We have developed simplified formulae for the radiation force coefficient (added mass and damping coefficient) and scattering
force of heave and pitch as a fundamental study to develop closed formulae for ship motion in waves. The proposed formulae
are expressed by the explicit function of the main dimensions of the ship (length L, breadth B, draft d, block coefficient Cj,
waterplane area coefficient C,, and longitudinal center of floatation x;) and were developed based on a strip method-like
approach, i.e., the tendency of the sectional fluid force is first examined and approximated, and then the three-dimensional fluid
force is defined by the longitudinal integration of sectional fluid force. The proposed formulae were evaluated by comparing
numerical calculations using the actual hull-forms of 77 ships x 2 loading conditions. We verified that the proposed formulae,
particularly the added mass and damping coefficient, were sufficiently accurate for all merchant ship types. Because the
scattering force depends on many condition parameters, it is relatively difficult to make the simplified formulae highly accurate.

Therefore, when the closed formulae of each fluid force component are substituted into the response function of motion, the
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accuracy of the scattering fluid force is expected to be the overall bottleneck.
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Fig. 2.2 Normalized heave added mass of high frequency a$3/(pmb?/2) of a rectangular and Lewis-Forms.
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Fig. 2.3Normalized heave added mass as3/(pmh?/2) of rectangular and ellipse section against Kb.
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Fig. 2.5 Comparison of added masses KA33/pBL(left) and K Ass/pBL3(right) between the proposed formulae and
3D-Panel method (Okt).
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Fig. 3.1 Heave damping coefficient bs3/pB?w, of rectangular and ellipse section by 2D-BEM calculation and
source method against Kb.

BN T, BIAERAR OB L TR D70, Wimidfato = 0.6,7/4,0.9,10/0 4 A7 4 — LW L O W O
Kb = 0.1,1.012351F Dbg3/(pB?w,) %, d/bis L Vdo? /bl & > T~/ H D% Fig. 3.2 12773, Fig. 3.2 &
D, do?/bIZ L > THHAIPEH I TND Z LD, WO ORI T “BKdo? D" L 27292 & T, bas
FHICHEECZ D LB BN,

PLEORG 2B E 2, 2 IRIT heave 8= /1% %% source method DRUZ L > TEFRT H. W&, 1EB,(x), BK
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Fig. 3.2 Normalized heave damping coefficient b;3/(pB%w,) against d/b (left)and do?/b (right).
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Fig. 3.3 Comparison of damping coefficient Kb;3/pBw, without fy35 (left) and considering fp35 (right) between
the proposed formula and the results of 2D-BEM calculation for rectangular sections (B/d = 0.1~0.5).
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Wi DK d {0 (x)}2 % Y LT Bk % d, & Fod 2 & T, e 2KAUo0Y fgsy 2 flg b LTV 5. d, I3k
i PR OB BA % BT 2 BHIARIC,, (= Cp/C) DB E L TRAUC L > THED EEZ DD,

d, =dCl, (3-8)
ZORIC,, = 1,00 L EZNENA, 0% & 5728, ETRICOWTUIESHEZRD. nidZ DA C,, DR
(KT DT A =2 Th Y, BEREREICLDME LS D L9 ITRE LIZRER, 333 ZOWTIEda? DA & [F T
<n =2, BsslZOWTCldn = 4L 72572, Bss OnDENRKE VDI, Bys LV IERICBIT 20(x) DEANKE L,
K T O T DRED RN =D EHEERTE 5. %I, B, (x)@/\%ﬁ%ﬁbu%fik H% ﬁ(2.4)@%@52§5&
BROW (x) TRl 2 FCTREAMEIEF(2.5),2.6)D & 9 IR, fRRITRIIBEIMRE O S H A 157

B33

— 2
LB, = f,a5e KdCmp LS (Proposed) (3.9)
B c3 8
ple;;w = stsfb33e_2KdC"p (Proposed) (3.10)
e

