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l. $x*<#
ftJl5fcfct> 100¥y.±t,lu(C R.E. Froude \C J;o Titoi?£tlXgSISSO
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K:#f.

&%###
^#j-#L. k/L/^AtLA:. ^o^6?fr9 6. 60lalO^#&^

Mlc, M-##mom8^$rBSA:*,
Otf^?li7°nx4^S«4S?fcSOT\ Key Blade t&5 1 LT#x

(%o?#l^l6]Mlc:##mK$:e#) LA:. Bk
convergence test ®SS> #%^lRl(C 16. ^@^|6](^ 20 t LA:.

4 tmmg
4.1 &-1k*Z?U

k»6T. bA-f#&&'#9@;tW^L?V'5C6ASW''5. yDy7A<z)%*#KoA:A. skewO^Ac

- 2 -



V'Table 1 £*1/0'5 Propeller No.2114R Fig.2 (C^-f^x t##
(ca#-e#5J:9(Cx %o-c*^*rmv\6^yc"<9(Dj:9(cskew
(D&sya^^lccV'-aix
6iL50 (ffiUx B*tMS(7)—oT*fc5SiS^Sb*jt77rlcLTL$5 t. L(Oi@A##

SfCx J=0.3~0.5
0:^9^ bx A^/P&r#<%5CfCx

&a% B E#* & 5 ^ L T#g EtyE##f8 r# 3 ^ 6 a^C C T#% ^ tut.

4.2 HBSoSSiSS
%#<Z)BEW^*r**5#Cx zcrdx #

[4]m##^Am^$rFig.3(o
^#(Cx

{mi&')j$\f&ftw>-) £ Fig.4 lc^i~0 Ax Jl*|B]fiK5>^oV^Tt4x Fig.3 L±#@ 

*1I5(D g E^# &: gb^i" 61 * lc (1, (5) ^a^& $ ft 5 <k 5 lc ^ o 7 (D la]$5%e ^ -&T ^ 7 ^
-aBlR%W^*#lcj:'3Tt/^z%i%-b-e#jT(fx ^7^b-& 

mKZcTt(D#(Db/P^&U#m#^*$5^-Cx Ax @
EMKa^66tbA:yD-<7IslWK&'mv\h,#x K^eic^lt5 BEg* tlc j: cT#& (c^-

Fig.5lC7/W-p%^-^(CLTx yo-<7lslW:x ^7^bx b/P^x %K&(f&BEg*&^T.
gjiptclig — ic<t ota$tltc6 EStR%* (self propulsion test)x E@+##(C<t
5 (statistical analysis)x ff*flfm(C <£ (wing element) Ik.Xj'^ijj
6 (SVLM) (c *^&lc Z5^-#-CM:-c(D7/L— (01OKI4
#m$rgf-6a:x %*aAemv^#g&icZfwfx »»r4'(sifTot^T(D7/p-K*:-e0M-#a^ 
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*A< C ta*%#6lc%lf5 BEg**rEL< C 6 (cc^a*5<DTx yo^7<%»@mc ic

&gg#(Df T&tma:g (C#< ^1(11 - w T&&. E#bmflC Z5^&lcjt^T%*#%lc i5i^*
K%-r, ,gA^Ea^#§jTTL'5. 3@(D#/r(Dgb#-eH 

a&Micia'&&L-cv'&aix ^m%i-i±a^d(DM#a:&5cta;t)a^. *^&icj:5eb##*iit,j: 
5 ^%*3K^E^###&0fM(DEgrmcTj3Ox 7/P- F»lcj:oTt&$ O3Efk0afV'#&rmc 
-cv'5. c<D%a:jf®@mfB#-r#6a4iw^a(V'aix
lt=fToT#g&W£fiVitV'0 1 - w lC*t±# &##&&t%.595Bllx Fig.4 T*^ L^%##Blt#%
#<D*ga:#xL6tL5. Fig.4a^tw^j:5iCx —@p<z)#%-c±m^A^a^a!A#ac*-c^#$ 
jr-cja^x c^iczOx yo^7mAmaa^e*tcK^$ji,TL$ca:(Da^Lti,%v\

5. t3t> V (C
LTx iI*MW5r tl;iot, SfBLD§EgS

yo^7iaiw:x ^?^bx b/p^&u=BEg
#<o-or & % ^.icov \Tii#,<Dgb#^mic i ^ 6 L&#&# 5 c t a^r # ac. ua^
Lx Bftf*©-offc5 l-wlcoV'-Ciix Ax MMa^o-CV\5C6a^ Emm $ Who Sfcl-t
icov'-ciix ^&-ciix %@^BE3t»^»mL'Tj30x Mm^acv^ma^^^jr-cv'sa^x
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31—'ya 9 AiL5r i:XTCtLicoV^TkMt'y 5 ^ t/— h"C#S 4:
9(:L'Ck'#A:V''t#%.Tk'5.

g<Djj*\uL±if50 ifc, B
<fc oX'fft>iitL Z. £ £ C d \z.ttWtSo

E 163 4§-, Bgfa 51 ¥ 12 41. pp.47-58 

E 172 ^ 1991, pp.203-212
[3] Kai, H. Ikehata, M.:”A Surface Vortex Lattice Method for Calculating Performances of 

Non- or Super- Cavitating Propellers”,
20th Symposium on Naval Hydrodynamics, Aug. 1994,pp.117-135 

Vfiit 9¥3^

Table 1 Principal Particulars of Ship and Propellers
Ship Type SR231A Propeller Type 2608R 2114R
Length (m) 225.0 Diameter (m) 7.100 0.1667
Bredth (m) 45.0 Boss ratio 0.170 0.180
Depth (m) 22.0 Pitch ratio 0.6906(0.7R) 0.710(0.7R)
Draft (m) 12.85 Exp. Area ratio 0.4728 0.550
L/B 5.00 Skew angle 25.0 6.1
B/d 3.50 B-T ratio 0.05401 0.050
cb 0.8002 Number of blades 4 4
DW (ton) 92443 Blade section PD AU
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Present method(SVLM) 
-# Wing Element Theory 
— Experiment

Fig.1 Comparison of Open Water Characteristics 
(Propeller No.2608R)

1 OKq

■•Wing Element Theory 
■ Experiment

Fig.2 Comparison of Open Water Characteristics 
(Propeller No.2114R)

BOSS,

PROP.DISK

' f* \

PROP.DISK

Fig.4 Estimated Wake Distribution in Propeller Disk 
behind Actual Shlp(SR231A)

5 -

Fig.3 Measured Velocity Distribution In Propeller Disk 
behind Model Shlp(SR231 A)
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1 — 7 iSaKo^y^yy-xSEi sttlgii$eov>T
IEM En m*

iS^toSglt-teiMatr5vLt#St

— y dit/fcE'Sft^E-T^y^iEoT, :## t i> Navier-Stokes < Et?E5

IfW-A-CioTli, fnvS&6c>*Bti£eST-£ ail^T^mA^g

#&m#i4+^i:^at^%.a.

amiciov'T, r%a#u -t-y^yy^yy-y^ [i],[2] t^v'TWri-a^ic-o^T^ac

-R^jl5j:(DjtR::t3^-C, *8*^*7 (Sinkage) L
(Trim)

to@K^t:4-%La*K#l4±#v\ -#lc
#om^)'7yf-A(7)#iSlctc-Ci'5t)(DA:#<. Z(03g#^@mc4-A5K#M:^#^ 

$t#:s#-tTy=f=uT&±*<ma&v'ot#Ad'6.3%m8##i:&c-cv'amimia&

AlgRli-*B#8CH:*LTx #a»%@Til8#:(0B^gr#%.TV'<A6

6 B-eSfiK £ ii 5 &)*£: #x. a £.gtt;4> ib, #<« rfTjg© rg)A6 CADj 1:^6416 4 )!:, ^y^BB^
NUEBs

LTM-#lcmo^EZi:35:?#Nf.
A^f##&e»-e#azt^#^s,^a. :#ee?f±w±<Dj:5tA&#mL%#6. 
i'< ztcf a.

a. eaxkE&mNfg;
Fig. 1 <DSl 5 ;y Hak7kB±-e*^iB4*cf1*g|5Sr@,#Sr® 9 . O-xyz *&#&* L pp -ClSgkBft: LAiS

&U?iRi#L-CV^a30ti-a.8tEaa^yy-y/y$r*. %E^&$rgrad* = (u,v,w),ikiru©x 

T©±7lc^a.
A o = 0 in Fluid Domain (1)
(*+Ux)„= 0 on Hull Surface (2)
ux — K w = 0 on Free Surface (3)

AALKl±im#©m%-?ll^<x *B±?$(ki-a2m#m%ib<Dx^ia]%E^ ud (x,y) icjc-^T#!
LA:K(Tlc^i-^^gmi-a.

K(x,y)= gZ ( U + u d ) 2 (4)

SJ-&5t»!:/yyy7 hSi^iSo-cv'ae r © > £ES©{£g©*{£f4.llfT©5ti:&50
( = — ( U + u d ) u/ g ( 5 )

W-i:###-?#, -#±%u(c#]Eud&An;itBT\ ±#&#icZcTmf6;KamfL&#a:L,
Ira (Free Stream Linear) tWAA-oTA ao

4-iao7yjryy-y.*i:j:a#t#-ei4, Wear: $
AFig.2l:^.aj:9;:ll8A:gB©^#ll4x r*)#CADj ^^©A^&mBKL-C. CAD©/<^/Ff-^©9

hyyf^gBCol'Tt^
rMqgpj &Rt4-cM-#L-cv'a.

* (*) H#iSfcBg69f3M
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h9>IhAgllcDftjrit, Fig-3 CA-t J: 5 9o %-f h 9 yf-Afflr* fzkB^ACWi
%cT&At±Ai

6 LTI±/<4vL'S/7 h7^4->-y—^&$r#cTV'3t AC, h7>fAig:#i7)/<$/l/±C0:3> hn—,P 
*Vv Rifoo-cfc, L'-^/H i#l£Lfti/'0 -^chF-LCMl^—S:£
-&S±AA3>-ho-^^>H*r#tC#A]L, 3>hn-/i/^>h<7)E(#^ft=&4-AaE) tEk

(#=&#) *r-&^-yrSZtCLC.
!kC Froude B 0.3 d»6 0.4 < bt'lfO, h y yfi3t*©*W't3 faW^f® AH-^A^xSo L

B-r$3t;$A'CgFmi-%. Fig.4C#&0$r#f-. m#%C(t#Sm*8?(7)i&m
f3^?, gTF(0j:9C%#^f|:ir*A-CV'6.

if 1/2 g (a U) 2 > — z transom then
C transom “ Z transom ( 6 )

else
C transom = — 1/2 g ( a U) 2 ( 7 )

alt#:Em&-C0.7@a-?&5., Z(D%m$rfT9Z6-C, ##CFroude&&#9, ##CWt##&R
of:B#, h 9 yf-o-mi (Froude E0.3 ^6 0.4 < 6V\

4;/i/CW^E^ (m^^&-&A3^B^A3 [3]) 6#*U]&#A3Z:td:-r#3.
mtB#ae<baM:iw#c

ilLS+^SrfTo-Ct'So ^joSSAttidf^SB^toiSS^-^C Schoenherr t

4. H-Sfe£swerotfci&joJ;u<#^
wigiey

Fig. 6 C^M 6 [4]C Z o T#t AtkR&^i-. JKtffctfcT
#, h'J ACoV'Tf+*fttUfi±-C^1-„ Cr 6,
&@gL*&CwC01tR?A6. 7/>-K#1.0GlTmK@?#-m*0:a#-(\
&#LTV'3&V'A3.
me b7afBvi!t Am#(tit^%

Z$V' h 7 yih ASlS^rS^, inS 1.84m, AW 0.70m, ^zk 0.10m, #zk* 55kgw <D Fig.l , Fig.2 C#
-tmmo^mx'h<o, b lpp c*j-lx 4/<—t?y hro^m' h j&s
2.05m, AW 0.80m, #* 0.08m, #*# 20kgw ®SSStfe50

Fig.?cA±mmtP L??3&m\'x
#%7c(kLt. CAmz);^*6RCme#L-CV^If,

iS%@R^EliR|-Ct3. Z^m&r^3t±KCti^i:,
m&mt L-ct'6.
scBMcov't, MmmfeMitu?ttmx~0.20.

0.15, 0.12<7)3@?ASo Fig.8
CLftL 4 t#t@l ( El^x/ii wide, mid, narrow, mono-hull t LT5^S)
%*-%R#[6tZ<-&LX:^3Z2:^^^3. 3X88%#?#, -oaoawmBmA&fbCZaa#*^ 
Sg#3E(kt, imt^%A3C^C^5!iL-CV'3ZPT&3.

5. Ba
AS^WTAZ ?C^3.

(1) r##^-7A7^*>y-^&J CZ3M-m&^Lt. C
(Dm CAD<%7-f 9*Ai i+sab^hslCo

(2) rh7>f Ajmmj c^L-c, 7>f>y-^*&mv'-cM-%Ta#A

(3) Wigley*&@&m'-C#m*Am*Bt&8@&j±#L, #%6Sg*CcV'-CA*^-B:e^to

(4) *m%A3Xm*Cx)t\x:, *mK&CZoT3%mmf#d#@-C#3Z6&*BLt.



f#-99#*, SSiiSbBStieBSrlf 9 TfiK jsfL&f Sfc Wigley
4r«Lm^fc. ^masatcaKu&f.

(*) UlTi#

##3:#
[1] Jt^jSB, fa-99 : igfljiifiKib'ltS Rankine Source ftiCoV'T, 84 -&

(1992), pp.1-10.
[2] ff dRiS : Rankine source fetei 5®^itiSPB1«rom«Sf!£, 8*^####^:#, % 177 ^ (1995),

pp.101-112.
[ 3 ] Lars Larsson : CFD as a Tool in Ship Design, Proceedings of CFD WORKSHOP TOKYO 1994 Volume 1 

—An International Workshop for Improvement of Hull Form Designs—, (1994) , pp. 1 — 21 .
[4] fm:&e.$:*m,fa-99:*8#6*f*'7)**;/]#Mf#Kov'T,m*mA&##a#m92e (isse),

pp.81 — 93.

Fig.2 Panel arrangements for hull, transom and free surface
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Control Point for Forced Water Level Condition

Bow

Hull
Stern

Source Panel for 
Forced Water Level 

Condit ion
Add on Free Surface

Main Flow^
Control Point for Free 

Surface Condition
Source Panel for 

Free Surface Condotion

Mean Water 
Level

.L.
Fluid Domain

Last Shifted 
Source Panel

Fig.3 Source panel arrangements for panel-shift Rankine source method

Towing
~Force~ Transom Surfacj

Fluid domain
High Froude 

NumberTransient condition
Free

Surfac Free
Surface

Dead
Water

Smooth
Out

Fluid Fluid
domain domain

Fig.4 Simplified transom-flow model for Rankine source method

Fig.5 Perspective view of wave height around ship with transom sterns
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Fig.6 Comparison of measured and computed resistance, trim and sinkage 
( Wigley hull, Measured by Kyushu Univ.)
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Fig.7 Comparison of measured and computed resistance ( Hull: Type-A)
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EM SJH $E:

1

1991#, Raven aDawson&&<—%,bLA7>#>V-X&[l] H&kTMom##!:##

&mm=!###&cz:»hv)oT&AwTkmw.
0)2 0^#^6^1TV^.

. 3#(D#g^#: Dawson
^MA^^MLTkAV).

L^b#OEC:6,

IK&m @#=^B# L t)(DTd A k AR Baba (0B [3] (7) t) ^.

ccirn,
?£■£: ~7 >#>y—7s • (Rankine Source Kochin-Function Method;RSKFM) ADf-S^
CttcTa. &T, C(DRSKFM(Cj30-%m##f#:&(:3V)Tat^ ^(ZSR107#6^$r*&i: 
UARSKFM

2 asi+sm
2.1

(LUTmcim^.

(1)

CCT, d»i <^2
ftTc ^ huAo ^ck^T^u^rnsL^#

9) IC^f^@a#@^#tLTBaba®@a&m^n=[3]&mk^6:. &(% = 1,2,3) (Cg#T-5
^C9J:5 AS ibtiZ>

on z = 0 (2)
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(3)

(4)

h = §D(x, y), f2 = 0, /3 = 0
= g^((o(3:,!/)uo) + ^((o(3:,3/)i;o)

Co(x, y) = — (U2 - Uq — Ug) (5)

6^5 [4].

— = hi on Sh 
an (6)

tyfL.

hi = 0, h2 = m3, hz — z'mx - x'm3 + <^02^1 - 4>0xnz (7)

ScSfcb'lo]^^ h/t-' n CD z—, z—mi,m3 (4$nfr)$8b$llwt" &5i75
5 2<7)fi=& ?[5].

(m1,m2,m3) = -(n- V)V<fo (8)

= 1,2,3) &X#c#<±T;5ia]m#:

&(% = !,2,3) 4)/)##!?#%.

