o0 (118)
[B] =—=0, —=0
on on

V) OBERE S, Seo ICBWTIHRARIEREMHTHLRVWET L, (UKL VKREES,

I Aes-vamhos ==L fem o) o

ZORFITIV—oDARLLTHOLATND,
BYX LML= AN XF—FFEREZ X D201, 2)RT gl /iv DREZRW: (B LI i)
RT vy ZOBFRLEL L TROMAEDLEEEZ D,

¢ = %—Kz %p¢ " =¢p — KZ %Z (120)
WikFE L COREMNSMER X OREEORE S IX
0ép 09, olon
-— =0, = nj, = Nk
on on on (121)

B,
ij:—/ ¢knde:Ajk+Ti)k7 Ej:/ ¢Dnjd5
SH SH

6 6

X X .
E Tk{_KMjk(sjk‘i‘Cjk] ZEj—I—K E Tijk forj=1~6 (122)
—, Sa k=1 ¢

REDEHIICERT LN TES, (12) T EHFERATHY, Fjp T kE— FOEBTID jHAITH
radiation WitA& 71, Ej & jO7 NIl < JIRREI ) TH D, £z Mjdj 1 XTEE~ MU w7 R, Cy (X1ER )
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< V7 ATHY, TNHITFEBETHY, BT RbD M, = My;, Cjk = ij BT EARET
%, ZO&E, (119D LTI

6 . 6 * 6 « 6 '
o= [ [0 53 20) (-5 2 o) - (- 3 Fhr) (-2 o)
=—Ki§f{Ek+KzaFw+Ki§: wicf%}
j=1 k=1

= _KZ
=0 (123)

CE-TPRTHD I ERHNPDONGD, LR-T (1195 L Y

Jtvom 8“"}“—21 Jl.75

27 *
I = 124
— m/o dz/o @ 87" rdf =0 (124)

=0

®F5§1—?fﬁ§?%%hé7b§ IHNENEN RN XF —OREENORDOLNTZB)AEFRMETHD Z &N
DD, ZDZ LD, ¢ EXTDOBEFEHE K LTIV - OAREBEHATE L, =X —{REFH
BT BN E2ES R TEEHLVW) ZENMETE S,

9 :l9—_/Fﬁ%&;&ﬁﬁL\Tﬁlﬁlm/)ll.jjo)n-l_gl\_t

EHERANZ AL, FEESEE L TREERCEHSBRERNIBIOE—A L FE2ESFY S TO
FTRICE-TROOND Z &N nholc, ZOFERITAL)~U3)RTH Y, T4 TITNy A EE DM
EEMAMWTHERT vy V27— ) ZREOTETRLTHD 0 IZET LD 21TV, BIERNEB X
CzfEbY OEHE— AL bOFAEAKXEG,

—J, REMICEoTaFrEEE o7l OMT HiEb RIS TWD, r=y/a2+y?> 500 TOXy
v B B o i e B =X & ﬁﬁ’ﬁ”é& (MRXTHZOND 7Y =KD BT ~OMETTIE %2 &3 528
NV, R=(x =62+ (y—n)2~r—(Ecosf +nsinf) LEPTE DI Enb

2 —1 —T
HE (ko) ~ || = e Goom/)

~ 2 e—ik07'+i7r/4 eiko(ﬁcos 0+mnsin 6) as r — 0o (125)
\ mwhkor

DEICRTIENTED, LENRST, MEAOKHIIZE2E G TORERT > ¥ ¢ 1EKD X5
IZRT N TED,

6 .
X, 7 2 . )
0,2)=¢r — K> “Loj~ -Cor/] —— H(ko,0) Z —ikortim/4 12
¢B(r,0,2) = ¢7 ; Z oy 200 wkor (ko,0) Zo(z) e (126)
T
H(ko,0) = Hr(ko,0) 1{’}{: ]17' (ko, 6) (127)

(k‘o, 9) / ¢D720(€) ezko(£ cos 0+n sin 6) ds

6 ) .
k'Oa // ¢] (b]%}ZO(C) ezko(i cos 0+4nsin 0) ds

Z =2 F > (Kochin) B L FFATH Y, ELH L TOMEBKOERKRBLRTHEKTH S,

(128)
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MBEAEEROEERT vyl iX (2)5&@;7)9:

o(r,0,z) = gc“{qbo(r 0,z) + ¢p(r,0 Z)} } (129)

(bO — Z()(Z) e—iko(mcoaﬁ-i-ybm,é’) _ ZO( ) —tikor cos(6—p)

TEINDZDOT, A)ROFEICE VTR ERAL, ¢p D2ROIELE ¢p & ¢ DFWHOIHEIZH T T
KTl THr X2 E5,

27 a¢Ba¢B
B SCOK/ [ +ko¢B¢B] cos@-rdf

ng2

z=0
1 2m 5¢B 8¢3 2 *
T IGK Re/0 [87“ 5 ¢B¢0L=0C059'7"d9 (130)
(126)3% & v ; 5 o
¢B = -0y H(/{io,g) efzkor+zvr/4
2 7Tk()?"
(131)
0 —tkor4im
% *Coko ko H(ko, 0) e *Fortim/a
ERATSE, (1B0)ROALHEIA (ZhE J EET) KA LR,
1 27
jlzfm{ LGk — +k04co7rkor}/0 | H (ko,0) | cos 8 - rdf
- Cok() 2 3
=%k |, |H(k0,9)\ cos 0 df (132)
WIZ ¢p & ¢po DTFWHETH S (130) RO FE21TH (Zhix T ££T) X
* ikor cos(0—p) a(b(); . ikor cos(0—p)
o = et T ikg cos(0 — B) e*™° (133)
r
( 5 B —|— k? (ngbO) rcosf = fCOkO e cos(f—B)+1 } cos 6 H (ko, 0)
~ eikor{cos(e—,@)—l}—i-iﬂ/zl (134)