TS, fasslIBss TR D 3 IRTTHARIC L D BB AR FOMIEARETH D, B3slZ oW T 3 RoTED N
CEfocl/\»— CEZ?))E%H éﬂf\_fx_&b b33(x)@ﬁ/\fﬁ%%@i 32333 k l./‘(b‘é fBSS j: 27T/KL 05~1 5 @ . \—%H
L, 3 It Green BIBIEIZ K HFHRE L A 5 K ITkA D L S ITikiE LTz,

2

2 2 -
fass(KL) = {o 86 (KL) - 0.97 (KL) +1. 34} G.11)

R TTEW S A KL & Li=Dl, pitch O 3 IRTTEENKL TR E 572D T 5 29,

My Oknot, A/L = 0.5,0.7,1.0,1.5(238 () % heave, pitch O MR LT 1% % (B33 = KBs3/pBLw,, Bss =
KBss/pBLiw,) @, $£433(3.9),(3.10)& 3 YKt Green PAHUEIC L 5 FHRAE & O A Fig. 3.4 (7. #REAUTAM
FERRMRMIC L 6T, EHNRRBELZA L TWD Z ERnhd.

05 r 0.03 r
X
04 Xog % .
o, y ."
e 0.02 R Al
03 r °
= =
= 8
: ; :
=02 f . R
T * ML=0.5 0.01 F 3 * ML=0.5
N ° X
x M1=0.7 xA/1=0.7
e
0.1 r > ML= 3 o AL=1
+A/L=15 +ML=1.5
0 1 1 1 1 J O 1 1 J
0 0.1 0.2 0.3 0.4 0.5 0 0.01 0.02 0.03
3D-Panel 3D-Panel

Fig. 3.4 Comparison of damping force coefficients KB33/pBLw,(left) and K Bss/pBL3w,(right) between the
proposed formulae and 3D-Panel method (Okt).
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W BN SN RTE B 21 % 35 (B3 EE) Bl 71
4. Heave £ & U pitch 0 scattering AN

Scattering i /11%, radiation ¥t ) & [FIRRICHESGRINT 2 B2 & T2 A5 C, JEEE, A, Jim & oo
FECHIRGET 5700, BRXOBE L @EEEARN ST 2 DMLV Th D, ZOREEE LTE, B
AILZ scattering HJE R T > 3 v )b, B FE509 5 H1EOM, Haskind-Newmann DEf% 277% FHV T Kochin BE%)»
IR ) 2 5T 2 51, FXHESIOEIZ IS X radiation WA TIFRERIC & - CEEIIIT scattering iR T % E 7%
T E®D BT 4. Haskind-Newmann OBRZ V53555, 3 IRoTfiEE Tld Kochin B3 H KD S e
MHNEETH D, 2 WIChE IR R D20 B EARIRH N 2150 Z N TE Db DD, MHEDEREFDIC
1% Kochin BI#ARCIT Y MBI 72 5. Z D728, AW CIIMAHRHEB O EICE S SR LAB T Z T
2.

4.1 Heave, pitch O scattering AN DESE
Fig. 2.1 DR D L 5 IR N AR T 5358, ZOAFHEOBILHERT o v LT

= ekz—ik(x cos B+ysin B) (4.])

LFREDH. —J, 2 RILD scattering BALHERT > 3 ¥ /L, & sway, heave #2[K D 2 YR It radiation HALIHEE T
-\/:\/'Vll/(Pz. Q3 ODEIF}{Z'K%E%M:KL, ZFNEN

dep; dpo .

o (iksin fn, — kn;)@,

o _,

on v

005 _

on z

EREIND. MREBIORETIE, @0 & Wi T EEIZ72 5 X &Y, 2) = (0,—d'(x)) TRELIZEE, o,
DA SRIED

on hull surface (4.2)

d d d fn
%97 (i sin %P2 _ ﬁ) ke~kd ()=ikxcosf on hyll surface (4.3)
on on on

DEIZEEIND Z EERIUT, @, %@, 3 N TIRO L HIZRTTETHD CURP D 5.1.3).
@7 = (isin g, — pa)ke k4 (Imikxcosh (44)