2.2 MtHt^vVvJUCDS^

a(j>(P) = JLSh+Sf

a^(Q)
&k)

-^(Q) G(P: Q) (9)

f = (z,y,z),Q = (n,i/i,zi) T&9, gf |jz#7ka^i-. alif
_LK$)61 # 2n & t V v Sp t) L < fi Sh -B^^CD##:##^^^^ 6 # 4tt 6o

@ 6#5W#6tL5.

a<t>{P) = —

+

%

/Sp

W) «0) 3
9nc a?%Q

G(P;Q)dS

G(P;Qi)dxi<iyi

// O(0i)G(P;Qi)ckidyi
(10)

Sclavounosb#, (10)%-<-^6LTmm^>i/-Y;>^m[##<^me@^L-CV\5[6]. ^
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^0#(ki"5#'a Sclavounos £><£><£ 9

(10) (Cgg-f 6#^ 7f (±^<7) j: 9 (ce##xL6 Z 6 5.

c ^@6u c ±Tfi20,

Wo(Ql)^a’i + ^o(Ql )^yi — 0 (12)

%cT. (ii)5&Dc±<D##&#±o<k%a^a\ ^(il)^li»:0)j:9(c^Sc

(13)

r r-e(D5®Pltx Kashiwagiz^tr-ot> <7)[7]

D(Qi)G(P: Q\)dxidyi (14)

"(7)#^% LT Babaro^^irfflv^c/cfc^lirtg^^-ofct,©^ Dawson
v \ 5 m o ^ (D <k 9 t-e # ^ v \ (i4) ^ 7 y^ y y v

cc-e. c <Mj#?)j:9(c

a<p{P) =

— JJs <f>(Qi) [VxiiVx 1 + 2)GX1X1(P: Qi) + 2((fiXl + l)(pyiGXiyi(P; <5i) 

+PnGyiyi(p-Qi)] dxxdyx - JJ^ D(Qi)G(P-,Qi)dxxdyi

+ — 
9

(15)
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2.3 3 ^

% free wave (15)a&S3^>M&&*(Dj;3l::^#f66

+y^sin^6i]^E(g;Qi)(h:i(f2/i -/V D(Qi)E(6:Qi)da;id3/i (16)

E(6:x, y, z) = exp{ik(x cos 9 + y sin 9) + zk]

(18)

(i6)a^. gam@±(#*@±)%6^:m#:mm±o

(is)aj:cm#%m##T#&. (is)

B4\ mmtT, hUAmik^em

T&^,. ig@US6lH#zK#(7)2/3#^—%-r#*7t:(l:$flT^^. "Kochin"
"Pressure"

A^O.l ^6 0.2 Ofm(:iSl)'T±-C#C#k:

##(= hU A^ft: o

4 £t£>

Baba % @ 16:, g - «h

T6# L W3 ^L. f-tlC 7 >4^> VL V
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< f#m 9 %%%-eigms#c(c#

W^LTic^itlCo
3j: j:, j: S@f##to6#XL6

[1] Dawson, C. W.: A Practical Computer'Method for Solving Ship-Wave Problems, 2nd In
ternational Conference on Numerical Ship Hydrodynamics, Berkeley (1977).

[2] Raven, H.: Adequacy of Free Surface Conditions for the Wave Resistance Problem, 18th 
Symp. on Naval Hydrodynamics, Washington, D.C.(1991), pp.375-394.

[3] Baba, E.: Wave Resistance of Ships in Low Speed, Mitsubishi Technical Bulletin No.109, 
Mitsubishi Heavy Industries, Ltd.(1976).

[4] Yasukawa, H.: A Rankine Panel Method to Calculate Steady Wave Resistance of a Ship 
Taking the Effect of Trim and Sinkage into Account, Trans, of West-Japan Soc. of Naval 
Architects, No.170 (1994), pp.27-35.

[5] Ogilvie, T. F. and Tuck, E. O.: A Rational Strip Theory for Ship Motions. Part 1, 
Rep.No.013, Dep. Nav. Archit. Mar. Eng., Univ. of Michigan, Ann Arbor (1969), pp.67.

[6] Sclavounos, P. D. and Nakos, D. E.: Stability Analysis of Panel Methods for Free-Surface 
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pp.173-192.

[7] Kashiwagi, Me A New Green-Function Method for the 3-D Unsteady Problem of a Ship 
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Fig.l: Comparison of calculations by RSKFM and model experiments for a SR107 hull form 
(above: wave resistance coefficient, middle: sinkage, bottom: trim change)
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1—10 Air Cushion Vehicle (H 2 #)
EM En JES*

I

1. #w

LT Hover Craft Surface Effect Ship fa if Air Cushion Vehicle IS CD

(^TAcvte^) ^^5^.

*o5 r jritttfgSSrofcAoB—l!#ti:SI-l8t5$M.E<7)£?£iMP=1Hl::ovT

Rankine Source

T%%j $r^Tv\ r#f#j

2. ^axb6&maH*&
Fig. 1 l:^f

ACVOfyi/s:/# Lc-e#g(7cEL^:0-xyz<7)E^#^^^# 

fa. iiftilTACVifdiSES ( Surface Effect Ship : USACV ) £S£L- 

^K»E^#P c^ig&UTjRfTLTV^tODtf-S. ^6,CACV(D%e#6 LT^yi/a ^

i|6 B c „ ■? y'ya i/BAI S c SrSUfa.

$ ^ lc A C V^ t) J: f a ^. 0Rjt<D#lc^%/KT Vi/f/P * 6.

tL-cz = o±(c#^ma^a^ft=^m^i-5. p&*<D@gtfa6^^#ycf

^#aH4=#&T(7)j;5lc%a.
A (j) = 0 in Fluid Domain (1)
Ux+Kw+px/(p U)=0 on z=0 (2)

cz-e (u, v, w) p (%,

y) l±gAmmA*lCi&^6E^#i7)e^-C, %B^(D^yi/3yE^Pct#/u^ r-jR

$jfai±faftfii zm-tt>cokirz0 $^iet+s^-ffiit*ffi±(coky /v-£ee u *@z =

ot' (2) ^;<DS6$@^ft^SIE5-tir5 r/^/t->7 Mj 7^yy-^[2],[3]ffc!),

PHHt fa%<F>\&? s/'>h yj±fap c(D^mrQh^c roEf 5>Sit, ? y'ys yE^*50r

cm^#mern p,i± r8#i%c#am:tj ^

lo^T*IEAiE#t5tLT. ZvWmmnMtt: l/Mc-'j-ftUi. ffiEtotcmr^

a^&A^^-cv'a. zm#a\

* (*) E#im*&nga#%Bf
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p|Vx Wigley itiSSrKVxTx IH-|^7k^f4:-CS1"S§r:fT<3"CV',5o

j; ^ i) gstmi:zu-c&

gd;gv\<%-e. me,^t&(o^fi±immmi7)TgG&mi@L-rfj'gBtc6#L-cvx

^,6.

&f##@OACV&#x_

v^#x.-cwT(ogB ^

9 y 'y a >8 : L c 

9 y -> a Vi® : B c

#±8##* : d

2. 2 6 0 m

0. 3 7 8 m

0. 0 5 0 m

ESBfSiEUE : P c |22mmAq. (ESWUlgHEo Hb^^h*))

A6"C$)6. ^ y^/3 >-jEE^]&*o/l»()|Z#±7T>'^ LT#%(0^—V vy7%^^!>zy F

vf-—trdxfcT^^m— p-xsmffl-V^ -5'>-¥ •> $— S®->-A'&i&i'tfco £:
?KBlc#^L^V'j:9ic±Ti-5##^^o-CV'6. R 

K^-CO. 5^61. O^-CO. ItmRg-cmmLt. 

ttA#i:@%7kw#&aLT:m<7) r##j t rmmij

#%KRK^d;& 5 d\ % a /< < &

Fig. UE%%J

Wik'y^ y$— TSc7)±Tfi@(7)gA h (r. ? y'/n >!± Pc 5r$C. MiC^ y->a > 

it® Be £r£Ht

4.
I+5li£iiS—Wt"ffiV'l/t S (Free Stream Linear) SHmT?

(Double Model Linear) ^^Wigley

Tt r^dcLj

#1-#(7)0*#^jT,tmiR<De#irFig. 4i'^7. 2(D&^M:#g7k(±^^d^ V'^^a^X
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m#^a5ic*@©^fk&#eL-cv'6.
©It^roluic, -©J: 9 /v^-T>'e^©g$©*®^E$|J5iL5 :̂$r#x.

Pc©*m©iM]3#@&j -e^,6. 4'ta]©##©j:9^3»:^©#@$r#x./l:#a'M:. A8##A

2 0mmAq.ma-f&5d'6, &^:%A-e2 0mm-4 0mm@
m©^--r^©i-2 /<--1

rga#j
M-#^mK©*f&©itK*rFig. SIC^T. 7/>-K^(i±^6IRI'0. 5, 0. 7, 0. 

9T&6. #f##[6#%#[#^© 2 #:©#(!. #&{W%±©##tfHM©zk#T&5.
^©0^6, yy^yy-^& (#gaa=)

md, &i@©S^©#ra](±^mi@xL-cv^j:9T*)5. A6micig<xtm
6'#<7k5@[p]lc*)5.

r^#ij t rmmu © ic&gi-6 6.

©;MS|lGWE;Wcfr<lc%oTTd:oT©< %C#^LTk'5) i@[o](c*)5Z9T$)5. M- 
#©*B#f©^-#l$ri%25^< LTt0#KUa&A/^:b6W'ct©-(\ 2©?-@:©ma^.

Navier-Stokes JiU&t, BfffliaWSi©#SS6

2©Z5#M-#*&m\W3, a±©Z9^-3c^#m^jT,6^#B

[5]

5.
ACV@©#(cy y^/a /<^/lxiyy !'#©7>'^

yy—j:5ifSE^E'a'L7t0 -e©^m, ^/k'>7 hiroy^yy-^Mfflv't

±^©^-&©ma &rBg 0 x A c v©###)ema&a* s c t ^4-%©%@-eA 5.

##

jLfcffik'fc (#0 H#5£»B8ftflF£jff 0TSiH»±, ^6U=tc (*) 5*mjl68BA#%m *
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[2] #;Uf, m, f a-R : mam&l-au-a Rankine Source &(COV\-C,

#84-0- (1992) , pp. 1-10.
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Pressure transducer

Fig. 2 Measuring system of force and wave height on side plates

Shin speed U
ACV

Fore tmt.mmmn
A h : Gap of

wave height

Fluid domain

Fig. 3 Cushion pressure distribution

'0.002
"-0.002

Pitch=0.002Lc fusing fine mesh)

Fig. 4 Computed wave height contours around ACV of twin side hulls (Fn=0. 50)
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outside(rreasured)inside (measured)
outside (ocnputed)inside (ocnputed)
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0.00

-o.oi

Fn=0.50-0.02
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-0.3 -0.1-0.5

0.01

o.oo

-0.01

Fn=0.70-0.02

-0.03
-0.1-0.5 -0.3

0.01

0.00

-0.01

Fn=0.90-0.02

-0.03
-0.3 —0 • 1-0.5

Fig. 5 Comparisons of- computed and measured wave height on side-wail of ACV ( Fn=0. 50, 0.70, 0.90 )



1-11
E* frpj j%B*

i. [tcsbiz

huU CD%5f#&(DNI#T&%. &^:@e@0%^U:*LT Kutta [2, 3]

-^#7k4:0%#^MLT^, ^j;^demi-huU|W|±(DlBl#^l&#
T^#^$fl[4], [5. 6], &&wa*43*:#f;!m2;h;t#& [7, 8]

2fT.T:W&.
sqcM [9] &^:btrrmwa#T#mc Kutta 

SQCM&WBL/:#^

Kutta
-&t)trc TMZ>6#J (D^j[l], ^ckLKderni-hull(7)*#@B^t=j:5]g&<Dmv^Z3t^Tt)

2.

4'@©BtSTi’S; Wigley Model (LPP = 1.0m) 
— -D&^L'^Ttl $ >t L,

B o u-c

1^6. C(D demi-huU E#7K@E(T)@EB(7)^ 
&, Fig.l Ic^.
Z.0M'V\t demi-hull %SCDfE#M^# 5 CD 
Wigley Model (DDB# 2 ^/Z 2%
0.2 ELT^5. demi-hull %)##milil# 
^riRliZ40^#J. ±E^|R11:10^#JT&0, # 

F.P. 0.251 A.p.
(D## 0.25J: CD%@^ 60 
"7 7>[p'L#:&Saa 1.0L (D%B&40 ^#1 

T&a.

demi-huu
$3ckU:#7K@):%aiL^, demi-hull

fiKL. Dawson 0 Double Model Linearization
Fig.l Positioning of the Wigley Demi-Hulls 

and those Panel Arragements

[io]
Z.CD h LT13.fl3zf£ [11] 2rffltK demi-hull 0 Kutta SQCM (Source
and QCM)[9]

*MN*iESss
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y/v^Z) #0.22 - 1.25 COSGBT, demi-hull ^0^8# S/I $ 0.2,0.3,0.4,0.5 3.

3.

LT Fig.2 Fig.3 Icdi; = 0.50 T S/I = 0.2 6#%0f82?##@#±e

^). A.P. 00#^ 0.251
&(), #^1.0I <kjEkf/t#&0#mf&fro;t#m(b)&^LTW5. Kutta(Z)^(D##(:^ 
t)6T, &#%!&#= 2#
&T-#UTU&. j:oT4'#0#i-m^±T(a)

T%.

Fig.2 Wave Contours and Hullside Waveprofiles (Without SQCM)

S/L=0.2S/L=0.2

Outside
InsideWith SQCMWith SQCM

(4 (b)

Fig.3 Wave Contours and Hullside Waveprofiles (With SQCM)
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F*g# (%#) Tit^L/T^LTV)^. Kutta(D^f#:^fj-t(]L/^:#e6L,^^#A^m:-3l:^ 
Kutta^#^#^L^u#^T^, A.p.m^#m%#±e<gLfrc&o,

A.p.
Kutta

5.

Without SQGM With SQCM

S/U0.2

Outside

Inside

Fn=0.900 Fn=0.900

F.P. A.P. F.P. A.P.

Fn=1.100 Fn=1.100

F.P. A.P. F.P. A.P.

Fig.4 Comparison of Pressure Coeff. on the Outside and Inside Surface Panels

Fig.4 demi-hull S@/t^ 11/CDF^-SlJ ih^1-#J<7) Cp CDft^T'SDx fl-# (M
#) (%#) (Dg^#%$Kutta0^f(:(D#mTa<L-CV^. Kutta(D^#&#m

Kutta
&Atte<&5,k Kutta (0&m=&#aL&U#&T
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&kx Fig.5 Cr T^-3% Wigley Model #@[0^^#
BmO#&<kL/T&&i±T^LTWa. Cfl^6 demi-hull (Dm#^/l\^W#ei:WeM^±

sfi&. g/F = o.2
TM"S#oTW&.

SQCM q zi
With Without ^3/ L

----------------------------------------0.2 _

-----  ------- 0.3
■--------------0.4 -
----------------- 0 5

- 8.0

— - 0.4
— 0.5

1.0 F, 1.0 F,

Fig.5 Comparison of Residual Re- Fig.6 Comparison of Wavemaking Re
sistance Coeff. due to Dis- sistance Coeff. due to Distance
tance of Demi-hulls of Demi-hulls

& Kutta Fig.e

a#m;m#lz-&LT430, demi-huH 
#%0Bmi=iacfWTV^. Kutta 

1: F% = 0.5 Cr
CCTn^%

Flg.7(:^&^-%(D#^ie (Z)^ieiE^l,TaL/TV^. CtUl—^<3 demi-hull

S. Kutta
#l:& = 0.5#i&Tdemi-huU ^awi:g|€m:#^3#^

&#(:, Fig.8 i:a<T.
demi-huU T%

Wigley Model (Fpp = 1.0m) demi-hull
<kL%:#He&fT:3T:W:5. C^.nF» = O.5 0#'&(DMmT, m#nm6A,yif#'&(D^Am(D
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Lateral Force Coef.

SQCM
With Without

1.0 F,

Fig.7 Comparison of Lateral Force Coeff.

Fig.8 Comparison of Wave Contours due to Profiles of Still Water Surface Area at Fn — 0.5
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4. $5t> U (C

demi-Wl i&i&(DaZ@Att€ua€lC#Kutta (D^f#
^mU^V^^Cit^TBM^iaom^derni-hull

#sfi,
e<SV^(D demi-Wl Kutta^fMcjz^mnaa/uHmsa^v^

c«, ot&i&TkL

a&<WjmkM\2wj:3T&a.
/\CDg^^A^0,

[1]

A, : )R^Ae(D3#il:OV^T, 129 ^ (1971) , pp. 29-40

[2] Kring, D., Sclavounos, P.D.: A New Method for analyzing the Seakeeping of Multi-Hull Ships , 
Proc. of FAST’91 (1991) , pp. 429-444

[3] :@mgmRm#Dm##i=MTa&m#&icowT,MmmA0i&:&;*,85 2i9# (1993)
, pp. 89-96

[4] R.Tasaki, T.Tahei, and J.L. Moss, Wave-Making Resistance Interference Effects on a Catamaran 
Model , University of Michigan, Department of Naval Architecture and Marine Engineering, 
Technical Report 04886-4-T, March 1963.