BREEZETDHERRE/D,
i oy [2r [T ikor{cos(6—B)—1} i

e| = Cok; —/ {COS(Q—B)+1}COSGH(/€0,9)€Z oryeos(@=F)=1 gim/4 jg (135)
2 7Tk'0 0

ZITr—ooo 2B 25 L SERMMELZNCLD, ToOREAXIT

1

R TeN

2 . o2 L, .
U (0) el O 4o ~ w(h, ir f(0n)xin/4 136
jﬁ (0)e 2%: () TP (136)

7L 6, 1 f(0) =0 OIT, BEE f7(0,) OB B/ %, (135) R T
v(0) = {605(9 -p)+1 } cos @ H(ko,0)
f(o) = ko{cos(e -B)—-1 }, f'=—kosin(0 —B), f"(0) =—kocos(d —p)

ThHENG, ERAIZO=810-B=1 ThHHN, FERHLOE =BT ThHbILNHERTE S,
ToLE F(B)=0, f(B) = —ko < 0, W(B) = 2cos S H(ko, ) £ 72V, Liz#ioT

(137)

k
To = éé%rcos/31n1[1{(ko,ﬁ)} (138)
BBHIENTES, chHbE()RICRAT S E, KA LA D,
F, Coko [7 ko
ng3:_87if§ ; | H(ko, 0 ’cos@d@—i——KcosﬁIm[ (ko,ﬁ)} (139)
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(130) KD AWFH2HE, T72bb ¢gp & ¢po D TWIHIEX, T VX —RFAZEHT L2 LI2E->THIOE
AT B 2 <‘:75>'Cé° %5, ZNEWITE Lm_ 5, (89)H I W kAR EHD,

27
Im/ [¢0+¢B) (</>0+¢B)] rdd =0

z=0
27 2
— Im/ { a¢B} rdH—Im/ {qso‘%B 8%} rde (140)
or z=0 9 z=0
F79, (BHXEXY ZoXokinidzkk s,
i [ 0 Lo [7
E:Im/o {¢B o }Z_Orde%co/o | H(ko,0) | d6 (141)

WIZ(133) A (132 v D &, (140) N D 450 1%

¢08¢B 5‘(;50 :*Co 0\/70{1+cos(9 ﬂ)} H(ko,0)

« ezkor{cos(e B) 1}+7,7r/4 (142)
27 2
R = Im/ {%853 8% } rdf = %Cokm/%lm/ F(0) eimfO+in/4 gp (143)
0 2=0 0 0
L F(0) = {1+cos(0— B)} H(ko,0), f(0) =ko{cos(6—p8)—1}

ZOFBEICHIERMAHEICLD(136)ROHFHAARXREH WD ENTELDT, 0=8 TOHFRLHEOHLEHZZ
MIFRDOFERBHE BN D,

2r 2
Ookm/ = Im[QH(kO,B) @} :QCOIm[H(kO,,B)} (144)
L7EB>TL=RIZE>TROBBXBELND,
m[H(ko,ﬁ)} _E/o | H(ko, 0 ’ do (145)

IhEA39)XICRAT DL, RBOHAAKXL LTHMOERTWVWIRKNEZ/DL ZENTE D,

F, _ Coko
pg¢z 8K J

2m
|H(k0,0)|2(cosﬁ—cosﬁ)d0 (146)

y HHICE < WEWE N F, ST 2T bR ERETHY, REBORBZWIEKRA L 2D 2 ERRE
GICHMETE D, o
F, :_C’okzo ’
pg¢a 87K Jo

H(ko,0) |2(sin9—sinﬁ)d¢9 (147)

EZAT, aFrBEEERAVEIRLOHERICE ABRIT, vV EEBICNEEEA®EHA LT
7= TEER L%, 0SB LTHES LEHER, 325K, 113)RICL 2R LA LICARD
T Thd, 2O L EMITHNCHEIND THE Z EIZL LI,

FFTAN)~(128) R TER LT T VB E ()R TER LA T BT 28T OLREK A, & DB
BRTH D0,

eik0(50059+nsin9) _ ikor/cos(Q—O/) — 5 = 7' cos 91’ n= r sin @’
1
:ZZen Jn(kor')cosn(0 —0") <+ eO:E,en:I(nzl)
= Z 26, ()" Jp (kor ){cos nf’ cosnf + sinnf’ sin nf } (148)
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OB EZaF UBEEICRAT I LE, KOXIITRKT I LENRTE D,

H(ko,0) 226" {HE cosnf + HS sinn@} = Zen{ancosn9+bn sinné)} (149)
n=0

HS HE, . x; [ HE,
FIRvIRSE Y
2% a9 | cosnb’
{ } //SH{ — 9 3n}ZO(OJn(kOT ){ sinnﬁ/} ds

DEICERLTNDHDT, A, A7 & a,, b, & OBRIX

HS | 2 1 | AY an | .4 | AT 151
HS [ TiC ) AS [ N b [~ 'Co) AS (151)

DEITHEZOENDZ LRGN 5,
aF B H(ko,0) Z(149) XD K H 27—V =B TERT &, B a,, b, TKRATHETLHZLHT
x5,

(v
(Y
A

(150)

1 27

= f/ H(ky,0) cosnf db
T Jo

1 2 (152)

b, = — H(kg,0) sinnd do
T Jo

ZLTOETORMIE, UTFOL S SIS 2 L 8T 5 [2].