IHNE D HEALE XH72 Y D heave JIHOD 2 YKIT scattering A1 (x) 1%, radiation FRIASIFRELOFEET) & KfiE
BOFRIEN 0 THDH Z £ AE[E LT, heave D 2 IKIC radiation AR 1485 A2 O TR D K D IZrfEl Tc& 5.

i{ag
w
T TH12,3 %L AkICass/pB? = B2 /8, bss/pBlw, = e 2KV BZ LITMIL, & OICHIRHEBIOIGE TR S
2 Mg 7 10 OB AL D B % E 83 % 728, Froude-Krylov 71 & [7] UIg 5101 DR OFES K (2 / k) sin(k,, /2) %
ZRE L TIROERESD.
1200 ~ Y -kd' ) 2 .k T -2kd'®) (R 2 ,—ikix
p90.B = —Ee E—sm? kB (§ —ie ){Bw(x)} et (4.6)

w

£500) = = i, a3 (x) + byg (x) e ™k ()-txcosp (45)

72721, k; = kL cos BIIE T DR TS, k,, = kB sin QITIERE 7 OER T TH 5. U EE AT,
3 YT heave, pitch @ scattering fif&SIES, ES kA D L H IR
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EZ (G
= dx
pg$aBL ) pgéaB ~
~ _ We 2 ky kd'@® (T _ i —2kd' @\ (B (+12 =ik
= —;kB (Esm?)fLe (g— ie ){Bw(x)} e thixdx 4.7)

~_ Ye T\ —kdc iE_W f— N2~ iK% g
= ka(S l)e vp (Ewsm > L{Bw(x)}e dx

ES @
— 0= | X —5dx
pgSaBL L P9%B
w 2 k pon g T Fo\ L — o
= ——kB (Esin 7“”) fL e kd'(® (ig + e 2K @) (B, (D)} - Fe T dx (4.8)
= _ e (T _ ) o-kdcy i-k_Wf— N2 . Fo—ikiE gz
=-— kB (8 l) e P <Ew sin—> L{Bw(x)} Xe dx

R(4.7),4.8)D 2 SHOLEHFRE6)DIRATH Y, B OB L TIE, Wi 2 I AEEFR e ' @O0y
MBS 5 SR % Froude-Krylov 77 & [Alfkd, = dC,, & L 2, F7=, Wik OB 1f%ke 2K @ O/ EIC
KT 2 FEAMMAKIZ DU TR, scattering WA IIZES U TIEMEUK DOFEEEN/ NS WHFZ G Ld, = 0& L7z, i\ T
@.7),(4.8) DI & EITT DIZHT- 0, BEHALERET D728, B, (%) D43A47i % heave, pitch ® Froude-Krylov /] D=2
&R U < ¥ ifLs LCF & Huby & LT IROEFEBLC,, DR /546 Tl 4 5.

1 for [x — x| <C,/2

. 4.9)
0 otherwise

Bu(®) = BEe() = |

T ZIZxp 13 LCF OxPEFED IR IEE (= (LCF — LCG)/L) TobD. MFIABLC, L7225 K5I LD, zhmi
WA DZ T B DS RIER DI KB & 72 D T-0Th D, Fizhi%a LCF & L7=Didz 5 OVERH L3 LCF 12
HDHTDT, K> TNAIDOTERZEYNEET DN TES. KME.9)Z2@.7),@)IMRATHZ LT, i
J&J heave, pitch O scattering JitfAE ) DR O S E A %2155,

pg?fBL = — %kB (fiR[Ess] g - ifS[Ess]) et —kdCyp (% sin k7w) (l% sin Cuékl> (Proposed) (4.10)
#{ESBLZ = — %kB (ifS[Ess] % + fm[ESS]) e~ tkixp—kdCyp (% sin l%”)%{(}% + Ziif) sinCWTkl — Cy cos CWTkl} @.11)
(Proposed)
2T, MEREAERO L DICER L.
fawiess) = 0.484/L + 0.53
(4.12)

fwigss) = —0.081/L + 0.36

[Es3]
fsiess) = 0.131/L + 0.27
[Es5]
\ futess) = 0.522/L + 0.56

F22(4.10),4.110)1%, FAxHEBY O E 2 H-D X Wi scattering /)% 2 oTAHINE B2 5 NTE MR TR L, S
ST AT KSR 2 @9 DA T+ 5 Z L TCHH LZHb DO TH 5. FIREET, F5KE.12)12k -
THIEL TV 5.