[5] Turner H., Taplin A.: The Resistance of Large Powered Catamaran, SNAME (1968) , pp. 
180-213

[6] M. Insel, A.F.Molland : An Investigation into the Resistance Components of High Speed Dis
placement Catamarans , The Royal Institution of Naval Architechts (1991) , pp. 1-20

M 3B3m,mo#,#;m#,####,±m#%,#*&#:mmwmoisGm
no ^ (1991), pp. 15-22

^ (1991) , pp. 53-60

[9] fa-%, as, M-mss, gm a = ^ ss ^ (19s?),
pp. 13-22
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z# mm m** iem -§9*

1. liCAC

C 6 ^ 6, L 1 Wf3 %#&#& 3 C < ^ b 6

%cTU3.fLTx C©R@©@;Ma©#&(d:,

(fM^(i3t#[2][3]) 1:333%% &^<©3&A%*^4l%t'3o

^flTU3 [4][5].3 /=, 4^ + Hf— 1/ a >;)% 3-t< %3 L^CU j: 9

mgT* 0. ill 0 6(±%@®LT Eppler ©@#[6]^m©. 3 + E" f < ©^3#^^©%^ 
<gr^%Ly=[7]o

##6^*%#3SQCM (Source and QCM) -ELT, #*)

jz^yo^7%#E##<&fT-cT#0/<?/[/i&^^m6jtRL7ttC6. SQCM 

^_3C6^c^:[8][9]. SQCM©#f-#©%#^*3^U C4l^-<-x6L//=K^©^@©^& 

&M%ffUf,#l:3 0dcR@(:^UT#o#&6Jt'<#*#$0A-CW$Jt%3c6^#T#3o 

sQCM^/<-x6L7tR@0mpa@0-#it^i,. 4'B(j:2(k7GR@i=%*gi

i -is j:

2. SQCM^mu/=m^@0#&

2.1 SQCM ©%g
SQCM (±> Fig.l C^Plk<k 9 teM^O^r f >/'; —@C_h(C Lan[lO]© QCM(Quasi Continuous vortex 

lattice Method) C #£ -3 % Nr ffl © Ok Y ii^'s ho—;hd^h’> h ifr-fu diix #S@ S ii Hess and

Smith&[ll]l=%-3T^m©/<^;l/|=^-$tJL,/<$;l/P^T—^$©Ekaj Co-4^+V

QCM ©mmc%9 <EKI#m©###KT.E.)(:4rf >/<-@±©3> ho-;l/dW V 

C ©A±T©mmagi&tf n <E:fo<C<EC«tO *##^0 0 < % O.Kutta

#t=a&G.3fia. sQCM©mma:(±%m[8][9]^i=^^fn:u3©T, cc%ii#%T3.

SQCM L-T, #A^©-#T&3 Karman-TreBz gE%(: j:

0.12 ©*##©E;%#$©#ef#6 SQCM (:J:3m##^kkBLT Fig.2 Cifhh, 
SQCM 1= j: 3 %##l imf # t A(=-% L T (,' 3 C 6 A<#3 .
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(1)

2.2 SF&O^Jlg
MBMBLtlfrftc* £ —v, £/c s

d: t) g, m#m±® g #agv^" 9 u. %cc ©##A<&m

WT#f#&^&mmm±0%W)l5#(:?&9 j; 9 Ui:B#©mg^^6 J: 9 <bu 9
©^$W%(=*;^3m^a©#&©#^-c$)3. RTi:c©#&©#m^6 9^ L#L <¥¥.

[¥161 ]
%&(=, %mB±©8#mac^.*^m&¥3A:A©^#a:(iRT©j;9(=m$^3.

c CT\ o. fc«k7>'(D.+I li^ti^'tii jockO^'z + 1 ^ ©Sit

>>/ + /% jyj;U:i + i#8©%mm/^;t/©4:'L#SH©gg#&mf. (Fig.1
#m)

"9^<^5c6&fj-s,L%jo<o +
;i/©mmmtc%9 j: 9 ©##
m u 3 /= & p%ai L/ <¥ /u g & #3um&©@8u&#d<-tr 06^3©
T#%7 h V y f X©am:@&-tfn6%9. #^$A%<^3^e,-C*3.

R©¥f I"''—'XSQCM <fclRl®ic4L-t'^/-/''—"B'Stm'n Sitfa^'fct^it^9 
v -nc = 0 (3)

*#sa-t±a„ ccTx viimm^^hvK nc(±¥-ry/<-Bi=&#3&#<?h/i/-c&3,,
##C, (2)it©^%©#(:a'^/c j; 9 C##A©#C* L&#=%W 1 -9^& LTU3 0T\ "kfcti L 

©iiW^-if ott'9
Jsc7ds= 0 (4)

&#A¥3.
^(2). (3), (4)J:t)(^+N^)7i:©7hVy^X^#5l(:^^3©T. C©?hV

!X Kutta©&#Am#*l:#&^^3.

[¥162]
[¥161 ] Ta%7=##.'S##;&muTK#@©&/<.4vl/±T©a&@&##):t:#'8\ %&B©##g

B^¥^$S££:ftT0ti0©T\ %#B©&&#T/^$;WMt^©B#(:%9 j;9 (c#Re¥3o /=/:
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BOUND VORTEX 

CONTROL POINT

Fig.l Arrangement of source panels,bound

vortices and control points
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FACE
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Fig.2 Comparison of pressure distributions

BACK

FACE
Initial Wing - 
Geometry

Fig.4 Converging histories of pressure 
distributions and wing geometries

Fig3. Deformation of wing geometry
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Fig.5 Pressure distributions and wing geometries
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FACE

Fig.6 Pressure distributions and wing geometries
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Initial Wing 
Geometry
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Fig.8 Pressure distributions and wing geometries
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Fig.7 Pressure distributions and wing geometries
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Fig. 1 Traverse system of 
wave height probes
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dc Fig.2i^—^©»g^t0

Uty^Yyf JE3E ®$5

Fig.2 Motor control system

H-$iJ'>XT-A(7)^i2|§rFig.3 t^U >ry^ Sr Fig.4 3tei\ ■=&—
?—<D7>4 ^ ^«(30mm/sect-
l$/E) TiSSH-liX to^rpJ^Sff ^H^-f-do Zhb immciADgE#^- Kl- h v #m V &

m^77{bLTm^$^dZ9^^o-C^do #T#WUK:;Wy^&

SadS&tytbK

Fig.3 Diagram of measuring system

Fig.4 Flow of measurement and control
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Table 1 Experimental equipments
#mmse W,
#i##b 1b-/i<^7K{5|b SW-101 E, #ajgp SWT-30 E
ib1—/b'^E”—y AC f*—J}^E—y- SGDA-02B314

SJilSSt AC ib-^' b'y # y' SGDA-02BP
/<y=iy SOTEC WinBook Bird 100
by/<—

yy by^Tiiy^y/y^co7yyy—yayjg(fbco, ^7 yyy—yg yyay^

WffldSgf^U #m##11 Microsoft C Ver.7.0ATfc5o

3 gftaOKt-il £■?-**!«

^iStt-Ei-&7t-DrL&tl;h,tf& £,&V U 7>-y 3 yyfcS
ZLlUl b 7/<—ib'—<Z) Z $6#—/l/#y$tT%CO/^y K/t/-Cls]^$‘tir'Cx Omm, 10mm,20mm 

,30mm,20mm, 10mm,0mm,—10mm, —20 mm, —30mm, —20mm, —10mm,0mm CO 13
w. -ew-iiio
5: y^co-y-yyy y yT^ii-rb&Mz: soo #cot—y §r ad y tv—# a y#—

#bEmieim, #A#E&mGL&K

H-EEBU^TCO Fig.5 ItuT-fl 0 25mm BilTXSSa^-lSOOmm # C 2500mm £ 
T(D (161 A), Ym#a^0mm(-kyy-7# y) a>6 1500mm^T<7)(61 A), gpt, 161 x61 
= 9821 (D^^r±(DM|f-E^ Xto[p]i^30mm/sec b Lfc £ £<7>iSES
StbEtojW^^rfr-D fca

Y [mm]

1000 1500 2000 2500
(A. P. )

Fig.5 Measurement locations
(F. P. )
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4 Wigley
$ 2m CDyfcM Wigley fe 5c SiJUiSStt 1.182m/sec Y\ 37/V— K#(33
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Fn=0.267 Fix

2z/L 0.00

Fig.6 Comparison of wave profile along the hull
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2X/L=+0.5 fildETie 
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=300mm"eti, 'MW^M<D{tm^ 
^20mm(2X/L IT 0.02)
V^o —3tz\ Y=350mm "CfiN Wi^a

#LTV\6o

T^iD h9/<—ih—
? 5$##%

2z/L 0.00
-1.00

-0.03

2t/L 0.00'
-1.00

Y-300mm-0.03

O SAH-ffle

----  SEItSHE

-1.00 0.00 1.00

Y=350mm 2x/L

Fig.7 Comparison of wave profiles at 
longitudinal cut
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Fig.8 Perspective view of wave pattern

mt> *9 i-htc v fl-mffig&ffltt 'XMtix# < 0 MifE-esse
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####%:# LT^X L±tf So

[1] Gsm# = m

220% (1993), pp.105-120

[2] mmm, *¥mm, mm@tvmmm
M4ct£, ^226% (1996), pp.55-61
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(2) ssiuass r j3<kuqsA p ©/j\$^a#&mo%'5.

* AW±#±#R!4#9m
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(3) mm#, imo#*am#-c#a.

R±®E6<DTT, S6SEiCMLTSti»CDMS5r<hD double body model <hLT®9&'5<, #

snfagEtim^toE^icjsviT, v roite^xto-tms
^T->'>^;V $ ta, Laplace 0##, S6S«C0^fr, ^EilCO^fr, #Jil<7)^ ©

?, *B*m#0#:a3iaa2^7cim@^LTmom?ca^T#a. czc-c,

(Dmwmmmiz^m-t^mmzu, trasit Bieberbach $m® jv = 5

MM = E-(«K<3-2"' - n(xK + if> + !f! + aM + ip (1)
i^Sc ai(a;) ~ 0.5(2:) (hR—(k"#"%<, "f"%£;bt?, «i(x) ~ 03(1) ta^m#^
Krmzrtcmgw, n^kdM. 04W, cia, Tea^a#mgc&v)

#m-ama#m=

?ji> f 6aia«

/ = cr/i + yf2+/3 (2)

fetch, U, V ta, Fig.l (C^1-6ti#:0S©ffiE% o-xyz ©TT, toW-S©@A 0, MM#Mr,
mmu. Timift^-faig^© s w*«taty wmnwL’zibQ, m

®^Mr (O/hSViglti^V^teSco^^T, ^0j:5 C<k#T#a.

U(x) = Us cos P — yr , V(y) = Us sin /? + xr (3)

/% (a, w^crmk#a.

, _ n.r- 9±_9^_9^_9± U\/i 0 gC 2(2 4(4 6(8 8(8 ^ )

Q

Ci

c2
c3
c4

(al > a2i °3> a4> °s) 

/2 = “1 (< + ^

O^O^ ~~ OgOg ~~ 30.30.3 — 5O4O4 — 70s O5
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z L.W.L.

Initial vortex location
Cross flow

Fig.l Coordinate system Fig. 2 Assumption of separation points

fcT, Milne-Thomson ©P3

h
na n

EE
fc=i j=i

(c - Cfc,j) (c - Cfcj) 

(c - Cfcj) (C - Ckj *)
(6)

ac^-r, 45-®^, %&%R±

*wW
^w(0)

1 — exp <7 = d • 7 (7)

<7 d a -y <D*?&
mu, #^7c%imAiga[/(o±egi:j:3T7(D#^ft:$i±ac6:(:Ta.

T#ki^a.

Y = -UI3

%%L,

N {h + h)dx (8)

h = -^pnV | (oi — a2)2 + 3a| + 5a| + 7a§ j

h = 2P E E KkJ {(“i “ «2) Im [Ck j] - °3lm [0] - a4Im [c* j] - «5Im [cj] } .

fc=lj~1 ^ '
na n

+<° E E KkjsktJ
fc=l 3=1

cc?, pgkj y tt-y>F w f
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Cargo ship VLCC

Fig.3 Body plans of model ships

bilge Fig.2^Tj:f»
1C, 7k-A?< cross Sow face ## bUge
V)T^, mmn=#OA, fL-T back #0 bilge gg^^T^,

l{x) = h(x) — d(x) = s ■ d (10)

CCT, d^<Dlg7K, /r(i), d(z)^^f^Fig.2(:^Tj;3(C, z#*gfmOface#)Cj3^%#^ 

#imaUz)

Vx ~ Us cos p ,
"d/j sc

atv
'df dC
d( 81V (11)

3.
t L^: 2##(DAgg & Table 1 $

ft, MEM® body plan €: Fig.3

40 #8ju,

L&V).k31:, f flfRankine
StC&dWc core ^Ett-mSSrKl^c, SeM®%

(7)^
TffiV^SSc o- (dO^Tia, d CO 5% %*#
K, %bbie2

SteJeoT, 7 cOffiSr^t^lFfco

Table 1 Principal particulars of model ships

Model Cargo VLCC
L (m) 2.5000 2.5000
B (m) 0.4194 0.4355
d (m) 0.1403 0.1573
CB 0.6978 0.8030

Table 2 Variation of parameter 7

Motion r* 7
Oblique 0.00 0.05

Turning ~ 0.05 0.04
~ 0.09 0.03
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Fig.4, Fig.5 it—5S#WSj3j:V'VLCC MiVOWT, ####:^ 0#% % c t & %.

0*0®. O. A, 0, V#lt

t>LTV>5„ —#####am#T 3=0.01, toBT s=0.07, £fc, VLCC toSteUBST s=0.01, toS

T 3=0.04 6LT%Be&fT&oTWa. #A ^ 0±e^#ai:i3WT«, #BK

Fig.6 ti—SS*tlESa5j:^' VLCC toSHC^T, fitting Lfzi§&<D, S
«##&}%,

y = ^ + ^/ + %^| + C/KI + (^+^rr/)^

A = -<)-%)#; (13)

0*0 v, owt ▼, • rnta, tt-zti-ttmtoMt vlcc

-24 -18 -12 -6 0 6 1 2 18 24 -24 -18 -12 -6 0 6 12 18 24
Drift angle p {deg.) Drift angle p (deg.)

-1 1 1 l.l-IJ 1

==
c
A
□

: r'=0.0000 
: r'=0.3125 : r'=0.6250 
: f‘s0.9615

j-
114B *a=

= 7<>fl yf!r 1 ^1
r. J= j.iti

2s=*

4

-24 -18 -12 -6 0 6 12 18 24
Drift angle p (deg.)

-24 -18 -12 -6 0 6 12 18 24
Drift angle p (deg.)

Fig.4 Hydrodynamic forces acting on Cargo ship Fig.5 Hydrodynamic forces acting on VLCC
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4. Jg m

Tte, ^ <h^T

##6T&%ca^W^^. %3T, ^8P

8%96##K(Dmw(:SBT% 9 x.T,

T, 96<D±gB<-%(D*Sf^-h$#^

T & C 6^R@T&-5 a&bfia.

Exp. Cal.
Cargo ship: v ▼

Cargo ship VLCC

Fig. 6 Stability discriminant

# # A m

[1] 4&#i&6P. # @B, 5EA&#. iWBLff: B%m
#B64#, B 88 #(1994), pp.57-72.

[2] *s ffitii, Bsjm m mm, jh#bx sb mm ■. m±mvmmm*<Dmm\z.m?m9c
(#5# SSiSUBtoES), S179 #(1996), pp.125-138.

[3] ?% #: 6*^98#^#^, mi34#(1973), pp.135-
147.

[4] #* »%, %#, #n %# i @%m96^^
#, W,92 #(1996), pp.105-116.

[5] M.Kiya and M.Arie : Discrete Vortex Simulation of Unsteady Separated Flow Behind a Nearly 

Normal Plane, Bull. JSME, Vol.23, No.l83(1980), pp.1451-1458.
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1. ES

@LT^<c6^#f-'Com#a^AA6m*-em#-e&6^m^6.

##7—f %)#(%

#mE§ri@&%.T. ##6[2]-[5]^.

%/(rm^#%$r*/<-L-CV^6V\^TV^ Hogben 6[6](7) GWS 

(Global Wave Statistics) (1854#-1984#) ^±##<^#%(7)#^[3][4].
(D#%(D##[2][4]$r#%L^ 4k±##ICCt''-Ot. llJI%[7]<C#2&##|-&(1954#-1963#). l#5 

^^[8]^)#&%M-*( 1964#-1973#) joZO(#126[9]0&m%M-* (1974#—1988#) ^(Dlkg;

&i5K:#oT. % [ll](cZ^. f 5#1%#Ub
7^—^(1968#—1982#). 7(1961#—1990#), B#^4%#L27^—7(196

l#-199O#)A^#^jiTj80, #%6L-C(j:. #gO°N—60°#, mai00°f—180°f ^*/<-L 
Tjo!). B##, ##. f

^fLTV'6.

##LT. g %6LTV '6.

^5)[ll](7)mM-#Tf±, ##:&####& 80 @(D/J\##lc^lj-C.

%wHK#. Gws[6]6^El^#o#&-e##L^!6i>)tii:v^. mt.