27
D, = k do = n n bn 3
o= [ a0 wze{|a|+\|} (153)

2

De z/ | H (ko, 0) |2c059d9:ﬂZRe{ anal +bnb;;+1} (154)
0 n=0
2

DsE/ | H(ko, 0 ’ sm9d0—7rZRe{an mil — bn anH} (155)
0

THUL DR % (146)3, (147)RICHRAT B &

F,  Coko
a2 ——871_K{’DC4—COSB'D1}

Coko > . .
= _ SOKO n_O[Re(anan_H +bnbn+1) —cosﬁen{‘an’2 —I—Ibn}g}}

2k) —
- —ox ;[ e( AT + A5AS ) - cos Benf [ AT+ |A§|2}] (156)
F, __ Coko
pgC?  8tK

Coko

= Z[Re anbn_H b an_H)sinﬁen{|an|2+|bn|2}}

2k0 i[ (ACAn+1 ASAnH) - sinﬁen{ |A§|2 + |A5|2}} (157)

{Dg—sinﬁDl}

ERDN, IRHOERE, ThERANK, IB)XEFRUTHDLZEBMH, boZ tns, aF
VAR EOFHREARIC L AR, RO TR LT, TR bbE G COREERT
XV p(r,0,2) RO DRy B VEBBEOINMEERE Wiy — U flkEEFERL, 01 L Tt
Fricfln T2 blcXve VO o 2% —(THIAREZHMA LR EER/ICATTH D Z &0
SRS 25,
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10. jazyfﬁﬂgﬁﬁb\fi; Ia:/)lL:E b I I‘@E‘I’g

INETOMRMAT, aFrBEEEHVE 2 iEb ) OEFEEE— A N M, OFHERICBET 2508
DEINATNWEDT, ENE2LTICEINL TEL,

M, ZHET5HERNTH S U3)RIT(129)KERAL, ¢p D2ROIHEL, ¢p & ¢g DT i CERT
L, MREHELHZ N TE D,

M L e T 0pp 09 | 0dp 095 | Do 0¢p - do
pgC2 —  4AC)K | 08 Or a0 or 00 or |,
B 1 27r_8<l5B 09p
=T IGE ), o0 or L_Orde
1 [0 005 ., 0%¢s
1kt |8 ar %0 arae} rdf (158)
ZOXRDOEHEOEIL, BOFHEICERNLREIIZIZONTHSHITEZIToTWVD,
£ op D2ROETHHAUFEIHE (Zhk ..73 EERT) oV TEZ LS, (131)X kY
88(,2593 N % H (k079) —ikor+im/4
(159)
8(;53 _1 H* ]i) 9 +ikor—in/4
or 2 \/
ThHhdrnb, EHIZROFERBGELND,
T S N L T QWH’(k 0)H* (ko, ) db
5T 4CoK ¢ 40 Oﬁkorr 0 0 0
_ G0 %H’(k 0)H* (ko, 0) df (160)
- StK 0 0> 05

KIZ b5 & do DTWIHTHS(158)ROHEE (Zhk Ty EET) LoV TEZ S, (133), (159)R LY

¢>E'§ — ei/corcos(ﬁ—ﬂ)7 % = iko COS(Q _ ﬁ) eikorcos(e—ﬁ)
T

20 (161)
B < —ikor+in/4
oroo QCO 0 7Tl€07' H' (ko, 0) e
£-oT
905 05 005\ 1 o ,
( 90 or ¢08r(99) 5 Coko |7y {050 = B+ 1} R )
« eikor{cos(é—,@)—l} eiﬂ'/4 (162)
THLNOLIRAERFDLZENTE D,
o 2m
Z'rf(e +imw/4
,/ﬂ€O / d (163)
=2 L E(0) = {cos(§ — B) + 1 } H'(ko,0), [f(6) = ko{cos(@—pB)—1}
T 282 T r 500 2&E22507T, FHEMMEELZEAT L ERANERD,
ko [ 21 in/4 o gy 20 iwpa| L /
I =g\ o Re[e 2H! (ko, By [ 1 ¢ = 3¢ Re| H'(ko, 8) | (164)
PLEofER LY, 158)RX TN e D Z RS,
E _ CO °r ! * 1 !
G " WE Im i H'(ko,0)H* (ko,0) db + ﬁRe[H (ko,ﬂ)} (165)
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T, aF B (49) N0 L7 =V 2B TR L TOICHEHT IMDZEITLTHL I,

Xk

H'(kg,0) Zn{fansinnGerncosnG}

n=

*(ko, 0) Z em{afncosmﬁ—kb:nsian}

m=0

—

2m 2m
/ cos mb cosnf df = / sinm@ sinnf df = w0,
0 0

b, Thb AT L ERXEGED,

M, 1 >
= 8K mz { anb;:}Jr?KRenZln{ansinnBerncosnﬂ}

P92

ZZ T RXoBER, bbb

. 4 [ AT
{Zn}:_ico{u‘li}’ cosnf =ag, sinnf =,

BEETHL, 168)RIIKD L HICRT - ENTE B,

M 2 >
- Im nvgﬁ—ﬁ@“%%%%%ﬂ
pg¢a  CoK 2;;
_ 2 — C ASx* C g4Sx _ S fCx
= COKIm;nPAnAn +a,, A" —ay Ay }

CORFUMICRDE(THREMETH S - & BERTE 5,
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11. ; Iml)lLﬁ'-Egj—éﬁné_tgﬁ/_ U_JG)/\_tw ==

B (FHAR) BETE)-BREBRT 5L, KOLS LTI ERTED,

_p// { Ve vqsnw—g@gﬂds*—zf; (‘Z—f)g Ny df
oy S ey

9% 0P I
—p// {ws Vén, — 88“%5—;9/ (E) my dt

_p 09 09"
£ Re // { g6 Voin, — o8 }dS—K/ e
ENENOADE 1 EORRSEBITRO LS CERT 52 ENTE D,
;1 99 0¢"
Lo=5Ve- Vot = 5 5,
1 96 90" a¢* 0¢*\  0¢* 9o
2{V¢ Vo = 5 n ¢8n<3x>}+ {¢8n(8x) 8n8x}
=L,