Heave, pitch O scattering JitiA I DR L 3 KIT Green BIEIEIC K D EKMFFHRAE & O % Fig. 4.1,Fig. 42 12
FNZFIRT. Heave [ZIX—EDFBENRA LD A, pitch (ZOWTITFEROLE T LTS, S HOR%
DOIBFREC, FHRHEEHONE, MATROITEL, radiation FAAIFRE O EFE2 OB A LTEBY, S5
(23 o2, R DI L T D72, scattering AN IO RN AIEE A AT 5 2 & D
LV THDH. LI o T, KK IIpk s O S & EB OINEBEBIRA L7285, scattering FittA ) DOHE
TENGENRAROREEDR MLR >y 71270 b EEZBILD.
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Fig. 4.1 Comparison of scattering force R[E3]/pg{,BL (left)and J[E5]/pg{,BL (right)between the proposed
formulae and 3D-Panel method (5kt).
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Fig. 4.2 Comparison of scattering force R[Es]/pgl,BL* (left) and I[ES]/pgl,BL?
formulae and 3D-Panel method (5kt).
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4.2 AMEES &S CEEHFRBERAVERFIZEHE TS heave O scattering AR

BT, BREHICERE L7355 @ heave O scattering JitfA ) D 3 WITAHINE Brds L UM 16750 % V72 3RR2X
R LTEL. BT OMERISEIL 2 KTl Th 5720, scattering JiRIA S 3R HIZIRET 5 & fEID LN
FEEE L B2 Z ENHEkD. iz, 3 WITAINE &S K OWEE 168 %50% HV iz scattering iR ) DR BLA 7~ T
Z i, EE AR L7ZBRIT radiation i /) & OFERRER D AMEIC 22 572, RO 2175 £ T
HERBRDH 5.

FEXHEB) OME LB 2 TR TR D23, BRIl Tl 3 oIk L CHRIBRDE 2 i3 5 F0
TX, scattering IERT V¥ LV ERO L D ITERITE 5.

@0, = (ip, — @3)ke¥? (in beam sea) (4.13)

&Y, mEORFNLEEz) = —d, & LT radiation JiIA I REROHEEE) & BUEB)OBRIEN 0 THDHZ L &2H5
JET 5L, 3WITOD scattering FARINTIKRD K HITE£HES.

4.14)

) (in beam sea)

Bf  _ _a (2 . KB\(KAs; . KBs
pglBL - ¢ (ES 7)(pBL_lpBLwe
Z 2T, (2/kB)sin(kB/2)IZ(4.6)I2 b B O DR RICH 1T DRELHLD 2 72 D O 18 O T OFE S
Thd. MEORFMEITFHEMEE A S LD ICFEBEETZNTIIUK L TR, FERKRORE G-

KB3;3

33 . 2
je0-:5kdCHy
pBLw,

E$ 2 kB KA
pg{zBL = (—sin—) (—1.19"‘“’71’ BL
YA E TS L7 (4.10) TIEIME S MO AFHETE D2 &2 BRET D %ER b D ToDags, bz /KBRS0
B, GOV DU UIRESY 2 F2hid 5 L TUATH 120, BERICRE LI-5E 2 b OBl 26 A L < Tk
Wiz, @15 L 0 ABRRA L 2o T D, BRI heave OFISHEEICIE, RE1HEFHNWDLZ L& T
EL TN,

AHEAE 3 IT Green BIEIEIC L A HUEFHRAE & DA Fig. 43 12”7 72721, Fig. 4.3 OREXOfEICE
WTh, Asg, By 3EMEFHFEAEZ VT D, Fig.43 £V, Ags, Byl Lo TN OES 2K E L <l c& 5 2
EDFIND.