%#Hg(7)7^—7yb6L-C(l,
1000 ^^(0 1 %cT. ^6
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lOc. 3>##ipN^EE5iL5ipffSE*[n|ADaiS. BE^faffl^tE'E^r

- 49 -



2. @jt*¥Si6;6EltT-^
2. 1 t—$COfSia

#^±?^(O80@(D/J##(Fig.l #.#) KcV\

LT—so
mrn^—;r—f om&rnsL

[ll]T#m^trrj80, GWS[6](D-ejrt^

^"Trtt^ iSiti (^TlliSrSi) t'&MM (0-crossing SI

0) j:9(c^-x:-cv ^5.
f (^,T) = f (#)f(T | ^) (1)

Fig.l Map of area subdivision 

(cited from Fang[ll])

P(H ) : marginal probability distribution of wave height

P(Wr) : marginal probability of wind speed W for the class r 

P(H | Wr): conditional probability of wave height given the wind speed Wr 
( = f H : an analytical model)

P(T | II): conditional probability of wave period given the height H 

(= fT ran analytical model)

m# Gamma #

-#-x_6rh'6o

1
rV2^o-(/f)

exp
(InT-X^))'

2<r:(#)
(2)

[</(#) = Far [lnT](#) ^

(5:im^B9#)x(9:^E[6]^A&lR])(Z)M- 3600 7^—

2. 2 =r— $0-7*—Wh
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Table 1 Long-term wave statistics

Wave Statistics Statistical Format

Wave Data Observation
Period

Observation
Area

Objects
No. Data type Dist.* AH (m) AT Digit Format Wave

Direction Seasons

OWS [6] 1854-1984 
(130 Years)

Global
104 areas

55.000,000 Ship data PiW.T) 1.00
(0.00<H<14.00)

1.0
(4.0<T<13.0) l(*o) 8 4

H.Walden [12] 1950.1-1959.12 
(10 Years)

9 station 
in N .Atlantic 227,497 Weather 

ship data MKT) 1.00
(0.75<H<15.75)

2.0
(5.0<T<17.0) 0.1 (%o) - 4

Fukuda [14] 1950.1-1959.12 
(10 Years)

9 station 
in N.Atiantic 227,497 Modified

Walden’s MKT)
1.00

(0.75<H<15.75)
2.0

(5.0<T<17.0) 0.01 (96o) - 4

H.U.R0II [13] 1950.11-1952.10 
(2 Years)

10 station 
in NAtlantic 50,396 Weather 

ship data MH.T)
050

(0.25<H<15.75)
2.0

(5.0<T<17.0) 0.1 (%,) 4 4

YAMANOUCHl 
et at. [7]

1954-1963 
(10 Years)

54 Sea zones 
in N.Pacific 479,477 Ship data /,(%n

1.00
(0.75<H<3.75)

2.00
(3.75<H<7.75)

2.0
(5.0<T<15.0)

0.01 % Min. Max. 
OBS 185 58186 - 4

TAKAISHI 
eta/. [8]

1964-1973 
(10 Years)

76 Sub-zones 
in N.Pacific 3,564,687 Ship data MKT)

1.00
(0.75<H<14.75)

2.0
(5.0<T<13.0)

Min. Max. 
OBS 805 151413 - 4

WATANABE 
et a/. [9]

1974-1988 
(15 Years)

76 Sub-zones 
in N.Pacific

4,901,943 
(Ship data 

only )

Ship data 
Hindcast 

Buoy data
MKT)

1.00
(0.75<H<14.75)

1.0
(5.0<T<14.0)

Min. Max. 
OBS 1200 203875 

(Ship data)
- 4

FANG 
eta/. [11]

1961-1990 
(30 Years)

80 Sub-zones 
in NW.Pacific 7,600,000 Ship data PoiKT)

** 0—*0.1-*0.5-* 
0.85—*1.25—*1.85 
—*2.5—*3.25—*4 5 

—►6.0—*7.5-*9.0—* 
11.0-*

1.0
(35<T<12.5)

1 %o Min. Max. 
OBS 3260 268000 8 4

* p lV (H, T) : Probability distrbution of wave height and wave period 
fa (H,T) : Frequency distribution of wave height and wave period 

** Related to wave class of World Meteorological Organization Code 3700

Hogbenfe[6](GWS)cO$ifiEft-7:?-^^S<^P)tLTV^„

yY^IUbtbX Table 1 k:Si"0 Id, 'X<D Walden[12] (1950^~ 1959

RoH[13](1950#~1952f)<D#&##kmco^-rbim#7)#^#&^LTV\6o &jb\ GWS <D
Hogben bX> GWS[6](D##^&(D##m##[ll]

f <D#&#$,kLT

100 1000

E^±?#lcjo(f6^6[ll](DgEmiRM-f-^-r#$jT,T^5%#m^ll. GWS[6](7)%#6imC<, 

1000 1
PW®tt, 0m~0.1", 0.1m~0.5", 0.5m~0.85m, 0.85"~1.25", 1.25m—1.85m, 1.85m~2.5m, 2.5m~

3.25", 3.25"~4", 4m~5m, 5m~6m, 6"~7.5m, 7.5m~9m, 9"~llm, llm Zk±.b^X^-^WM 
xm. Sitt^iev^H-efitooTV^o -£tz. 3.5

#£1T, 3.5#—12.5 fJXDffltf1.0#iBffiH 12.5&&.±b^X^EJiWjCi^Stcovm,

gws ^mm#d.o fmmps ; 4.0 #-14.0 #\ 14.0 #y±) ?&&#, gws

(Dmft9$\-bMftoX\t 'So mb, GWS <D=f—9 (1.0m SfcffflPS ;0.00"~14.00", 14.00" ^±), %^6[8] 

©f“ * (1.0” #MM;0.75"-14.75\ 14.75" gl±), ? (1.0" ®WPS;0.75m~14.75mx

14.75" Walden[12]2)-f—f (1.0" iBM!5fi;0.75™~15.75", 15.75" W±)T?fei9, #|C,

^•?><»T:'-^Tiiffisai.0m)i*oTv^ri^g3to0 ^[nirosctts-m, 

Fig.2 1 IC#7h^V##&
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AREA E3

LT, Walden [12]|Cj;%^, 10

2(0%###-?^:. 1000 0.01 g

^(7)7^—7y^(T)E- 0
(D#A/6^6. #fB8&[2] [3], ^6[4]ll, GWS -f- ^

6imc iooo o.oi
gr%7i#]Ei-S^&§r#^LTV'6. 

6D7/^LiXA6m]#(7)#%L^mi,^-c. mbvk 

T#gEm$E#^-7[ll](7)#grm7c#]Ei-5=

ALLDIRECTIONS
(INCLUDING 3.2% DIRECTION UNKNOWN)

TOTAL 2 50 205 311 247 125 45 12 3 1 + 1000
>11

9-11 +
7.5-9 + + 1 1
6-7. 5 + 2 2 1 6
5-6 3 5 4 1 13
4-5 3 12 13 6 2 36

3. 25-4 2 13 23 17 7 2 64
2. 5-3.25 1 11 37 43 24 8 2 126
1.85-2.5 3 29 64 55 25 7 2 184

1.25-1.85 + 10 54 82 55 21 6 1 229
0. 85-1.25 + 12 46 54 30 10 3 1 156
0. 5-0. 85 1 13 37 36 18 6 1 + + 112
0.1-0. 5 
0-0. 1 1 12 26 21 9 3 1 * 73

T (SEC) <3.5 4 5 6 7 8 9 10 11 12 >12.5

ZERO CROSSING PERIOD (s)

Fig.2 An example of wave statistical 

diagram of North-West Pacific

2. 3 T-7<DB!+M&!mtil
m^^T#(D$)6#m#^#&2o°Ar-'3o°Ar, mai3o°E-i5o°E).

0°N-60°7Y, mgl00°f-180°E)(:-3t^T, BPt),

%:NW25, NW26, - - , NW35)<LA##(80@?)/fi##)|;:#f&-fa&i&9*m*#####[15]&## 
T. Table 2 (cMfixLTt'6. 01-li.

e—K(A%x m^emm(g). ^me#&(a).
iooo### i

3E(Corrected)d)#6:#%^:#]E(7)#:^lt#L-C^5. 1111^6. #126(D#

Table 2 Statistical characteristics of wave period and significant wave height 
(Whole year and all directions )

Wave Statistics Wave period T (sec) Significant wave height H (m)

r (H. T)
Wave Data Ocean Area

Location
Observation Objects

No.
E(T) MT) Me(T) 0(T) 6,m 6,(7) E(H) MC(H) He(H) 0(H) o,(H) 0,(H)

Buoy No. 21003
N. Pacific 

(25. 7N. 135. 9E) 1978-1986 15.431 7. 29 7.45 7. 19 7. 19 5.92 8. 46 1.76 1.48 1.50 1.68 1.09 2. 26 0. 13

GWS
(Corrected)

Area 42

NW. Pacific

(20N . 130E)

(30N . 150E)

1854-1984 518.319
6. 92 6. 55 6. 81 6. 88 5.93 7.82 2.21 1. 62 1.94 2. 07 1.25 2. 89 0. 46

GWS
(Uncorrected)

6. 92 6. 55 6.81 6. 88 5. 97 7. 79 2. 20 1. 62 1.94 2. 07 1.25 2. 89 0. 47

FANG
(Corrected) NW25. NW26, 

NW27. NW33. 
NW34. NW35

1961-1990 684. 187
7. 14 6. 97 7. 05 7. 09 6. 10 8. 08 2. 06 1. 58 2. 05 1.75 1. 16 2. 34 0. 42

FANG
(Uncorrected)

7. 14 6. 97 7. 05 7. 10 6. 12 8. 07 2. 06 1. 58 2. 05 1. 75 1. 16 2. 34 0. 42

Following 
[71. [8] 4 [9] 

combined
1954-1988 543.935 6. 54 5.00 6. 02 6. 30 4. 70 7.89 1. 92 1. 46 1.64 1.80 1. 12 2. 48 0. 42

YAMANOUCH1 
et al. [7]

Zone 31.32. 
35.36

1954-1963 53.473 7. 32 5.50 6.31 6. 65 4. 78 8.51 1.41 1. 16 1.23 1.29 0. 70 1.87 0. 15

TAKA 1SHI 
et al. [8]

Zone E13W.E13E. 
E14. El 7, E18

1964-1973 221.495 5. 76 5.00 5. 07 5. 53 4. 02 7.04 1. 79 1. 43 1.52 1. 71 1.07 2. 34 0. 45

WATANABE 
et al.[9]

Zone E13W.E13E, 
E14. El 7, E18 1974-1988 268.967 6. 88 5.00 6. 68 6. 67 5- 06 8. 27 2. 12 1.55 2.01 1.96 1. 27 2. 64 0. 54

GWS
(Corrected) 12.18.19.20. 28. 

29. 30.40.41.42. 
43.52.53.62.63

NW. Pacific

1854-1984 7.588. 921
6. 99 6.51 6. 83 6. 89 5.73 8. 05 2. 31 1.60 2.00 2. 13 1.25 3.01 0.49

GWS
(Uncorrected)

6. 98 6. 54 6. 89 6. 92 5.78 8. 06 2. 27 1. 60 2.00 2. 12 1.25 2. 99 0. 53

FANG
(Corrected)

80 Sub-zones. 1961-1990 7,511,752
6. 88 6. 93 6. 78 6. 84 5.71 7. 97 1.94 1.57 1. 63 1. 70 1. 09 2.30 0. 46

FANG
(Uncorrected)

6. 88 6.95 6. 84 6. 87 5. 74 7. 99 1.97 1.56 1. 63 1. 70 1.06 2. 33 0.51
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#^1/0,'5. —^tGWS(0%#-f

maicBeta

^L, Be<6m#(g)W30%/J^v\

3. SSfcfiSH-SMtf#!?

3yTi-j#e^^ciR[2]

~[5]-eSffl L/' [r]C&>® "Cfc<0, inv5 L = 175m,

Q = 0.572

Fig.3-5 l:^i-=

Fig. 3 led, m^b±T#(DA##(zt;ij-6# 

@:&nW#0E@ Zr(Dg#i##&#L-n,''5. la 
(i, ]E@a#^#-c, &rn f%=0.30

z/i #

^B^^cI+t2'—^i^STcttlESriSL 

7h# o'(7) % ^(Corrected), ##5t#lE(7)#a'(7) 

$n#: (Uncorrected), GWS (7)%—^|c%jc#IE

(Corrected) $rM:B!'LTV''

5.

The North-West Pacific

G WS(Corrected) 
FangfCorrected) 
Fang(Uncorrected)

Fig. 3 Long-term distribution of vertical 

relative motion at bow

The North-West Pacific(20N-30N,130E-150E)

G WS(C orrected) 
Fang(Corrected2) 
FangfCorrected) 
FangfUncorrected)

Fig. 4 ICI3, mb±:f 

(1, tEmam##-?, H5ig Fm=0.30

#7C#1E, ##%7C#E]E j3j:U( GWS (7)%^#E1E

3;%,

1000^-#% 1 lc#7h 

#V^#D0.1!%±0.5*#7)-(:/ug (^# + ) 

IC#L"C,

(Corrected2) LfcF5"ti:xFL'TV '%>.

Fig.sico:,

(Q=lQ-») & GWS &mt

Fig. 4 Long-term distribution of vertical 

acceleration at bow

□ Uncorrected ■ Corrected □ Corrected 2

0=10"

NW25 NW26 NW27 NW33 NW34 NW35 ALL GWS
(158.684) (156.398) (82.056) (110,6085 (72.731) (103.710) (684.187) (518,319)

OBJ

Fig. 5 Long-term predictions of vertical accelera

tion at bow(20°N-30°N, 130°E-150°E)
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grmLt^tDMA:(Corrected).

(D|p$ (Uncorrected), i&ilb##C)J1323 p|lC>30#l^jiSiLfc3l'nC)|in;|= (Corrected2)

^6[n](D#$E##—cws ^

ryb. #1^. L3#^3^6, 2(D#|6]$r+^|C^

4. ss »

^(D^meeKmicut.

##u. A##. ^A^#= ^aam&m

##3t®(
[1] %m#—:3K)#:jS:#(Dm#{-%f'@LmjRA(:g0i-6v'>^c;9A, B#i#A0##(1969), pp99-119
[2] 89 # 

(1995), pp.223-231.
[3] m 90 #

(1995), pp.127-136.

^ 178 # (1995), pp.289-296.
[s] $mm=. manmAa#^#. m 91 #

(1996), pp. 107-117.
[6] British Maritime Technology (Primary contributors ; Hogben , N. , Dacunha , L. F. and 

Olliver, G. F.): Global wave statistics, Unwin Brothers Limited, London (1986).
[7] Yamanouchi, Y. and Ogawa, A. : Statistical diagram on the winds and waves on the North

Paci&c Ocean, A(#m#W%Bf#e\ 311*2# (1970).
[8] ±#a#::KT#oa^(D%m-EI#(1964 #-1973 #), A0AB##*%9f##. B'i

*3# (1980).
[9] #12 AKSm ^,#%Rj^%:^±##(7)#tm(1974 #-1988 #).A^BS#*%Br#^.3iJ*

14 # (1992).
[10] a#mAo##^jc#.

179# (1996), pp.59-65.
[11] A#t#. mK%mmm±(f m)(i995).
[12] Walden, H. : Die Eigenschaften der Meerswellen im Nordatlantischen Ozean, Deutscher 

Wetterdienst Seewetteramt, Einzerveroffentlichungen, Nr. 41, Hamburg (1964).
[13] Roll, H. U. : Height, length and steepness of seawaves in the North Atlantic and 

dimensions of sea waves as functions of wind force (English Translation), Technical and 
Research Bulltin, No. 1—19, SNAME (1958).

[14] #i&f(7)&R7) Deck Wetness B#igA0##^^:#,# 124 #
(1968), pp.141-158.

[is] (*)#msmm± d984).
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Study of the combined plant for the generator diesel engine

by Yoshihiro Kobayashi, Member Mototsugu Watase

Tooru Nakajima Shinichi Hanada

Summary

In order to improve a thermal efficiency of power plant two ways of thinking i. 

e. combined plant system and co-generation system might be applied. The former 

utilizes an exhaust gas energy of primary engine as the reheat source of second

ary power plant, the latter as the latent heat source for hot water or hot air.

A race for the high level total thermal efficiency is being seriously unfolded 

especially for land use plant. Thus an effective utilization of medium or low 

level energy of exhaust gas will become inevitable from the both view points of 

preservation of the earth environment and an energy saving. Authors focused the 

attentions on the exhaust gas of diesel engine for ship’s generators, which was 

exhausted without any uses to an atmosphere and made conceptual designs and cal

culations of combined plant of Rankine cycle of steam or fron as a working fluid 

.A sulfuric corrosion which might occur at temperature lowered up to a dew point 

was avoided by applying a special coating on the surface of heat recovery equip

ment.

cfta-eftffrc# o 1 %<d

<D—Z>£LT,
h tony/u

> H+t-r ^;k $-5 WtSM:/7>hT03df^l/-'>a>'>X5"AZ£iZ£

(#)
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3TaLT0;t#&#*7ySflTtAa.
*-©iwt»*&jrd mvmz cta#*#©#As tzzt**#, »*©«£**©**
«WT*S±«MfcfcVK7>jfc©*M«iLT©EBgl^&D, -e©5^*#%T5%%

o ±tf, #E$ijmsnTicnxsnrv^5x>>?>© 
jfeKsfia*tyji*®.Mititti^®om-e^ 

tTst)©T&%. 7 o >m©#m^7;)/6
*ma©2ms#iM

mt% zt\z6t,6'5AjBA#m*R#f±©m@&MISA6&%. t UTttVi < o
^©*m# *# «&&*#* ztiz#.
MMmz'D^TiwmzmmmmmMMmmm'p-ewm&TZ hesemu &&&&&&

%tc c

2. T-i-wvmmmmou >m yvzr^yv

2.1 #-y-< ^ ;p am,fm#©m%

mnmff-'K;vx>s?>©#aiaflEttao,csaT» 0, m£fgfc@JBLSb*t u-m

Dj:T^>^>^>-9*-1‘7;V£®fflLfzo iMttm s*

ztfrz, yuy%tlthfc-
134a, HCFC-123^<t^*#M©3@me##*#2: Vfc„

2.2

jtitjt^7□ >©£5 fcitcEv^s^, ^@©30or©ssssi/^;w?tt^-H> 1 'A 

< A%. C©%:&7 n >^Tte;:©E*^imftSeBTPP3 A. 5 
zt'bm&vmftumzte^o m\z?uy\z&m&-?$>z>rztbMmmt)%m<yy^ 
A^#tbT»E*iB«T?©fp»fc&a. sfcFig. lt-^TJ;5 tcp-h^-r7^7a±t©

#%> h n Hm©M#dP/dhAi:7 P>#©#&.