[y

(Y
3

::nx(¢y¢z%*¢z¢§‘*¢¢TT) (¢r¢y4*¢¢7y) n. (¢ 0% + 065.)
:n~(V><A) where A:( ,—¢¢Z,+¢¢;)

FRRICL Ty i LTh

1 . 9 0¢*
Zy,=-V¢ -Vo'n, — —
2 dy On
1 9 04" d (89" 1(, 0 06"\ 0¢* 0
2{V¢ vétn 9y on ¢8n<3y>}+2{¢8n<6y) anay}
=L,

Z7T *Cy = Ny (¢x¢; + ¢y¢z + ¢z¢z) - ¢y (d);na: + QSzny + ¢an) - ¢(¢Zznl’ + ¢;yny + d)::znz)

:n~(V><B) where B = (—l—qbqb’;, 0, —po; )

LETIENTES, IRLEAT)-(IT2)RICRAT S &, KRE/BHIENRTES,

F, =L Re // (V x A)dS

i [ {o )25 st [ o]
EzZRe// - (V x B)dS

i fL BB oo

WIZ, TNENOHEUE1THEIIHLTA =27 ZDARK
// n~(V><A)dS:/ A -dr
Se Coo
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EFHEATHZILENTE S, FUOEIBREIET (BHERICHT I 20 EHOBFKENS) FitEb
DZEL LTEHRELTEY, ZNITA =27 ZDOARITEBWT Sy OIMAIZE @ % & IZEMNIC R 5545 5 m
Thd, O BT 2=0THD00 dr = (dz, dy, 0) = (—nydl, nydl, 0) THY,

oo
0z

THHZLIZEETD L, ROXITERKT LN TE D,

//an-(VXA)dsz—Lm¢%i*nxd€:KLm
Gttt /I n-(VxB)dS:/ 05 (- dt) = K [

WELND, 2 Z21T)-A7T8)RICRAT DL, MESHITBEWIXF Yy BT 52 ER8010, K
DRERE/D LM TE D,

PR 8¢* 9 0¢*

4 // { 890 ~ on 8x} 5 (183)
_PRr a¢* 99 0™
=[] 1o (5y) 5y | (154

INLDRXROREE, ¢ =¢; (yRAOHR T =10¢;) BT, 119N TRLESZ ) =2 DRANR
HMAT&EZEThHD, ARERMm Sp ETIHAS0)RIC L THESEENEr L 50T,

=—-K¢* onz=0 (180)

Ny dl (181)

ny df (182)
z=0

I

B Re //SH{ an 8:0 ~ On O }dS’ (185)
7= 8¢* 0¢ 0¢*
~ LR // { ay - }dS (186)
DEIHIZ %%%ESHLT@%%ﬁ%&Hmﬁﬂﬁﬁfﬁé Lickhs, ZoXTIE, EAOBESICED
N%Mmmmmm& T, BREBHRTEDOZBIETFICBIT D NDOD L BIESENEFELEL RN &R

BETHD,

22



202144 H20H

KRPDEEASLICEBCEA, fiAA, BERAICDNT
BV Rk AR R4 M K E

1. [FL®HIZ

HEERNEETT7 Y P 7+— b L TAN—UREREEZD ZENEL RoTW0D, ZOXIRHEMD

AN =T AR TR BRI AR 23/ S < BOKRRWO T, FIRF CTEREICEH S ME N 2R ET 556, BEKIE
IZHS X, Morison 2R ZH WD Z ENZ WV, MHxiICEE R CHroBLE LTiEERE N & FKRE
PED DHNAND<5~6) TIERZERICEDEOBMEEENEEIIRS-TLL2DT, HEMFRKCy=2,1L
7= Morison A TIZIE L WK D OHEE 1L TE 720, I K DB RAR 100 E i I E?J@—%)(/luf$77%ﬁ/3
EARREAZHEMBEL, ZOABRCESHWTEMHEARXZELLHWDAZ ERXRETHD, 207D i

TiX, BEMABGENRED & T 5 X 572 vertical wall 2 FH 3 D |E =2 7 IR 5 &R HiG \_’)b‘fgﬁb
TEBL, ZO@HOEL LEZERmLILUTOLOTH S,

& Xk
[1] Havelock, T.H.: The pressure of water waves upon a fixed obstacle, Proceedings of the Royal Society of
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2. ¥EE IS L0 Diffraction B&E

2.1 XL
?ffi%ﬁ?ﬁ’)?&%ﬂﬂ%é%ﬁﬁ@?éf: Wi, HEANRTE LTI 26N TR RV, TO7k
ARG TIE, WIRIXTEEERE (vertical wall) 73?7@[/ BAAKIIAKIEE CELTWD &L, KEIFERK (ZH
E’j FARER BERENCXL, h> A2 THIUIZRW) EIRET D, 20L& X, HERT Vv (v, y,2,t)
DERLE LT
b 9%°P 9P

L pmt ot o =0 &
0?d 0P
0P

[H] = 0 on hull surface (3)

oo 0P
[R] \/E<8t+caR) 0 asR— (4)
wEZLI, 2T, AFHBEOMEEREZ w & LA REELZE 25,

dj(xvyv Zat) =Re [¢($,y7 Z) eth] (5)