(4.15)

) (Proposed, in beam sea)

. . Re[E3sc] . o 04 r Im[E3sc]
0.5 04 0.3 02 0.1 035 -
-0.1 1 03 F
025 /
= 2 021 % b
g . . g 02
o o 835 o
~ o =~ J
- ML=0.5 | 015 F - WL=0.5
“ML=0.7 o1 L “ML=0.7
o o ML=1.0 o ML=1.0
ui-ts | 005 1 “ML=1.5
0 1 1 1 1 1 1 1 J
0.5 - 0 005 01 015 02 025 03 035 04
3D-Panel 3D-Panel

Fig. 4.3 Comparison of scattering force R[E3]|/pg{,BL (left) and I[E5]/pg{,BL (right) between the proposed

formulae and 3D-Panel method in beam sea.
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5. #E5

AT, IERAMTT RHC LD TEAT 22 Lo TE 5, T A —% (L,B,d,Cp, Cp xp) %V
7= heave, pitch OfFIVE &, EREIEEZ T IHREL, scattering A ) DS EXEZ R N » FERT 7'm —F KD E B
F LTz, A SCOMFhEFERS L O b ks a2 LU IR

FIE&EIZHOWTIE, £7° 2 kot heave (HINVE &OWr KIS X OVEREA 4 D 2583, K FARD)E
WEIEIR R O CHL L7z, AR AICRE 9 D BRIC, AKHBMIE % mAE S C, DFEBIE CIET 5 Z & T,
AL DI DA B 8 L ->-D heave, pitch @ 3 WITATINE EIZHLIE L7z, /Kifi F OB DOV TIHEAD
BHALZRET D70, JEMEBEEE L FRFCHERRE S LT 2 7.

T TFENCDONTUE, £ 2 ROC heave @RI /IR OWEIZIRFS Z OVE B3 28 2703,
source method |Z X 2T E~N—A &L L, 70, Wm0 OREIIMmEMmEK (do?) 128> THE
BTEDZ ENMERENTZ. MES NS T DEINIIAINE R L [F U< ABIEZ BB CHREL, S5I
EERDFAK 2 BAAREC,, 12 £ > TRI Z & TKE FOMEDORES YN EE L.

351172 heave, pitch OfIINE 36 KX ONERHE RO 5 HAUT, WT L bHGEEB O EZE & 72 5 6K
# (A/L = 0.5~1.5) T, MfECYA X, FMHSECL ST RGBEEZHT 5 2 L3 ER s,
Scattering JiA N OWTIE, £7° 2 oLlittA ) Z FExhEEN OIEIZ L - T radiation Jif& IFREIZ L - T
# L, & BT radiation VAT IRE A AL L7z, MRS IOFES TIL, KEME D530 1358 7 DO L A 3kE
DI CIRET D 2 & T 3 RItiitih 1 =457

5 5172 scattering JiE iR O 5 FH AT R R & —EOMBR L ORE N HER S 722, scattering JitiK
I E, FE, MO TIKFT 27-0MS ICHEET 5 2 LITtigm# L <, opkmich~s L
TERG IR . AU TRl O 5 20 i E B OB BIEU AR LT BRIZI scattering WA /) OREEE KD
REVX Y IIZbEEZBND.

I HIZ, BiEF O heave DR O WD 72012, BURICIRE L7255 D 3 IRJC scattering it
71D, heave D 3 R ITATIVE & - P 16802 W T2n A 7R Lz, RIE PO EIX R <, 3k Jt radiation
TR IR R FIO TR TP O heave O scattering A 112 F£E 5 Z & SR Shur-.

#H o

ABFFEDIZAT R OGRSCEIZ H T2V, 7R T RN 2 28Tl BN ARt OURE—E L, £7z,
AIFGEDT —Z 3T T2 Te, AR ORI, WoThiiR, HAEHORRER T,

PR =R OREHER, MHHRETER, SAMMEEK, AIREmompiFde, JNRET3EO A HEERICH B

[AY s

1)

2)

3)

LET.
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