#^©m*% 1 ®S5S©»T^jfflTS ^£]£>'£ 5o 2oorm±©i#5&@«©^##Bn

zmzltmitr^M^-Myxn©E*&^6t. aSimm©£Etb#M8g95tCpti; 
McLindentl] ©«t o T^C^SSS ttTV^„

HFC-134a

HCFC-123

C„°=R
/ * \

2.018320+12.888065 

R=8.3145 J/(mol • K), 7=374.21 K

vr«y
-3.828818

^ +0.714145^

C/=Rl0.724188+27.762732(l

R=8.3145 J/(mol • K), 7 =456.94 K

-19.165589
7 j-V 

V^V +5.947808
K

(1)

(2)
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(3)

S300TT(DHFC-134a^<kim:FC-m(Djt#ftaTHPC-134.=1.076, Thcfc-i23= 
1.067E6D lCEWj\g^#T&S. £tt^e>ES^bEUT*-H>APE;b£i£S 

LT*a £10 Wcm2R±0#?ir&if5E£&D (M±<D'Kt}77> b ©16B&#ET<£>SA 
EA&200kg/cm2.fgST$>5) , 7D>^u©i5fi;Ifig«^ffflt5:t(i7D> 
o#^%(Dimjg2:#cmmT&wc <t^Tp-hmB&m^T#mm%:mm
. E^T(Df##^#ML. fWfimfl#RH&Fig. l^«t^Fig. 2C^L, »r#m# (=

m&<D?- H>S5BESZaBHrM{bT<Dti:V) £0.8£Lfc±T.
> MTOomm, E^jsEtfffiASi liable lC^Vfe, MJRggffiP 

to>7□ >0#M&i25r^«t^2O8%:tvxt<Du^mmov 
tAitv^&x □ > h D-;k&s-&g£&50

2.3 jm^y^y^Z)}/

-7^*SM<DS^ttp-hS0T<D^x> h □ E-$S<Z)Mit t>/h3 ^Tctb, 'J>&^j:>7

jv\i-mtxmimmm\zAo 1 < tnsv\
< TZ>tzsblz\t£&(Dmm&£tfBW&mizf2:Z>t)b ^®<D£?

>a peases c £1$. s
###&&#<%6A«66a^&&*^6E*3 

C £ T it A P©S^^FFa: LTT=300°C £ Ey:p=2.2MPa&#%L. A# 
MEit2MH&1M X>£L£» #BNR^£LTi*XiiT3#;9XSg>^5lE<9E6S8,6 
* 6+ec^vm75°c L/^ t u

fflj: D
t#m£T% 2 ^pg^t-rna, mmmacE^ Tit#im%^c*^&mm#m#^&
Eft1"5££/(WfBlET. HDea%E&5. Flg.3C^T#lBTH%m
<DB@JRg§> 1 2 #B (D#mmc#zK%#&T#Mm@mE30r ##C& 0,

£Lm#EZ&s-e c?Fig.ic^ng 2 s<de-5c2eb©^
-H>EtiPEmT^160X:^CfV$ AT. BiE# XSS£EM&61ECB*#Ufcd A 
T3®g(D^-H>TS*i§(D)gEE*$THrits^3-entt > ##xmm<Dm#AitE 
EoMEvroiKz<D&rcoitiSM

e©e -5 ct-e, <d*k m%#m&£(DE 5 cm#T&*'<%##
M&tH8£AV>Cg|BUT£9EllE<9-77©£S,&Tt>&5. ££Ti33&3£B3gf«T 
mi#J:V2m<Dffitt&Jtmv. sm^x*^6kg/(ps-h)tarn**), ^nztuomft 
m#T<D#f#m#-f > FT(D@m. E*j3<J:tfffi*gB liable lC^Lfeo &£> &# 

tdm.mc*?-< 7#7&% Fig. 5,6£<ktf7C^Lfc.

3. imwxf^yvtDXTivmL

if = Cp/(C°p - R)
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2T^fd£E> ^sfc*fc**aaai3kg/h©

? - H>©&mcovmMxSm<DW©ffl£3 © 
ma#ma±aE^«tot»#E6©@at ut. fcxs 

J XM5J;tf:/ U- FEIB±fSMtH££ t-)
re, mm%^©##amm k - ^ - m#©t u, ssmitB=b o $ e, tce^©!?

0°C£Lfc. ^-H>1 '£.ffl<DMUM&&<£E*m50°C,0.2MPa©i&Mii. -J}2'£ 
fljtt±fa©cfc -5 0 *>JEt), M^t^B<D90t 0.07MPa©fia*nS^T&5o
Fig.SfcMEB^Lfc, m*WSU©Til#ti:/JxS ©%@#%m^\ ®felSc®|||ttff

AmW^Pboto l#j:#2, ^-H>£Photo 3, 
«ktf*®#>:/£Photo ^SbS#ttSS±IB©EIP^#<DS9T.
c©KHkK<ko T^®©SW^frT?©^7 > h 0WWiTi&5

4. #B*#©moM;a#&;9?&m%

;i/&T%mT^#^©imm©-'3tLT, ##x#c#&fiT^sm##4b#so2a##: 
^nxsoat^o. cw*m^m%w&mT©*mmM#tRfE:LT**aao, f©K

>uxm$'bML<m&'tzrctb. mxmmvmmtfzmvm&mmvm&fr<=>&&#&

4.1 mmem#©#^
^®jR§g©Fiue

9$ y-x-r >^OTt5itT, imaa'smmaTmrfa 
tc^ss-tts *#m©mmmmm#T©m^m#^#mu

4.1.1 ##(##©##
3@@©m#&owT#ma©#m&e&T)&*i, v^fi©m#tt9s 

y2X^-XiLT&JraMB»£E£Ltf U 2## (Ath
#450) , 43<k '> V * - XfcifeJSglMSE'S-V1 Ett (A%#36^j;^B%) ©

###%. m. mr)vtiy.

4.1.2 #m©#m&^##
titsL/Co MEtt30amx25nnXljn

m©mrn###^mv\ Ti®n^74>^-, n>J:yy 
;Vn-;V8feMHcJ:^T, 8©^£»*£K»fc£MK:*fLTfT&K %yym#L*& 

tttfTzs^-'fJL'y yftll£fr&-ofc„ 0TSM¥t;:&5 J:d £ L 1 @ B ©
&%#v^#m?^©mmeml > 3@mo twa2oo-3oo# t ut. mm©

a^»^njen©A#450&B£*&jSI©^iU A#36£J;tfBti;Photo 5tC^TS^jFT50
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^tiPhoto mm mom.
laa^O ^7 ;i/£100m0hr/day+20txi4hr/day <h U

rnsioBr«i<iojEv^„

y?zzimmzmwvrz'?>h^h-^-T*LT> ut
v, ±s^6%ui:uu

*T7^#, «»Lfe^S^^7Xnp*g{rMM$n-5„

4-i-3 mmis&tmk

A#Tiooi#^(DAi#. o m vimvmm&mmmmm*
ff&t>fc. H»©»a®<fct«ffiWS*STable 2fc7T/^@<D 3@E<DB£m±A#36^

5. MB

if; l/X > y><7)^Mx7;i/=F - £©JRf«Jffl L9>+ >1M ^ ;i/£f£gfr £ ~t£T Wsti t V 
T®JRf S-r-f—if;vx>v> • □ >A4 > PvXf AC^^T^c.
\*yn>%2mt*mmz-D^Tmmv. u-m?n>TtmAE*t6%r
t, £<!;#raT<7>EMtt<zW'Basmoo~2oox: iwst

*SSTtt300°C$T -F±^fc2gM+H X7;i/<h

vr-tr^ y 
EME*T©*SM5

mmm&m&u, ? s ^j:%
m±cscfwr*siE2m##E7
> h 450ps©£trm45kw<z>m

^§£<£><fc DiHSTOitt, SMS: 6mcft$BBT<Z)W%!rt4lcotm$S 

Srfr&vtfcl*.

mm
^m<d±y^yzzi-m,y/fm(DmmLm.m^\mm^r.m^m^ym-
izmi&iztDrzz&ffimmwz zmzmmtsttm^tz.
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FIG.1 P-h DIAGRAM OF HFC-134a[2] Fig.2 P-h DIAGRAM OF HCFC-123C2]

FIG.3 T-s DIAGRAM OF H20 STEAM
-CASE 1

Fig. 4 T-s DIAGRAM OF H20 STEAM

-CASE 2
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(HFC134a)

10. 4kg/cra*

Sea water

FIG.5 TEMPERATURE DROP DIAGTAM 

OF HFC-134a

Exhaust gas

Working fluid 
.(HCFCI23)

FIG.6 TEMPERATURE DROP DIAGRAM 

OF HCFC-123

A Electric Heater Hot Air l

Press 150 rneAH
Temp 170 T
F l ow 15 MmVh

Evaporator
and

Superheater

Exhaust Air

f Super heated
Steam

Coot ing Water

Pr ess 0.2 MPc
T emp 1501
F l ow 3 kg/n

Condenser

Press 0.2 MPo
T emp 60 t
F I ow 1 3 kg/h

Turbine

Generator

-■To Evocuotor 

•Condensate Tank

Condensate Pump Cool ing Water

Air Signer Electric Heater EvaPorater
a* 0.2 mVm am 0.2 m3/m IBItE* 0.2 MPo
HE 150 mmAQ as 200 VAC ssitss 150 %

firoa® 50 t sm 4.0 kwh eaww 0.15 m’
eihE 0.2 kwh **a® 500 T e*sm 6.0 kwh

Turbine Condenser Condensate Pump
saita* 0.2 MPo laitES 0.2 MPo lasts* 0.2 MPo
salts® 200 X salts® 150 t latts® 50 *C
sees® 0.5 kwh 0.1 m? ttitia 0.05 /m

7.0 kwh ass 25.0 fflAQ

FIG.8 FLOW DIAGRAM OF MODEL PLANT
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COOLING WATER TUBE
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Exhaust gas

Working fluid 
(Steam)

Sea water

FIG. 9FIG.7 TEMPERATURE DROP DIAGRAM 
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TABLE 1 PROPERTIES OF WORKING FLUID 
AT EACH POINT

WORKING HFC-134B HCFC-123 O' case 1
FLUID (case 2)

P3 50kg/m2 50kg/cm2 Pl-2. 2MPa
T3 1251 208C Tl-T3-T5-300t
P4 10.37kg/cm2 1. 58kg/cm2 hl-2834kJ/kg
T4 Sit 74T P2-P3-0. 67IMPa
h3 161. Skcal/kg 164.Scal/kg T2-182D
h4 155. Skcal/kg 153. 9kcal/kg h2-2812kJ/kg
Ah34=h3-h4 6. Okcal/kg 10.6kC3i/kg P4-P5-0. 112MPa
P2 50kg/cm2 50kg/cm2 (0. 15)
T2-T1 40t 40t T4-135T
h2 113kcal/kg 109kcal/kg (182)
4h32-h3-h2 48.Skcal/kg 55.Skcal/kg h4-2765kJ/kg

(2837)
h5-3074kJ/kg

(3074)
h6-2681kJ/kg

(2641)
T6-98T

(76)
T6‘-T7-44. 8t 
P6-P6--P7

».OOOSMPa
T8-T9-217C
h8-931kJ/kg
h9-2799kJ/kg

Q(EXHAUST 450PSX6kg/h/ SAME AS LEFT SAME AS LEFT
GASENERGY) PSX (310-50)1:

XlkJ/kg/K"
7. 02X 10* kJ/h

G-Q/ih32 G-Q/(Ah91+Ah23
(FLOW OF 3. 45X 10* kg/h 3.02X10skg/h +Ah45+Ah79)
W. FLUID) -206(212)kg/h

W-Ah34XG W* (Ahl2+Ah34+
XO. 9 21. 6kW 33. 5kW AhS6)XGX0. 9

(OUT PUT) /3600-46. 8kW
(45. 8)

THERMAL 12. 3% 19. 1% 26. 6%
EFFICIENCY (26.I)

TABLE 2 TEST RESULTS AND ITS 
EVALUATIONS

^^COATING

ITEM A #450 A #36 B

GRAY COLOR AND GRAY COLOR AND BROWN COLOR AND
LUSTROUS ROUGH SURFACE ROUGH SURFACE

AT START OF TEST SURFACE

(PHOTO No. 7) (PHOTO No. 8) (PHOTO No.9)
AT STOP OF 100HR LATER; 100HR UTER;
EXPERIMENT; DISCOLORED TO DISCOLORED TO
NO BUCK. RED-BROWN
DISCOLORATION SMALL RUSTING HEAVY RUST ON

AT COMPLETION BUT HEAVY OCCURRED. ALL SURFACE
OF TEST CORROSION AND NO SWELLING SOME REMOVAL

REMOVAL AT THE NOR REMOVAL BUT NO SWELLING
EDGE

(PHOTO No. tO) (PHOTO No. It) (PHOTO No. 12)
SOME RUST HEAVY RUST ON
OCCURRED BUT ALL SURFACE
NO CORROSION
AREA OBSERVED

OBSERVATION
BY (X60 (x 60

MICROSCOPE PHOTO No. 13) PHOTO No. 14)
A #36(PICTURE IN LEFT)
AND B(PICTURE IN RIGHT)

(X7. 5 PHOTO No. 15)
INCONVENIENCE 1)DIFFICULTY OF
IN SPRAY
PAINTING WORK PAINTING DUE
CAUSED BY TO SMALL
2-LIQUID TYPE PARTICLES OF
AND METAL

OTHER FEATURES QUICK-DRYING COMPOUNDS
OF PAINT CONTAINED SAME AS LEFT

2)INCOVENIENCE
CAUSED BY THE
NECESSITY OF

HEAT-UP WORK

JUDGEMENT NOT APPLICABLE APPLICABLE NOT APPLICABLE
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PHOTO 1 MODEL PLANT FULL VIEW 1 PHOTO 2 MODEL PLANT FULL VIEW 2

PHOTO 4 CONDENSATE PUMP AND VACUUM PUMP
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PHOTO 6 TEST VESSEL FOR SULFURIC ACID

PHOTO 9 TEST PIECE OF B PHOTO 10 PIECE OF A#450 AFTER TEST
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PHOTO 11 PIECE OF A#36 AFTER TEST PHOTO 12 PIECE OF B AFTER TEST

PHOTO 13 MICROSCOPIC VIEW OF A#36 PHOTO 14 MICROSCOPIC VIEW OF B

PHOTO 15 MICROSCOPIC VIEW OF 
A#36(LEFT),B(RIGHT)
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The Characteristic Analysis of Turbulent Heat Diffusion 
In a Multi-Compartment Structure

by Changhong HU, Member Nobuyoshi FUKUCHI, Member

Summary
Safety, comfort and high-efficiency in marine systems are becoming strongly needed in 

recent years. A suitable method is required to accurately analyze the phenomena on the 
functional design related to the turbulent heat diffusion in enclosed spaces. One of the very 
complicated problems is the prediction of turbulent heat transfer in a multi-compartment 
structure, since the heat transfer is in high Rayleigh numbers and the flow field is almost 
governed by turbulent natural convection. An example of the flow field is the smoke flow in 
case of spontaneous outbreak of fire in a marine structure.

This paper reports a numerical investigation on the characteristic phenomena of turbulent 
heat diffusion in the multi-compartment structure. The flow pattern, the temperature field 
and the turbulent eddy diffusivity in the structure are studied numerically. An expression to 
describe the relation between some governing factors and the thermal transfer intensity is 
presented and clarified by the numerical results.
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t/to=50

t/to=100

t/to—300

Fig.2 Variation of flow patterns of multi-compartment model with
openings of a/H=0.4

(a)Velocity

(b)Temperature &

(c) Eddy Diffusivity vt/v

Fig.3 State variables of multi-compartment model with openings of a/H=0.6
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(a) Velocity

(b)Temperature <=>'

(c) Eddy Diffusivity vt/v

Fig.4 State variables of multi-compartment model with openings of a/H=0.4

(a)Velocity

(b)Temperature &'

Fig.5 State variables of multi-compartment model with openings of a/H=0.2
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(a) Velocity

(b) Temperature &'

(c) Eddy Diffusivify vtA'

Fig.6 State variables of multi-compartment model with
duct-type openings (a/H=0.6, b/B=0.5)

(a) Velocity

(b) Temperature <9‘

(c) Eddy Diffusivityvt/v

Fig.7 State variables of multi-compartment model with 
duct-type openings (a/H=0.4, b/B-0.5)



(a) Velocity

(b) Temperature &'

mjmm
^------------- 20(

)

(c) Eddy Diffusivityv(/v

Fig.8 State variables of multi-compartment model with
duct-type openings (a/H=0.2b/B=0.S)

(a) Velocity

(c) Eddy Diffusivity vt/v

Fig.9 State variables of multi-compartment model with 
duct-type openings (a/H=0.6b/B=0.2)
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Fig. 10 Calculated flow distributions through four 
openings for Model-A

Fig. 11 Intensity indexes of heat transfer through four 
openings for Model-A
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Fig. 3 Route pattern of service network
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Table 1 Transshipments liner network via Shanghai
Services

. Route
Speed i Shipsize

1 ransporting
Ships Ships Load

CR CH
(Per year) (Kt) : (TEUs) ....(TF.lh)

(Requied) {(Adopted) Coej.