ZTOEE, WHITK=uw?/g (gixEMEE) TH2 O, )L, MHEEEZ C=w/K £ LT, E”N
NTFIARET 5 L v D i (radiation) Scff% F L T\ 5, Diffraction BIEZZ T2 E 2 5D T, WEKRT
YU X, AREOEERT v b ¢r(n,y, 2) EWELEOBERT Vv dg(n,y,2) DFEB 2 D,
FIEAHBEIZz BOAFEIERE (EIT) LTWDLEEZ, UTOXHIIRTIENTED,
QZ/)D(I,y,Z)E¢I(I,y72)+¢)s(l',y,2) (6)

i a z+iKx
br(w,y,z) = ot crisriK (7



TIT FBIAREORIBTHY, 280 EHFRIEHME LRE e LT,

BCRT LI, EAKEOREE =T AT, HELEICHITHE (local wave) NFIEE T, 27710 DA
PEIZ AR & A RSB 52 32203 TE D, T0 L X, BILHERT Uy LD o, y RIFHE
DEEDT (v, y) = dpg(r,0) EEXT LT H L
P ps N P ps
Ox? Oy?
L7200, 3WITHBEEIETD (v,y) FEAR T2 ST ERE © = rcosd, y = rsing TRTZENTE S, L
BoT pg(r,0) ODIEARMIX, 05 MIT7 —V =B, r FAE_Xy v VEEREE 25, LT TIEZENL O
Mgz Rd2oZ izl &9,

2.2 KEIZRET BK
OIS, MEOFROHE (22 ) FODLELE LML TKEICHET DHEOEMEEZZ THEL, ¥

EEREmERFMEG)RNEELNICHZT720Il, KETz2=—fz=( TODETHLBI my 2525 &,
MEOREENDL

¢S($7y72)_>¢5<x7y)eKza [L] +K2¢S:O (8)

dremeg dE = 2% g ~ 2%’% dg 9)
_ Ligla OV ke Ky _ _Kf _ Caw Oy ke
— Mg = 5o (zK)age e =me , m= 8€€ (10)

HEZDHI LR D, BEAS (B Q=4mm¢=1) ObEHLICLZEERT Iy iZ 7 ) — B
Bl THmohTEBY, T2V E, 10RTHEZONDIHE Q=4drme BN [T X DHERT V¥
N GIERRAX TR THE2ZON5,

_ 1 1 4K [ Kcosk(z— f)—ksink(z — f)
— kel L 1 4K K
G(z,y,z2) me {7”1 + 7“2 = )y e o(kR) dk
—i2nK KG=1 )H(()Z)(KR)} (11)

T 2T Ko(kR) ZE2MAEESy AP CRIEICEG L THY, HY (KR) FH2ME > 7 L% Cie
T aRT, £, rm RIEUTOLICHEZBNS,

rf=a? 2+ (24 )2, rR=a?+ P+ (- f)?, RP=a’+y? (12)
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Yg ot

= Re[ Gulm 1) e |, Cule) = " 6(2,3,0) (13)
z=0 g
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2 1 2K [ K k ksink
Cr= ZumﬁKf{lPlp__ a%xfikfm fkb@fodk—irKerH§RK7@} (14)
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o K o k
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/o e cos kf df ok /0 e sinkf df e )
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—oKfge L

/0 e df Yie

DS BREHNS &,
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CSE/O Cfdfzgm{/o \/RQ:—i—f?df_7 o K2+ k2 dk_’§H0 (KR)} (16)
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=BT
K/ KokR) T /
K2+ k2 \/]%27+v2
OB RICERETIIE, (16):XdD local wave DIEITF ¥ B/ L TR L7220, N GHF~sHET HHE2E N7
NWEBZETNERDLZENHRL, T72b5

(17)

(g = %mw HP(KR) (18)

mOEE LTAO)XZRAL, SHIZEICHL TWKRDFERE TRDT 2, AFHEOHEG &GO TEREIX
) K
cp—@+<s—gla“7 /Hﬁ) “ﬂﬁ (19)

LD, ZZTrl=(2-6%+y? TH D,

2.3 EEBRKOHBMEIZT 5 EFE

MAETRPN LR a DEEHRBA CTHIHBEEEZL LD, ZORICIEIMERE CORMSLMZ BE I
THERT VY VOB ERDDIZENTE D, Lo T, TAZHVWNIE, BEEEE 2 E2E L
T2E 155, MIERAES, SHIITERERTEZ RO ENTE S,

M &R (r,0,2) Z V2D &, AHBEORERT vl (T)AD 9 b,

eT — gilreost — 1 (Kr) +2Zz Jn(K7) cosnf (20)
n=1
ERTZENTE D, ZHITHIET 2 EEL (scattering) N7 > ¥ /bid, MERELK TiX local wave O IH N7
TELRWDT, S~ T 2T T2, TRDLE2EA T VBB ESZ 2T v, 0 ok
FHIZEORERLED 7 — U o2 £ 2 iE L Vo T,

¢s = % eKZ{ boH(gm(Kr) + 2§: i"bn H\? (Kr) cosn@} (21)
s b = —J(Ka) [ H®'(Ka) (22)
ELTRIE, EEmERRMEB)X, bbb
9¢s _ 991 onr=a
or or
= _% eKZ{Jé(Ka) +2 ii"J,’L(Ka) cosn&} (23)

Pl T I N gD, £ 2 Tdiffraction R T ¥V dp = ¢r + dg 1

bp = 19Ca e
w

Jo(Kr) + by HE? (K1) +22 { (K7) + b, H? >(Kr)}cosn9] (24)

LERTIENRTED, L b (22X THEABND,
4)XEHNT, TTFECHWEERLE (r=a) TOEREMEZRD THL I,

CD = 7E¢D(a3030)

—CG[JO(Ka)—kbOHém(Ka +2Z { (Ka) + b, H”(Ka)}cosn@] (25)
n=1
ZIT, Ny BEHICRT A e AF—THRE LT
-2
(2)/ / (2) _
Jn(Ka)H, ' (Ka) — J,,(Ka)H,” (Ka) oy (26)



ZAVWD L, WOARHFELND,

_ 26 —
CDWKG,(CO+2;Z Cncosn0> (27)
ZIZT —i —i e
Cn = (2)/2 = T (Ka) —Zz'Y’(Ka) B e2 2 (28)
o' (Ka)  n " VITEa)Y + {Yi(Ka)}
where @, = tan™! J,’L(Ka)/YTZ(Ka) (29)

ZHIC K D EHEE T Havelock O CIZ/RENTHEY, Tz HiET 5 & Tablel D X 510785, AFEIX
rWIOAFMIEET 25852 EZTCHVLHDOT, =02 L] (pressure side) T, 6 =7 23 T (suction
side) Tdh 5,

Table1 Variation of wave amplitude along the surface of a circular cylinder
Normalized with the incident-wave amplitude |C p/ Ca|

Ka \ 0 0° 45° 90° 135° 180°
0.5 1.44 1.28 0.97 0.91 1.00
1.0 1.71 1.62 1.16 0.68 0.82
3.0 1.92 1.75 1.35 0.82 0.62
5.0 1.96 1.86 1.36 0.64 0.48

WIZHIBIRAE TN DN TE X L H, Kl F 2 OALE TOKFEHERICBWTAKFES A (z 8OIEHFH) 128
< surge 2R T A1 f1(2) RO TH D &, MFETHEn, =cosd THDHNH

27
fi(z) = —/ ppla,b,z)cosfadf (30)
0
THAETE S, ZZTpp 3R ELRETOENTHY, QNNRZHNWDLERDOEITEZLND,
pp = —piwdp(a,b,z) = pglp(a, b, z) eX* = ngaWKa eKZ(C'o —|—2nZ::1i”Cn cosn0> (31)
(30)X1zHB 1T 2 0 IZBHT B FE 71X
2m
/ cosnf cosdf = md, (32)
0
DOFERZEZHNIIZ I VDT, (30) ~ (BR2) XLV KRABHEN D,
fl(z) _ 2 Kz . — i Kz —i(a1+7/2)
i o 2 (—4)Cy = %o ¢ A(Ka)e (33)

—1/2

[y
(v
A

A(Ka) = [{T(Ka)}* + {1 (Ka)}’]

(34)
a; = tan™! J{(Ka)/Yl’(Ka)
ZhiE McCamy & Fuchs QFEHX L L THWLA TSI LD TH D,
M P AR A R < ARCE T ORI B3)XE 2 oW TS T IEE W, £2T
[we dz = 74 (35)
ZHAVWD L, WIZE IR TZENTE D,
P10 i), 4 —i(a1+m/2)

pgCara® ~ 7a ) pglaa = w(Rap N EY (36)



COXTKa—= 0T hbbREETOWTMEEE XL THL I,

1 2
J{(KCL) ~ 5, Y{(Ka) ~ ﬂ_(Ta)g as Ka — 0 (37)

THBBE A(Ka) ~ Z(Ka, a1 ~0 (38)

LB, FoTkoEENELN D,
I3 4

~ K 2 —im/2 __ -9 —im/2 K
gma? ™ (Ka) ( a)’e e as Ka—0 (39)
—7, Ka— oo ODEEE TIX
2 7 )
Hl(l)/([( a) ~ - a{—i—i ~ %Ka + . }eZ(Ka_?’”/‘l) as Ka — oo (40)

DIEB K E (28RO Cy ITRAT IR DORERAE BN % THS 5,

K
A(Ka) ~ ﬂ-2a, oqz—Ka—&—ZTr (41)
FoTRO & D WL L 2D Z LR 5,
h 2 /2 eKa=5m/1) a5 Ka — oo (42)

pgCama?  Ka\ wKa

2.4 RERN

MEFR IR K O H R 8 IR 8 < IR D 2 M IKRIE COENE S ORFMEHENORD TH LD, T
P % near-field method & SN TWAFHFEFTIETH D2, 5541 5 #EEIL far-field method & X % i R
LRICICRD ZENNE (BERX2]) CEXoTRENTVD

ARG ¢, ([T 22ROEETEEZ D, ETHENL, HEELEDTRT L, VX —ADET)
FRACEoTRATEZ BN D,

P(x,t) = —p(%ij—i—gz+ V- V@) (43)

AT 2z SOATMICEITL TS EEZTWDLR, TOHMT RO —x I < WERD %

Fp T L
2m T ERe
Fp :/ cosﬁad@/ P(x,t)dz
0 —oo

2 CTo o T8
77,0/0 a cos 0 df [M§V©~V¢dz+/0 {a+gz}d
:—p/ acosfdo / fV@ Vo dz _(8> ]4—0(@3) (44)
0 —00 t z=0
LRIAECE B, T ZToverbar (XFFMEHMEEIR A Z 2 EWR L, KEEN 2, 1X
1[0 B ot
%’g<at)_g qfo%¢e } (45)
ERLTWVD, 2 HFHORGFEL & TH 205 CEAT OO ZRICETT L ERAERD
27 2
_ p o ‘
Fp = V!ﬁ V& acosfdl + 29/ (815) acosfdl (46)

ZORDOEFHETIZ z2=0 TOEEZEZNITL V., ¥/ VS VO IIWERRBER LG EZEZET S &,
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DOEICHETT I, FREHCET 2HEAKX

Re[Ac! Re[ Be'] = L Re[ AB"] (48)
ERGB L (2L BT BEEEE B ORELR) , kX EB5,

o [T asos oo
8K Jo a2 00 00 = 0z 0z

Fp=— —2K? ¢¢*} acosf df (49)

2=0
COHBICHERFEERT VT v/b ¢ ITRFMIE e ZRWEZHDT, r=a,2=0 TOETHDINH,
(24) ~ (26) iz L~ T

_ a4 9¢ _ 9% 99 _ 9%
o=20(Lrid), E=DPAR(LiM), o= DL i) (50)
ZZT 2 - _n
L-I—’LM—m(bo-i-an_:lanOSTLG), bn—m (51)
LRTZENTELND
10409 090" 5 . 2 2 1 2 2
200 00 0z 0; 209N = g LT M (Ka)2<L M%) (52)
Ly, ThnxzA)RNITRAT DL, kLD,
F zlpg@a/% L? + M? - ! (L'2—|—M'2) cos 0 df (53)
BRI (Ka)?