1 Yokohama-Nagoya-Kobe-Xingang-Yokohama 52 (Weekly) ■ 1,621 16 500 42, 549 5.8 12 48% 42.00 ; 7.21 7, 680, 629
2 Yokohama-Shanghai-Yokohama 52 (Weekly) 1,058 17 1000 79,178 9.9 10 99% 30. 47 ! 9.25 3,818.422
3 Yokohama-Hongkong-Yokohama 52 (Weekly) ! 1.602 17 i 1500 50. 355 6.7 7 96% 22.37 11.20 2,839,281
4 Nagoya-Shanghai-Nagoya H (Week 1 y) 935 17 \ 1000 76.553 9.6 10 96% 30. 47 l 9.25 3.463,270
5 Kobe-Shanghai-Kobe 52 (Week 1 y) 837 17 1 1000 79.941 9. 9 10 99% 30. 47 : 9.25 3.229,471
6 Kobe-Hongkong-Kobe 52 (Week 1 y) I 1,387 17 i 1500 47, 844 6.3 7 90% 22.37 11.20 2, 583,313
7 Hakata-Shanghai-Hakata 52 (Week 1y) 480 17 1000 11,860 1.6 2 80% 30. 47 ■ 9.25 407, 332
8 Shanghai-Xingang-Shanghai 52 (Weekly) 750 16 - 500 30,591 4.0 4 100% 42.00 7.21 1.362, 752
9 Shanghai~0ingdao-Shanghai 52 (Week 1y) 400 16 500 24.240 3.1 4 76% 42.00 i 7.21 858,677
10 Shanghai-Hongkong-Shanghai 52 (Weekly) 820 17 : 1000 48.201 6. 1 7 87% 30. 47 9.25 2. 182, 791

Tota 1 520 (Weekly) 73 28,425,938

Table 2 Cruising liner network via Yokohama, Nagoya and Kobe

No. Service Route
I Sendees 

(Per year)
Distance
(n.miie)

Speed
(Kt)

Shipsize
(TEUs) Q'nr"k( ■■ !R“!uied> i (Adopted) Coe/ CR CH Cost (£)

1 Yokohama-Nagoya-Kobe-Xingang-Yokohama; 52 (Week Iy) 1,621 16 500 42,549 : 5.8 12 48% 42. 00 7.21 7. 680, 629
2 ;Yokohama—Nagoya—Shanghai-Yokohama i 52 (Week I y) 1, 145 17 1000 43,800 5.7 9 63% 30. 47 9.25 3,531,405
3 'Yokohama-Nagoya-Kobe-Hongkong-Yokohami 52 (Week Iy) 1.836 17 1500 48,520 6.5 14 46% 22.37 11.20 6. 344. 922
4 Yokohama-Shanghai-Yokohama 52 (Week I y) 1,058 17 1000 46,033 5.9 6 98% 30.47 9. 25 2. 242,631
5 iYokohama-Hongkong-Yokohama 52 (Weekly) 1,602 17 1500 37,300 5.1 6 85% 22.37 11.20 2,375. 347
6 iNagoya-Shanghai-Nagoya 52 (Weekly) 935 17 1000 31,288 4.1 5 82% 30.47 9. 25 1.657, 141
7 jNagoya-Kobe-Nagoya 52 (Weekly) 239 16 500 12,435 1.6 2 80% 42.00 7. 21 308, 528
8 Kobe-Shanghai-Kobe 52 (Weekly) 837 17 1000 31,288 - 4. 1 5 82% 30. 47 9.25 1,526,023
9 : Kobe-Hongkong-Kobe 52 (Weekly) 1,387 17 1500 39,220 5.2 6 87% 22.37 11.20 2. 190, 687
10 Hakata-Kobe-Hakata 52 (Weekly) 386 16 500 11,860 1.6 2 80% '42.00 7.21 399, 594
11 Shanghai-Xingang-Shanghai 52 (Weekly) 750 16 500 30,591 4.0 4 100% 142.00 7.21 1,362,752
12 ! Shanghai-0ingdao-Shangha i 52 (Week I y) 400 16 500 24. 240 3.1 4 78% 42.00 7.21 858,677
13 'Shanghai-Hongkong-Shanghai 52 (Week I v) 820 17 1000 21,351 2.9 3 97% 30. 47 9. 25 867,205

680 (Weekly) 78 31.345. 541
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3 —13 Developmental OTEC Plants in Indonesia: 
Niche Markets and Alternate Design

Gerard Claude NIHOUS*, Donny ACHIRUDDIN*,Member 
Kimio SAITO*,Member

Summary

This study examines ways in which small OTEC plants, of perhaps less than 10 MW, could be 
deployed in Indonesia, while being competitive in the absence of economy of scale. Two types 
of niche markets are investigated: on one hand, remote islands of about 100 km2 with 
populations of the order of 10,000; on the other hand, touristic resorts that also benefit from 
electricity savings incurred with deep seawater air-conditioning (A/C). It is established that 
the existence of niche markets critically depends upon favorable financing terms (discount 
rates of about 10%), and in the case of resorts, upon moderate inflation; this latter condition 
allows savings from deep seawater A/C to have a beneficial impact at realistic resort 
development levels (< 1,000 to 2,000 hotel rooms). Finally, special plant designs taking 
advantage of the exceptional Indonesian OTEC resource are formulated, which could decrease 
investment risks associated with the OTEC seawater systems, without overly compromising 
global cost effectiveness. This idea is quantitatively assessed for a 5 MW floating plant, while 
some of its potential shortcomings are also discussed.

1. Introduction

The idea of Ocean Thermal Energy Conversion (OTEC) was formulated more than a century ago, and 

tested at-sea as early as in 1929, by perhaps its most brilliant proponent, Georges Claude [1], In essence, 

OTEC consists in extracting power in a heat engine (Rankine cycle) with warm tropical surface seawater as 

the heat source, and deep cold seawater as the heat sink: there is consequently a wide body of scientific and 

technical literature accessible to understand the tenets of this very simple technology [2], [3], The easiest 

way to grasp how OTEC works in lay terms is to think of it as "refrigeration in reverse": in a home 

refrigerator, electricity drives a motor connected to a compressor; this compressor acts on a fluid which 

runs in a closed loop, alternatively extracting heat from the cold contents of the refrigerator, and rejecting 

heat to the relatively warm room. Electricity is consumed to sustain a heat flow which could not 

spontaneously occur, from the colder to the warmer. In OTEC, heat schematically flows in a "natural 

direction", from the warm surface seawater to the cold deep seawater, through an intermediate fluid, called 

the working fluid. As a result, this working fluid can expand in a turbine, and produce electricity in a 

generator. This "mirror analogy" between OTEC and refrigeration is so strong that both systems would 

probably use the same intermediate (working) fluids, such as ammonia. The specific challenges related to 

OTEC belong to tile field of ocean engineering, although the need for very large and performant heat 

exchangers cannot be understated.

* Graduate School for International Development and Cooperation (IDEC), Hiroshima University
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The existence of large OTEC resources throughout the Indonesian archipelago has recently been 

discussed [4], This vast and populous country lies in latitudes close to the Equator, in a typhoon-free zone 

where oceanic surface water temperatures are exceptionally high. On the other hand, great water depths and 

deep cold seawater are easily accessible from shore, as evidenced by such prominent bathymetric features as 

the Java Trench, south of the main islands of the Indonesian archipelago.

The renewable and environmentally-friendly OTEC resource has not yet been commercially tapped 

anywhere in the World. While technological difficulties cannot be ignored, with the need for a cold 

seawater pipeline (CWP) about one kilometer long, up to 10 m in diameter, hanging from a platform in 

very deep waters, ambitious programs sponsored by developed nations satisfactorily addressed some key 

engineering questions in the two decades following the 1974 "oil crisis" [5], [6], [7], The causes for the 

current neglect of OTEC are economic: in an environment of inexpensive fossil fuels, the capital-intensive 

OTEC technology has failed to attract investors for the smaller commercial plants (up to 10 MW of net 

electrical output) that are nevertheless necessary as stepping stones toward a mature stage. Thus, significant 

expected economies of scale, when deploying larger OTEC systems in the 50 to 100 MW range, remain out 

of reach [8], This situation was summed up by the formulation of the "OTEC Paradox" [4]: if a command- 

and-control approach is not available, without determined leadership, for example by governments or large 

industrial partners, the commercial development of OTEC requires the identification of niche markets 

where small OTEC plants could compete.

In the case of Indonesia, it was surmised that small remote island communities, or touristic resorts also 

enjoying large energy savings from deep cold seawater A/C, could provide such niche markets. In the 

following section, this concept is examined further. Later, and on the basis of the exceptional quality of 

Indonesian OTEC resources, design options aimed at potentially reducing the risk of OTEC development 

are also presented and discussed.

2. Niche Markets

It is useful to consider here the cost payback time N for a 100 MW OTEC plant, which may represent a 

targeted technological limit for OTEC. It should be emphasized, for the sake of completeness, that the 

overall energy payback time of large OTEC plants was estimated to be of the order of one year [9], 

Adopting a formula based on zero net present value, we can write [10]:

N = Log{ 1 - CC(d - i)/A}/Log{(l + i)/(l + d)} [year],

where CC is the capital investment, A the revenue from electricity sales at the end of the first year of the 

project, i and d characteristic inflation and discount rates. The capital investment necessary for OTEC 

plants in the 50 to 100 MW range, with the present state-of-knowledge, would be of the order of 7,000 

$/kW [8], yielding CC = $7.0 x 108. With the plant running 80% of the time (capacity factor CF) and an 

assumed electricity price s of 10 p/kWh, A is approximately $7.0 x 107. If d = 20% and i = 10%. 

corresponding to a typical developing country like Indonesia, CC(d - i)/A = 1 and N is mathematically 

infinite, which is certainly not attractive! While d = 20% might correctly represent the risk taken by lenders

- 86 -



(debt financing) or by stockholders (equity financing), utilities commonly issue bonds to implement large 

infrastructure projects. Adopting d = i = 10%, N = CC(1 + d)/A =11 years, which now compares favorably 

with the projected life of the plant, typically 20 to 30 years. In other words, the fact that large OTEC plants 

could be competitive, as earlier stated, rests on the availability of favorable financing terms (d not too high). 

It could also be argued that the inflation rate above is "optimistically high", even if prices at large increase 

accordingly: the electricity sales price depends largely on the cost of available primary energy sources, i.e. 

fossil fuels, and i is likely to be lower when narrowed down to the energy market; in the case of Indonesia, 

the relative strength of the local currency ( rupiah) also plays a role in electricity pricing, but the impact of 

currency fluctuations is left out of the present study, though they may be quite large [11]; in general, i and d 

should be consistent from a currency perspective, since the revenue from sales is used to cover investment 

financing charges. It seems reasonable to take d as 10% or 20%, and i < 10%, in what follows.

It can be verified that small developmental OTEC plants, with rated capacities RP of 1 to 10 MW, 

cannot be competitive, as the ratio CC/A, proportional to CC/RP for a fixed value of CF, would jump more 

than threefold. An estimator equivalent to N is the levelized production cost of electricity p over a project 

life of n years, and defined in a simplified form, for renewable technologies, by [8]:

p = (CC f)/(87,600 CF RP) [0/kWh], (1)

where f = d/{ 1 - 1/(1 + d)n}, and RP is expressed in MW. With CC/RP = 20,000 $/kW, CF = 80% and n = 

30 years, p approximately falls in the 30 to 60 0/kWh range, with d from 10% to 20%.

p is clearly too high in a broad-market context, although one has to exercise caution when comparing it 

to "today's" sales price of electricity s: s must firstly be corrected for government subsidies (such as may be 

given in Indonesia), then reduced to reflect solely production costs, and finally multiplied by the net- 

present-value factor G = {f/(d - i)}{! - [(1 + i)/(l + d)]n). With s about 10 0/kWh, actual production costs 

could be as low as 6 0/kWh [12], but G could in turn reach 2.9 (if d = i = 10%): thus, p may have to be 

compared to a value larger than s, e.g. 17.4 0/kWh. With very high estimates of p for small OTEC plants, 

however, these subtleties appear somewhat irrelevant.

The idea of niche markets for small OTEC plants is illustrated in Fig. 1: in order to have a competitive 

range, either the levelized production cost of electricity with typical technologies (oil, coal, etc...) must 

sharply increase (e.g. on small remote islands), or the levelized production cost of electricity with small 

OTEC plants must sharply decrease (e.g. with the help of A/C net electricity savings).

2.1 Small Isolated Islands

The first type of assumed niche market, where specific conditions could make small OTEC plants 

competitive, consists of small remote island communities. A study performed for a 1 MW wave-power 

system on the Japanese island of Okinoerabu reported that the levelized production cost of electricity by 

small diesel generators in remote locations may be as high as 50 to 300 yen/kWh [13]. The source of this 

high price range was not given. Taking an exchange rate of 160 yen/$, such an estimate would translate 

into 31 to 187 0/kWh. Alternatively, the electricity rate s, corresponding to diesel power generation on 

isolated islands in the Philippines, was quoted to be much lower, with s = 17 0/kWh [14]. Even though the

- 87 -



cause of these apparent discrepancies, as well as appropriate values of the net-present-value factor G, 

should be investigated, the above figures could nevertheless be construed as establishing islands similar to 

Okinoerabu as OTEC niche markets. Okinoerabu, Kagoshima Prefecture, is located south of Kyushu; it is 

slightly less than 100 km2 in area and has a population of about 15,000; the installed power production 

capacity RP somewhat exceeds 10 MW. These simple statistical figures give orders of magnitude that can 

help in defining candidate island niche markets in Indonesia. Table 1 shows a selected list of possible sites 

favorably located in terms of deep seawater accessibility, and spread across the Indonesian territory.

2.2 Resorts

The idea of combining OTEC with other Deep Ocean Water Applications (DOWAs), to boost the cost 

effectiveness of OTEC with "valuable" by-products, has been extensively investigated. The most popular 

DOW As are desalinated water (e.g. [15], [16], [17]), deep-seawater air-conditioning (A/C) (e.g. [18], [19], 

[20] or a combination thereof [10]. Recently, the cultivation of giant kelp for biomass production, in 

conjunction with both OTEC and deep-seawater A/C, also was considered [21], while other researchers 

focused their design effort on the industry-specific requirements of flower cultivation [22]. Deep-seawater 

mariculture is discussed in numerous papers as well, but when the cost-effectiveness of DOW As is 

evaluated, the most obvious - if not the only - outstanding performer is deep-seawater A/C [8]: typically, 

using deep cold seawater for an A/C load of 1,000 tons, roughly equivalent to the cooling needs of 1,000 

hotel rooms, would result in energy savings larger than 800 kW [18]. This corresponds to potentially 

attractive payback times for deep-seawater A/C systems alone, although there seems to be a minimum A/C 

load threshold below which this technology becomes uneconomical: such a threshold depends on many 

local design variables, but seems to be in the 1,500 to 2,000 tons-A/C range ([20], [10]).

The following question will now be addressed: for a developmental land-based OTEC plant sharing its 

deep cold seawater resource with an A/C system, what A/C load Z would make the combined value of p 

competitive? The question naturally limits developmental OTEC plants to land-based systems, but even 

though this is a compromise from a scalability standpoint, it represents the only way ocean hardware (e.g. 

the CWP) and the capital necessary to purchase it can be effectively shared between OTEC and A1C. The 

calculation will be approximately based on an existing OTEC design, and will be conservative if possible. 

As a baseline, we therefore consider a 1.2 MW OTEC plant drawing 3,000 kg/s of deep cold seawater, and 

costing about $2.6 x 107 [15], With this basic input, p would vary from 34 to 62 0/kWh, for d between 10% 

and 20%. The capital and seawater flow rate requirements associated with the A/C system (excluding the 

CWP) are taken as $1,850 and 0.11 kg/s of 4°C seawater per ton-A/C, respectively [10]; the cost is 

conservative when compared to estimates from other sources [19], but values of Z much less than 10,000 

tons-A/C are anticipated, and no economy-of-scale should therefore be expected; the flow rate reflects the 

low temperature of the seawater, when compared to designs where A/C alone is contemplated. Assuming 

that CC can be separated into a fixed cost, for the CWP system, and that the balance for the OTEC plant is 

proportional to the net OTEC power output, we get:

RP(Z)= 1.2 {1 -(0.11/3,000) Z}= 1.2-4.4 x 10"5Z [MW], (2)
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CC(Z) = 6 X 10* + 2.0 X 107(RP/1.2)+ 1,850 Z = 2.6 x 107+ 1,117Z [$]. (3)

On the basis of net electricity savings of 0.8 kW/ton-A/C, incurred with deep seawater A/C, the equivalent 
revenue S, levelized over n years, and with s given in 0/kWh, is equal to:

S(Z) = 70.08 CF Z s G [$/year], (4)

It follows that, by generalizing Eq.(l) and taking CF = 80% for the combined OTEC-A/C system, we have:

p = [CC(Z) f - S(Z)]/{70,080 RP(Z)} [0/kWh], 

i.e., by substituting Eqs.(2), (3) and (4):

p = [{371 + 0.016 Z} f} - 8 x 10"4Z s G]/{1.2 - 4.4 x 10'5 Z} [0/kWh] (5)

It can be verified that dp/dZ < 0. We now select a competitive levelized electricity production target 

Pcomp = 0.6sG. The equality p(Z) = pcomp yields Zcomp; with s = 10 e/kWh. we get:

ZComp = (371 f-7.2 G)/(-0.016 f+7.74 x 10-3 G) [ton-A/C] (6)

It is essential to note that Z is very sensitive to d and i, as illustrated in Table 2.