GLHREY L2+ M2 IZRDO L D127 5D,
L*+ M?= (L+iM)(L*—iM*)
:(I;4)2{b0b8+2b82bncosn9+2bobencosmﬁ—ﬁ-élz:bncosnezbfncosmG} (54)
T n=1 m=1 n=1 m=1
INEOICHOVWTHTT S L& X,

27 27
/ cosnbfcosdf =y, / cosnb cosmb cosf df = g{ Omn+1 + Omt1,n } (55)
0 0

BREWZ LS TROMRESGD,
27
/0 (L2+M2)0059d9— E Z(b by 1+ 0y, n+1) (56)

WIZ (53) T D 5 2IHIZ B L Tt

L'+iM' = e { QZb nsmn@} (57)
nKa

4 . X .
Ka) nz::l by, n sin n@mz::l by, msinm@ (58)

2m
/ sin nf sinm@ cos 6 df = z{ Omnt+1 + Omt1,n } (59)
o 2

L/2 +M/2 —_
™

BRECE->TROMEREHD,

(oo}

® S n(n+1) (Db +ibasr) (60)

m(Ka —

27
/ (L’2+M'2)cosﬁd9:
0



INEDORREGHRICRAT 2 LRABBOND.
2 o0
- ng 7 2 { )}(bnb:;ﬂwgbn“) (61)

é%m@nﬁ;w,w®;5@%%ﬁ@%50

‘n s A\n i J/ 'Y/ J/ ~Y/
b B = e b = it T e 2 ) ©)
Hn Hn+1 (J +Yn )(Jn+1+Yn+1)
20T Y, = I Y}
bub* . + b byi1 = 2Re(byb*. ) = ntl ntl 63
n+1 nYn+1 e( n+1) (Jé2+Yn/2)(J/11+Yn{Jer) ( )
X512, Ny VREEE O L
n+1 n
Zr/H-l Zn _Tazn+1, Zr/L:_ n+1+K7aZn (64)
Em YA XA Y, Y = i Vi~ T Yo = — (65)
7Ka
BN T63) D F 2 BT 5 L
1
JLY — JIY = T Y - J,'LY,L((’;(;)(J”HY JuYuir)
2 n(n+1)
= 1—
ﬂ'Ka{ (Ka)? } (66)
Lis, LEBNoTE3)ROSTIA LR, (61)R &Y
n+1) 1
Fp = - 67
b =pglia— 32{ 2 } TV, V) (67)

&V PR AN BT D AT 2155,
ZOERBEIED Ka = oo (FROLAERROMR) TOMITHEL < TT ITIEMDS 2025, Havelock

DWILICE D &, Le2(Ka) 1o B DL ThD, LT

Fngpggga as Ka — oo (68)
BELND, ZoXL, HEEEICE T D MO EIR P EFUEMARXDOHKIZ 2> TV D,
Havelock @i I K iuiE, (68)IIKkD L H IR TE 5,

/2 1 /2 1 4 2
Fp = / = pg(Cacos 9) cos @ adf = fpgg“ga/ cos®0df = ~pgCla- = -~ pglia (69)
a2 2 2 2 2 373
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TROLEEER T, MOKFEIIAFKEICS S I TS HEOLHMNN-5 Tiﬁ'b Sy & 7o
TVWOIAAEOLEMTIIR ISR NWEBZ XD, SHIT 0 ONE TOMNRE ds = add ([ FEHE 72 J5 10 O ¥ i
W 2Y Cueos ThDHEEZEZDE, ny=cosd THDHNH, (69)D & HIC Lpgl? % dy = dsnm I HE
THhHIEEVWEWSI & ThHD,

Fig. 1 OHFKD L 51, MEBREZEE L SOBOEADN B OHEICIE, MHED 0 ICHS T2 M5
L 7/2—8 THDH0E cos(n/2—B)=sinf THY, L7zho TEKERTOWRERIIZ

b
Pb:}p%?/smHMyzlwﬁBﬁfﬂ
2 b 2
L (70)
ZZ T B=2b, siHQﬁE—/ sin? 8 dy

B J
DEITEFETNT, SOMER y FIACEMT D56 TCOIBEELZRD D Z LN TE S, (7T0)R i’f“{EZﬁ
WTOWMPUEMFRE AKX E LT, BH - &, Faltinsen, & 5 I213 &I T EHEIFE 20F7EATIC
PEREARXOR—2E LTHWLR TV

25 BOABRKXICKLEREZKOAGYWERICKT 5 BEITHE

R K O [ {2 9 (12 %k 2 BEL (scattering) AR T > v v /b ¢g 23(21)-(22) KD L HlckEND Z &
EABEBURBIEIZ Lo RSN T WD DY, ARECIEBIFT O L [BIZHEV, o s (FRA0MmiE)
R THRIUMITMRAGEoNs 2 2R LTEHEI 9.

BEIC 228 TR LIZL DT, MERE LODEH LR AOSM %

U(x/ﬂyl7zl) ( T,y ) Iee! 2 = -f<0 (71)

DEITREL, B obEHLIC iéLrTT//’V/V (7)_/55;5() EOMITBWT, fIiohH
L TO0~oo F THES L7ZAER TiX local wave O HIIAFTER T, AT D 7Z T NEDL 2 LR DhoTND.