The last point to investigate is whether the A/C loads in Table 2 are realistic when compared to the 

expected level of touristic development in targeted areas. To find a simple answer, one may equate one ton- 

A/C to one hotel room. An upper limit for Z could then be provided by hotel capacity data in Bali, the most 

developed touristic island in Indonesia.

Major hotels in Bali roughly form three clusters around Denpasar: Kuta, Nusa Dua and Sanur. These 

locations correspond to approximate overall hotel room numbers of 2,000, 1,000 and 1,000, respectively 

[23]. Accordingly, and on the basis of Table 2, it can be said that OTEC resort niche markets would only 

exist if favorable financing is available (e.g. d =10%), while moderate inflationary pressure (i from 5 to 

10%) boosts the net present value of the electricity savings incurred with deep seawater A/C.

With this result in mind, the region targeted as an OTEC resort niche market is Lombok, one of the 

two main islands of the province of West Nusa Tenggara, and Bali's eastern neighbor. Lombok has a 

population of about 2.5 millions on a territory of 4,800 km2. While 50% of the Gross Regional Product of 

West Nusa Tenggara is still contributed by agriculture, tourism has been rapidly expanding, with visitor 

counts increasing from 123,000 to 279,000 between 1989 and 1994; 500,000 tourists are expected by 1998. 

Currently, fewer than 1,000 hotel rooms are available near Senggigi. 15 potential sites for touristic resorts 

have been listed under Provincial Regulation No. 9, 1989. Some are located on the small island of Gili, 

offshore of Lombok's northwest coast, and have excellent access to deep cold seawater [24].

3. Alternate Design (Risk Minimization)

It has been recognized in the previous section that the design of power generation systems is driven by 

the minimization of some levelized cost of electricity. For renewable energy technologies, especially when 

they are as capital-intensive as OTEC, the term corresponding to current expenses over the life of the 

project (fuel, maintenance and repair...) is somewhat negligible when compared to the term representing
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initial investments [8]. Therefore, it is customary to evaluate OTEC plant designs by simply performing a 

minimization of the ratio of capital cost divided by net electrical power output, CC/RP: such a simplified 

approach is the more justified as one attempts to optimize a specific OTEC plant design rather than 

comparing OTEC with other power technologies. Minimizing the objective function CC/RP is by no means 

an easy task, however, as a great number of physical design parameters must be accounted for, while in the 

case of OTEC, the uncertainties associated with many cost relationships may be quite large, for lack of 

prior knowledge. In the face of such a challenge, one can identify a reduced objective function, if it is 

critically important to the overall cost effectiveness while its terms are better known: this approach was 

applied, for example, by minimizing the ratio of overall heat transfer area over RP [25].

A full-fledged OTEC plant design optimization is beyond the scope of the present study. It also would 

require a detailed knowledge of a particular OTEC site, which would only become available when an actual 

project is under consideration. Since the necessary developmental steps to bring OTEC to a mature stage 

are the object of this paper, however, one should identify whether any component of a developmental OTEC 

system is especially risky to deploy as well as to operate, while striving to keep the ratio CC/RP as low as 

possible. If the high-risk component also happens to be very costly, stand-by redundancy is not a practical 

option; if, moreover, the high-risk component plays an important role in any future scale-up of the OTEC 

technology, modularization, i.e. operational redundancy, is not a desirable strategy either.

The seawater systems of OTEC plants precisely meet the "high-risk" criterion outlined above, especially 

in the case of the CWP. From the infancy of full-scale OTEC demonstration projects to recent times, and in 

spite of considerable progress in ocean engineering and materials science, the 60-year-long history of 

OTEC chronicles a number of spectacular failures of CWPs, whether during their installation, or while in 

place: in 1929, two conduits were lost under tow and during controlled submergence, respectively, in Cuba 

[1], while a third one was destroyed by a tropical cyclone after three weeks of operation; a storm severely 

damaged the CWP of a plant built in 1981 by a Japanese consortium [6]; in 1987, a 1.2 m diameter CWP 

sank while being towed in Hawaiian waters, in spite of previous success with similar operations [26].

OTEC seawater systems also are very costly. For a proposed land-based OTEC plant, to be deployed on 

the west coast of the island of Hawaii and rated at 1.2 MW, seawater systems, consisting of the installed 

CWP, warm-water and discharge conduits, and seawater pumps, would cost $10.8 x 106. i.e. 40% of CC 

[15]. In another benchmark study, for a floating OTEC plant rated at 5 MW, the estimated costs of 

installed seawater pumps, pipes, power cable, and mooring system, amounted to $38.5 x 106. i.e. 30% of 

CC ([16], [27]). Moreover, the seawater systems of small experimental OTEC plants should be designed 

with scale-up needs in mind, to ensure the ultimate success of large OTEC plants of the order of 100 MW: 

from a long-term perspective, this rules out modularization, i.e. scaling down (the use of a bundle of 

smaller, softer CWPs, for example, in lieu of a single, stiffer conduit), even if it offers immediate 

scheduling or cost expediency. Instead, full scale-up capability should be sought, as in the 1983 at-sea test 

of a 2.5 m diameter Fiberglass Reinforced Plastic (FRP) pipe hanging from a platform, off Honolulu [5],

One mathematical approach to give risk its due importance could consist in performing a standard 

minimization of CC/RP, but with each component multiplied by a weight function (risk factor). While 

attractive in principle, this method depends on our ability to define the weight functions (e.g. for a CWP as
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a function of its length, diameter, material, etc...). We will not undertake such a task here, since its 

difficulty would exceed that of a classical design optimization. Instead, a radically different and far simpler 

concept will be developed, which could be justified by the exceptional OTEC resources of Indonesia.

With seawater temperature differences 8T, between the ocean surface and depths of the order of 1,000 

m, often reaching 24 °C, an acceptable methodology would be to either design an optimum OTEC plant for 

5T = 24 °C, or to operationally optimize a plant designed for a different input, say, 5T = 20 °C, so that it 

would yield maximum net power when 8T fluctuates. Operational optimization is far simpler than design 

optimization, since it only involves a veiy small set of parameters - the operational degrees-of-freedom of 

the OTEC process: with a given OTEC temperature resource, Closed-Cycle (CC) OTEC, for example, has 

essentially three free parameters, which consist of the two seawater flow rates and of the working-fluid flow 

rate; in the case of Open-Cycle (OC) OTEC, no pump is needed to circulate the working fluid in a loop, but 

a vacuum compressor has to evacuate non-condensible gases released from seawater at the very low 

prevailing OC-OTEC pressures: the setting of this vacuum compressor is a third operational parameter. 

Many examples of OTEC operational optimization can be found in the technical literature [28], [29].

The concept presented below borrows from operational optimization its relative mathematical simplicity, 

but expresses a different overall plant design philosophy: the central idea is to connect specific OTEC 

seawater systems, perhaps suitable for one OTEC power block, to two OTEC power blocks instead, in the 

global counterflow arrangement illustrated in Fig.2. In the more general context of CC-OTEC considered 

below, a power block consists of an evaporator, a turbogenerator, a condenser, a working-fluid liquid pump 

and all related working-fluid piping and fittings. Only larger values of ST can justify the potential 

practicality of such a concent, because the OTEC temperature ladder must now be shared by two power 

cycles, each requiring a sufficient enthalpy drop across its turbine, as shown in Fig.3. From a risk 

perspective, and as long as CC/RP does not increase too much, it can be said that the high-risk seawater 

systems will be more productive with this novel plant layout, as the ratio of the (fixed) cost of the seawater 

systems over HP drops: in other words, more electricity would be produced per unit of seawater flow rate. It 

is in those terms that the proposed concept can be labeled a risk minimization scenario.

We now attempt a simplified quantitative evaluation of the global counterflow arrangement. 

Thermodynamic functions which weakly depend, for example, upon temperature, are treated as constants 

owing to the very narrow OTEC operational range. Similarly, the dependence of some hardware 

performance characteristics, such as efficiencies of turbomachinary or heat exchanger effectivenesses, upon 

flow rates or other variables, is ignored at this crude level. Also neglected are hydraulic pressure drops of 

the working fluid through the OTEC closed loop, though one could extend the analysis to include them.

3.1 OTEC Plant with Single Power Block

We first formalize a standard CC-OTEC plant, with only one power block. The power extracted at the 
turbogenerator terminals, Pgross, can be very well approximated by:

Pgross— r|gr|tinhfg(TeVap - Tcond)/Tevap, [kW] (7)
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r|t: turbine isentropic efficiency, r|g: generator efficiency, m: mass flow rate of working fluid (kg/s), hfg: 

specific evaporation enthalpy of working fluid (kJ/kg), Tevap: evaporation temperature of working fluid (K), 

Tcond- condensation temperature of working fluid (K).

Using Clapeyron's equation, it can be shown that the power consumed by the small working-fluid liquid 

pump, PpUmp, is approximately given by:

Ppump — Pgross vP/(vgrlprlmrlfngX [kW] (8)

T|p: working-fluid pump isentropic efficiency, r|m: motor efficiency, vp: specific volume of working fluid as a 

liquid (m3/kg), vg: specific volume of working fluid as a vapor (m3/kg).

Since vp is smaller than vg by about two orders of magnitude for typical working fluids like ammonia, 

Ppump « Pgross- Although Ppump is practically negligible, its proportionality to Pgross, expressed in Eq.(8), 

will allow it to be easily retained.

To keep our formalism simple enough, it is assumed that seawater discharges, from the evaporator and 

from the condenser, respectively, are separate, even though most design studies opt for mixing OTEC 

seawater effluents. The power expended by the surface seawater piimp, Pmv, and by the deep seawater pump, 

Pcw, can be expressed as:

Pww mvvw3, Pcw — otcw m^w3 + Pmcw, [kW] (9)

Seawater-pump and motor efficiencies are included in the loss coefficients avvw, acw, and p above. amv and 

acw, in kW per (kg/s)3, represent the contributions of hydraulic losses such as friction, bends, contractions 

etc..., i.e. when pressure drops are proportional to the square of the fluid velocity, p, in kW per (kg/s), 

corresponds to the density head which must be overcome to pump a fluid (deep seawater) denser than 

another (seawater averaged between the surface and the cold seawater intake) to the equilibrium level of the 

latter; this density head is typically of the order of 1 m for 1,000 m-deep cold seawater intakes. Collecting 

Eqs.(7) through (9), we obtain an approximate expression for the OTEC net power:

Pnet— n tnhfg(TevaP " Tcond)^rTeVap - tn^y3 - ctcw mcw3 - pmcw, [kW] (10)

where by definition, n = fit % - Vj/(vg pp rtm).

The above equation contains the three operational parameters m, mvvw and mcw, but also the unknowns 

Tevap and Tco„d. These two "additional" quantities must be eliminated, since the problem has only three 

degrees-of-freedom. The first equation used in the elimination process is a condition of zero global enthalpy 

change for the working fluid as it flows in a closed loop, i.e:

niwwCpATww "t nmPpump ~ nicwCpATcw + Pgross/fig- (11)

cp: heat capacity of seawater (kJ/kg-K), ATW: cooling of the surface seawater through the OTEC plant (K), 

ATCW: warming of the deep seawater through the OTEC plant (K).
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The next equation represents an enthalpy balance in the evaporator, where the cooling of the surface 
seawater allows the working fluid to warm up from Tevap to Tcond before boiling:

nKvwCpATm{hfg + Cp(Tevap - Tcond)}, (12)

where Cp is the heat capacity of the working fluid.

Finally, the OTEC temperature ladder allows the problem to be closed:

(13-a)

[K] (13 -b)

Eevap and econd, the evaporator and condenser thermal effectivenesses, respectively, are non-dimensional 

performance parameters between 0 and 1, which quantify how closely the seawater streams approach 

thermal equilibrium inside the respective heat exchangers.

In the solution scheme adopted here, three mathematically independent variables are arbitrarily selected: 

x(l) = mew, x(2) = mww/incw, and x(3) = Tevap - Tcond. In Eqs.(7) and (10), m is eliminated by means of 

Eq.(12) and Tevap by means of Eq.(13-b). Eqs.(8) and (11) can then be rewritten; the latter becomes:

x(2)ATww - ATm, = x(2)x(3)ATwxv{r]t - Vf/(vgrip}/[{Txvxv - ATxvxv/eevap}{ 1 + x(3)Cp/hfg}]. (14)

Substituting ATCW from Eq.(13-a), Eq.(14) becomes a trinomial in ATXVW, for given values of x(2) and x(3), 

and can be easily solved; AT%w is the root between 0 and ST - x(3). We can now maximize Pnet, expressed 

in Eq.(10) as a function of x(l), x(2), x(3) only, with all other quantities input parameters. x(l) and x(2) 

must be positive, and 0<x(3)< ST. The maximization algorithm selected is the simplex method [30].

3.2 OTEC Plant with Two Counterflow Power Blocks

With the proposed counterflow schematic layout of two OTEC power blocks, shown in Fig.2, the 

algebra involved in extending the previous calculations is slightly more cumbersome, but proceeds along a 

similar path. Some details will therefore be omitted. There are now four operational parameters, the 

additional degree-of-ffeedom corresponding to the working-fluid flow rate through the second CC-OTEC 

cycle. By convention, quantities with index 1 are related to the power block utilizing colder deep seawater, 

at Tcw, while the same quantities with index 2 are related to the power block fed by warmer surface 

seawater, at T,*. We define x(3) = (Tevap - Tcond)i and x(4) = (Tevap - Tcond)2. Each power block has a 

"temperature ladder", yielding relationships similar to Eqs.(13):

ST A Txxxv i /s e vap + x(3) + ATcwi/scond + ATXVW2, (15-a)

(15-b)

ST ATXVXV2/£evap "t- ATcxv2/econd -t- ATcxvi, (15-c)

(15-d)
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The two counterparts of Eq.(14) are:

x(2)ATwwi - ATcwi = x(2)x(3)ATwl{r|,. vf/(vgrip}/[{Tww-ATww^Sevap - AT^Hl + x(3)Cp/hfg}], (16-a)

x(2)ATWW2 - ATCW2 ~ x(2)x(4)ATW2{rit _ Vf/(VgPp}/[{Tmv - ATXVW2/eevap}{l + x(4)Cp/hfg}]. (16-b)

Eqs.(15-a) and (15-c) can be used to eliminate ATcw] and ATCW2 from Eqs.(16), which become a system of 

coupled non-linear algebraic equations in ATwvl and ATXVXX,2, for given values of x(2), x(3) and x(4). By 

substitution of one of the two remaining variables ATvvwi or ATmV2, Eqs.(16) yield one equation of one 

variable, which is solved with Brent’s method [30]; if the variable is ATxvxv2, it can be bracketed between 0 

and 5T - x(4). What is left to do is to maximize Pnet{x(l), x(2), x(3), x(4)}, given below:

Pnet ~ rlcpx(l)x(2) {x(3)ATVVrWi/[{Tww - ATxvw^/eevap - ATxvxv2}{1 x(3)Cp/hfg}]+ x(4)ATxvw2/

[{Tww - ATw2/eevap}{ 1 + x(4)Cp/hfg}]}- x(l)3{aOTVx(2)3 + acw } - f)x(l). [Kw]

The hydraulic loss coefficients axvxv and acw above are larger than their counterparts with one power block 

only, even though "seawater systems" are unchanged: there is a large contribution to seawater flow- 

resistance resulting from adding another set of heat exchangers.

3.3 Numerical Application to a 5 MW CC-OTEC Floating Platform

The above concept is numerically applied to a "typical" 5 MW OTEC floating platform design, where the 

power block uses ammonia. For this design, an OTEC resource 5T = 21.5°C was projected to yield Pnet = 

5,260 kW [16], [27], The simplified equations presented here in the case of a single OTEC power block 

predict Pnet well, with a value of 5,280 kW for the same OTEC temperature difference, Txvxv = 278.15 + ST 

(i.e. for a deep cold seawater temperature of 5°C), and the following input: cp = 4.0 kJ/(kg-K), Cp = 4.8 

kJ/(kg-K), hfg = 1,200 kJ/kg, p = 0.01 kW/(kg/s), q = 0.70, q,. Vj/(vgqp) = 0.79, sevap = 0.75, scond = 0.79, 

ocvvw = 6 x 10'11 kW /(kg/s)3, acw = 4 x 10"10 kW /(kg/s)3. When the single-power-block calculations are 

repeated for ST = 24.0°C, PneI increases to 7,280 kW. This gain, at about 14% per degree of OTEC resource, 

is in keeping with previous off-design OTEC studies [28], [29],

To determine the value of Pnet that could be produced with two OTEC power blocks arranged in a 

general counterflow layout, and ST = 24.0°C, the only input parameters to be revised are the seawater loss 

coefficients axvxx, and acw; from vendor-provided estimates of the seawater pressure drops through the 

evaporator and condenser, and with an allowance for some additional piping, the two-power-block values of 

and aew were assessed to be larger than their one-power-block counterparts by 85% and 45%, 

respectively. Implementing the algorithm above, the general counterflow arrangement yields Pnet = 10,080 

kW. We should now see how the ratio CC/RP is modified. With an original cost estimate CC = $129.1 x 106 

[16], the operationally optimized single-power-block design corresponds to CC/RP = 18,000 SAW when 8T 

reaches 24°C. If one only considered the cost of an additional power block, $50.6 x 106, the ratio CC/RP
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would coincidentally be unchanged for the proposed two-power-block design. This fortunate result is 

naturally a lower bound, as a floating platform housing two OTEC power systems instead of one would 

clearly be larger, albeit by a factor less than two. An unrealistic doubling of all costs not related to the 

common seawater components yields an upper bound CC/RP = 22,000 $/kW.