ZORREEEZEEL T, HERT VT vL ds(x,y, )%%{ZIK%%ELODEIO%EHL%Eﬁ%?ﬁ’C%?&, 2 (=
—HICEALTHES LZZEDOXE LT

bs(z,y, 2) = mi k> / m(a',y') B (KR) ds(z', o) (72)

LRDZENTMHTELTHAH. ZZTHELKE CITMEEIEEICKIT S r-0 @ITOMEERTHY, ¥
Ba OMBEOEEIZIZds=ad) EREND. £72 RIZAKFEHERNTO P = (2,y) & Q= (2',y") & DR
THY,
R?*=(z—2")? 4+ (y —y')? = (rcosf — acos0’)* + (rsinf — asinf’)?
=r2—2racos(f —0') +a® (73)

ERTZENTED. (zy) BHBERE LICHIRIE DM r=a ThHD.
HWERT v LDz R ORFIEDR 52 Th 2D Z L13(72) XS B L7, BLFOXTIH(8) X
DX gs(z,y,2) = ds(x,y)ef* EERFZLICL, z- yﬁ?\]f@ﬁ/\ﬁﬁfé’%zé Lzt 5.
ST, R ma,y) BT AHN TRREE D0 (72) ROBERBSEEZ L 5. HP(KR) 0%
BT, FRIES % GKR) & #1F

HP(KR) = Jo(KR) — iYy(KR) = —i% log R+ G(KR) (74)
DEIICHRSTNEND, () REVRREHBDZZENRTE S,
09s(P) / e
onp 2om(P) + i ; m(Q)anP Hy”(KR)dsg (75)

TR, MERERRFELY (ng=cos ZHWD L) RATHEZLND.

9¢s(P) _ 0 19Ca iz L CGWCOSGGin _ Cawcoseeil{acose (76)
onp onp | w
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KRR HAT 27202, UTFTOXIRESFEMNNDL I LIZT 5.

m(P) = C;—:

7[R EEE LT dsg = add’ THY, KDL I RRBHRTE S,

M®P), Ka=k

!

KR = \/2,%2{1—(:08(9—9’)} = 2k |sin
) (2) OR
%PH (KR) = ~KH{? (KR) 7 =
oR x—2a y—y _a P
871[-7_”1 7 +ny 7 —5{1—008(9—9)}—5111
InbERETLHE, (T5) RFKROELIICTEEMA LI LN TED.
ik [T 0—6'

cosf e cs? = M) — — d@’

3 7)) o
Oy HRRNOMEMITICRODZEEEZEZXDH. T2 CTETREAS
:ZAncosnG

n=0
DI, QL THREKDO 77—V =il LTERZE S, 2z (79) XUTRAL,

2m Y _p 2
/ cosnd’ H? ( 2k -6 -6 df’ = — cosnf i/ HP (25
0 20k J

2
DHEAEEZEZD. N VKO L EHE

sin

M) H? (2/{

%

sin sin

sin g D cos nt dv

HéQ) (K\/rz —27rr'cos(0 —0') + T'Q) = Z em T (Kr") HS (K1) cosm(6 — 0')
2

0
=1, e,=2(m>1), forr>r

ZBWTCr=r"=0a,0 =005 2x5¢

@) O\ N @)
H, (2n s1n2‘) = Z €m Jm (k) Hy/ (k) cosmd

m=0

THDENH cosnd) ZREUTCHLDTDE, RKOBREEDZ LNV TED.

2m
Z(k) E/ H(()z) (2/{
0

oo

2
= €m Jm (k) H? (k) / cosmf cosnf df = 27 J,, (k) H'? (k)
0

sin g D cosnb do

m=0
S biZ 0 /
v — (2) H"
S T(k) = 7 { L) HP (k) + Ja(m) HP' (1) }
T (6) = T B () = 2
TK
Cost()ei"””cosezfz'ie”“osngig ie i" Jp (k) cosnb —7126 i" J) (k) cosnf
Ok 0k — e "

I EORRAE(79) KITRAT 2 L RANFELND.

o0 00 ) 2'
_igen i" J) (k) cosnf = ;An cosnd |1+ Z;ﬂ-{mi + 2.0, (k) HT(LZ)/(H)}]

= Z A, cos n@{ kT Jp(K) H,(?)/(H)}

n=0



kot €n " J;, (k)
Ap =— 2)/
KT T (k) HED (k)
DEICOEHLBEREAOBISZFRETHIENTELEOT, 2% (72) RITRATHIE, HHANTOM
ERT VvV ds(r,y,2) ZRODHZENTEDH., ZOHEIILTOLEBY THD.

(83)

o 2
_ - Kz Caw / (2)
os(P)=mie or ZOAH/O cosnf’ Hy” (KR) adb’
1 Z‘gCa = . J! (H) /2ﬂ' (2) a9’
=—— it —— Hy” (KR)cosnd’ df (89)
o 2 aw b
HP(KR) =" em Jm(Ka) HP (Kr) cosm(f — 0')
m=0 (90)
2T 27T
/ cosm(f —0') cosnb’ df’ = (— cos n@) Smn
0 €n
L7=hRo>T ' (Ka)

igCa K=z - -n
ps(r,0,z) = ——=¢ €pit —R——
w g a2 (Ka)

ERDN, ZThiE(21)-(22) KER LR THDL Z ENHND.
o &5z, Mo iR a@rnici Z L ITMMEETITH 52, BEABEERMIEICL SR L
CIC b RTZENTERLIEIEETHD.

H? (kr) cosnf (91)

£ E 3k
[3] BUATEF] : [ & AR EKIE T OE NI T, & aimsteE, % 101 5, pp.1-9, 1957.
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