3.4 Discussion

In the case of a 5 MW floating CC-OTEC plant, the proposed two-power-block arrangement was not 

predicted to unduly tax CC/RP, while potentially reducing the risks associated with seawater components.

The above concept should work even better in the case of an experimental land-based plant, since the 

CWP is then much longer and contributes more to parasitic power losses (relatively high single-power- 

block value of acw) as well as to initial capital costs. The concept is also applicable to OC-OTEC, with the 

interesting fact that the vacuum compression of the low-pressure noncondensible gases evolved from 

seawater would have to be performed only once, through one power block. Clearly, many adaptations of the 

present idea could be envisioned; for example, warm seawater at Tww could feed both power blocks, since it 

is relatively easy and less costly to deliver surface seawater to an OTEC plant than deep cold seawater: this 

would boost Pnet, but also burden CC; it remains to be seen which effect would dominate in the ratio CC/RP.

Several problems must be noted with the tentative risk minimization strategy outlined above. On one 

hand, it may be unrealistic to expect a very capital-intensive technology such as OTEC to be developed with 

even higher requirements on CC: notwithstanding the relative merits of the global counterflow arrangement 

and its modest impact on CC/RP, more money would be necessary to implement it. In the likely event that 

absolute financing limits ("caps") exist for projects of this nature, the proposed idea would not be applicable. 

Under financing caps, one may even have to compromise by perhaps shortening the CWP from a typical 

1,000 m length to 500 m- which also slightly reduce risks - even though calculations of CC/RP would 

strongly point against doing so (at water depths exceeding 500 m, every CWP length increase of 150 in 

approximately provides an additional 1°C in OTEC thermal resource).

On the other hand, and setting aside the simplifications included in the algorithms, the most severe 

shortcoming of the present analysis is that the basic power block may be "underdesigned", i.e. specifically 

selected for lower OTEC resources than 8T = 24°C (e.g. 21.5°C in our numerical example). This could 

artificially favor the proposed idea of two counterflow power blocks, and a full-blown design optimization 

of only one set of power components, with higher OTEC resources in mind, is desirable. There may 

nevertheless be other benefits in the "doubling" of power components, though perhaps not in terms of direct 

investment (economy of scale): firstly, operational modularization of the power system would be done, and 

with proper seawater bypass piping, the temporary failure of any power component would not shut down 

power production; secondly, the testing and improvement of components with a "reduced" OTEC resource 

(none of the two power blocks is exposed to the full ST) may present some technology transfer advantage, 

when areas less OTEC-fortunate than Indonesia later undertake the development of their resources.
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4. Conclusions

The present study explored ways to break the "OTEC Paradox", that is to allow the deployment of small 

developmental OTEC plants without a command-and-control strategy. Under the sole influence of market 

forces, however, the production of electricity by small capital-intensive OTEC units cannot be competitive 

in a broad sense. Consequently, the identification of niche markets becomes critical [4], Two types of niche 

markets were examined here: small remote islands, somewhat similar in size and population to Okinoerabu 

(Japan), for which a number of studies have been performed, and touristic resorts like those in Bali. In the 

latter case, significant electricity savings from deep seawater A/C would contribute to the cost effectiveness 

of the project. In general, it was found that moderate discount rates not exceeding about 10% are necessary 

to alleviate the initial investment burden, while for resorts also using deep seawater A/C, moderate inflation, 

between 5 and 10%, would sufficiently boost the net present value of A/C-related electricity savings for 

resort sizes to remain realistic, with 1,000 to 2,000 hotel rooms: this concept could be attractive for such 

Indonesian sites as Lombok, in the province of West Nusa Tenggara.

Next, the issue of risk minimization was addressed, since it might be important with developmental 

OTEC plants. A counterflow arrangement of two "standard" OTEC power blocks utilizing common 

seawater systems was thus proposed, and a simplified quantitative evaluation was performed in the case of a 

floating OTEC plant with a standard rating of 5 MW. While the concept may be reasonably attractive 

inasmuch as exceptional OTEC resources are available, since it does not appear to overly compromise 

global cost effectiveness, some cautionary arguments were also offered: in particular, important design 

decisions should only be made after a full design optimization of a single-power-block OTEC system has 

been performed for OTEC seawater temperature differences as high as 24°C.

Finally, even without command-and-control strategies or appropriate niche markets, the OTEC 

technology might eventually mature under increasing environmental pressures: with growing concerns 

about global warming, for example, the need to find alternative carbon-free power sources could certainly 

become a major incentive to develop OTEC [31].
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Table 1. A List of Candidate Indonesian Islands 
for Developmental OTEC Plants.

Name Province

1. Sabang Aceh
2. Nias North Sumatra
3. Siberut West Sumatra
4. Enggano Bengkulu
5. Roll East Nusa Tenggara
6. Wetar East Timor
7. Sangihe North Sulawesi
8. Selayar South Sulawesi
9. Biak Irian Jaya
lO.Yamdena Maluku

Table 2. Zcomp as a Function of 
d and i, in ton-A/C

dX 0% 5% 10%

10% 6,660 2,760 970
20% 14,760 9,450 5,475

Fig. 2 Global (Seawater) Counter flow Arrangement
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Cell I : qj 

Cell 2 : - t/ J

Cc// 3 :

Cell 4 :

CW/5 .

Ce// 6 :

i _ds_
— -CI 
Its) ■,• R 1 ‘ t ( -V )

-^- + q / Jk. . „ |1 (lx
f(.v) ''7, /(.v) 'v „:. <(X)

- q. \P Ji -ds-
-J /(.V) J . , 1 (A )

-'/J =j
i

4, ltr'UF-*F-’

4^*4,

■4.. it,-4. ,it,-4,m-4.. it *4.. tt, *««.+r-'

*,i-f!itra'F-*F’’

(4)

cm an. 0 0 0 a* 
ait a22 a22 0 0 cur, 
0 a <2 a .i.i a 24 0 a <r, 
0 0 a 42 a 44 a 42 a it, 
0 0 0 a 24 ci 22 cur, 
0 ci62 a 62 a 64 a 62 a»,

M (F.\
'/' i F:
C/A

= a F.<
F4

^ i > F
\ 9" / \Fr,J

Aq = aB (5)

(i)
-rrr-

(ii) -lel>

(iii)

HU
£ y.

HU

2.2
2.1T-7K L fzisit -5

%>tzhbt,~\i-. A v h U h JCO&W

f,-&2 (7)(i)A'6 (iv) m 

c # L -c % T A ?

^ MM’H&^-f&VLCcm^ ULCcmitMfo-£-z%&7

® 3 3 ^»a& & A)

@ («& 6 L X H§ tf
jy j; 0%####%;!,' 6 #

(iv)

(V)

Q
£ £

Q
£ £

o : Triple point
Fig. 2 Avaiable type of cross-section

^#09 A^-CE#B^<DflE(:mi '3. C(D#f Lum^^mn-5 C ^(: j;
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2.3

I'* f y t ##(:#Kr@(D-cy^-7^ >±(:K

Tablel Judgement of shape of cross-section

^—NJudge men t 
shape of ^v\/erm 
cross-section

Number of Triple point
Comparison between 
Start point of first cell 
and of last cell

Existence of free edge 
in cross-section

DH ULCC TYPE 2 difference nothing

DH VLCC TYPE 1 difference existence

DHT (medium size) 0 sameness nothing
DHTYPEB/C 
CONTAINER TYPE 0 difference nothing

BOX TYPE 0 difference nothing

gOXTTTE (/reggae; 0 difference existence

2.4 AvhVv

T#&..

Fig. 3 Definition of main members in cros-section and of their 
kinds and numbering for each type of VLCC and ULCC
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Z(D0j:O 5ff

> Kv h V "7 f * k&'iX^X, zm^(D#A^(d:Sn(:#Lu#%$-#L/-CuSc 
ZtlKMLMOfrk&ltftiafr'ifi: WLCC m##(D # ^ 6 -c -C U 6 o ^LStiirggLT

( 2 ) (/LCC^O#^ : %.5C(/LCC^OA^ h V -v ^ 5 ff 5 9j(D
V h V -V KLCC'3yw^tit|Bl^i^ttK^#LTo§0 6ff Rii-k

^6 69iJRIit^5

n&.

ttz, VLCCM, ULCCM(0 'M^Mm.Wm%W,(DWL^MLXt, V h V y ? X<D±Z

©: n X©l
l:r:j v Hl;>.

©i H©i H@i
tivj Cl:i:j Hlir.
©: He: H©i H©;

'];;.! Q. j.j C.iH/j D:i.

r-:

10:

1©: \®.

/

0

:©; 0 : :©! : i.i©i :
):i:. '..';:r.-j -..1:^1

:©i [i©i :.i©i 1 Li®i i
.riv. s ^ ^ -l '■-'X:i N.iZj.'j

:©: H©i i :©: : :©: : : :©i :
.)::: Q:t:j ls_'X"j." l *>-■*•-{ Q::;i

Ueij PS ngi r-r;

s 1-W.i ■ V V
U©;»„ N- * - iHf?U

0 m Pi]
Fig. 4 Distribution of non-zero elements in Fig. 5 Distribution of non-zero elements in
A matrix for cross-section of VLCC type A matrix for cross-section of ULCC type

2.5 B^<X Hattie

h;Ki, VLCCM, (/LC(##C B^<X b MtFrn

(DMkFs CDW-ftfrfL, %.X:-j( y bm (0 #%#&%#) 6 it A
tr 3u

x > bm, a###_ho%0%m#f (0#%##

«k<0-ki\kW&mtkyy bm
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i ^A L ^rnfm^D mam##### $ =%t v ^ f A^ & a*>. $
iso

g@%. so. jRoc-tamwj, socj;6#gfm. ^Kr^mf-c^Asz
<k C j: 0. #grS(OjS0 &## L 6 C t A 6.

4. $v^T A(D^A6^f
4.1 $ix^7A(D#t#%#

*v^TA&m#$-dr-c. ^#0D#r. yz.cc^
^ET;ujo^V't/Lccsy-^L/z0 *;t\ $^%fA(0#g&#E'f&%&(:. *

6>^c^:c Z(DZ&j:0^:v%TA(7)#t#^#(i^^T*6&UA^. —#j«!:L-CWLCC@!
%f A$-)@mLA#f#4@#&F^.6 7)^ F^.9 (:^i"o

4.2 % T A(0###g$m(Djt%
2 ZT. #)@(:yDy7A 

Fig.io Oi^7 7i:^t.. Z<DfHti'£>i%z>A'&&Jylz, ^/XfAOF-^ 

#g^7vy^m^L-cu^

5. OT
C(0#f L l L ^ T A^#0 * < ^#"#--5

S£5SElAc ZCOv X 7 A ^m^Ltz ztK^to, #*@(DjS 0 L A%#=$%#&(6
-n####mS#Cl=U:LA. <kbT. #Kr@A#: 

o js 0 ^ #m u k ^ t,

BfE£ L±if^-to

S#jtii:

[1] am#.

<nmt)Mffi&l~M1r%ffi?Z, BMittl. #86#. (1993). pp.161-181
[2] KFiR#*. : #*fm(DS0

MM—m) . #91#. (1996). pp.131-145
[3] g##^. #m#. . #^56:##f@(Djso&#mLA%m46^#miK(7)

#174#. (1993). pp.457-468

- 105 -



X/L =
0. 47 .

Fig.6 Girthwise distribution of warping function 
Rz in cross-section of VLC-C type

X/L =
0. 47

Fig.8 Girthwise distribution of warping function 
Rz in cross-section of ULCC type

X/L =
0. 47

-9705
. 397t

M

Fig. 7 Girthwise distribution of total shear flow 
in cross-section of VLCC type

X/L =
0. 47

-9705
. 397t

5 t /cm

Fig. 9 Girthwise distribution of total shear flow 
in cross-section of ULCC type

0 /OO 200 JOO 400 JOO 000 (#owr)

Total working hours
Fig. 10 Conmparison between total working hours of applying 

present method and of applying conventional method
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mm em* mm 
omm #m ^m* #^m AiR &&**

1. tiUtotc

LTV'6o

$^^j)Dx.6o

smith [1]

2. 'Mmffiw**)\'0 fem

2.1 o > v^to](7)t^JHk%B

i*6^±, -# (: MK##?)!# MR9 (: @B# $ tt< 

^;i/h^cTv^o

K(D^2:, h

Fig. 1

o r(5CC 2 @#)S#

* £|*f • • x>y^7 'J >^*yXf Aleg
** - m##^# -
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Double bay model

abc —

ghi -

Triple bay model
Double span model

Triple span model
adg ; ;z,w cfi

( ---------------------- ./—s
x,u

Fig. 1 Modelling of continuous stiffened plating

Fig.
1 (7) adg k beh beh k cG ^

-#kL,

9y =9Z = 0 (1)

Fig. KOadg k cG# 
C<7)#^, adgkcG±<7)#l5t'BAT,

Vadg = Vcfit tiladg ~ Wcfi, 9X adg 9X cfii /g\

9y adg — 9y cfi, 9Z adg — 9Z cfi

&$£., adg k beh (Dfg\<b h V'(± beh t cfi cOFsj £ drT,7Wfc"t" ^S'o'tr double span 
model, adg t cfi COffl & -tf triple span model <hP?-£0

2.2 b 7 ;Hk#B

^,o af,

b 7 Fig. 1 (7) abc k def <7)M, 3it
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I± def h ghi f

^ a i: (i,

KStfEEti£jSS6£ * L T i' & v >G z<DW
&##::Z 0,

Ld'L&im,
fo&i$v'n, & a V''i±7KH:Wfi & i'tffiir %>i?k/u
1:(±, abc k ghKDM^ffMkL, 2th6(D

$r mt a 6«
CfUi,

$ q LTV^j#^-,
^$#m^^a^ai:^ao *f@(D

mrmcUFig. @fm(D

trrv^aj:9^7K?K^/^ 2f)K;WmBi4''L'(m%

##T*a#^ci±, BfECFig. 2
&Mi, abc t def <Dfg]cbH'ilt def t ghi lWk72>W}'ni: double bay model,

abc t ghi (DfMH^-r JUit't 2>$k'ni triple bay model t Of^o

2.3 mmm

a x b x t = 2,400 x 800 x 13.5 mm do =£ U1' a x 6 x f = 1,600 x 800 x 13.5 mm <D 2 fSH

U, A x (, = 300 x 20 mm &?*-?& & kt&o
/i^;h^&^ax5xt = 2,400 x 

800 x 13.5 mm, R&##(±7 lhg!##T A x 5/ x («,/(; = 250 x 90 x 9/15 mm (%BM#

zmtzfrfrb L-C(i, fhlSt:rS-tir.H^-Fttz"E - K £-5-£ £o vv-ffico

)\sffl$.(D 1/100 t LfZo mumKfcti aY = 313.6 MPa <D HT32 H t L, E/65 <DfiU 
XfiEft^%.^-k.tz bi-linear &Id/J ~ V'~f LtzQ

S : Shear centre 
G : Centre of geometry

Fig. 2 Displacement of angle-bar stiff

ener on stiffened plating sub

jected to lateral pressure
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3. Brtffnm 5 § tt 5 w-mwtt t mm; u ju

b 7 >X^|o](:li double
bay model t L, n > 'sjjfu](I double span model $3 X If triple span model itM

3.1 S@^E"E-K K (7)i#A-

^/^WOT-X^f Ht^2.0 Fig. 3 (a) gl*<7)^#

x maz^ni±#tU#t-K<7)%#2::b 
double span model <7)#

5: 155e L "C j3 b, /'"' 7- -,bCOj^§]5^/g5^$(i$5^(7) 2 — K 3 triple
span model (7)#^Z K) ti@i< ^6o ^<7)^*1:, double

span model ( ^otl/'40
—— K fz^i'tS, triple span model K X

18 dr — K t$(?|Sj C h LfrLfttfb, double span model
double

span model :&3|S(C#@^-KT&& 2#%

(enxif

3.2 mrnmm.^-k com^

cg'i:, Ht^3.0

1.0 r

Initial deflection of buckling mode 
o : Double span model 

------ : Triple span model

Initial deflection of hungry horse mode 
a : Double span model 
x : Triple span model

0.2 -

e/ey 15

Initial deflection of buckling mode 
° : Double span model 
—: Triple span model

Initial deflection of hungry horse mode 
& : Double span model

........: Triple span model
x : Left span of triple span model 
+ : Right span of triple span model

(a) Aspect ratio of a/b — 2.0 (b) Aspect ratio of a/b = 3.0

Fig. 3 Comparison between calculated results by double span and triple span models
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E#ftft*im#&, Fig. 3(b) Cftfto

-ggkftfto CfU:#LT,

C #ft L T It < c double span model t triple span model T i±, ftfttDS $ II# ft ft

ft ^*(2, triple span model #p|5S'-T'112fti6?Sft kftftjftft &
<DM#^yovhft6k, Fig. 3(b) (DxEnk+R3i:^6o xE|lliZlEt]-e#$^ double 
spanmodeKD^k, 3ft, +

4. tkii^s^j:st7 ^

Z.Z.'Clt, 7 >7 LT, double bay model k triple
bay model 1: ##k LT(±, ftE##ftj:fta>y^iq]*^
vfti h y 7 7ftf6]<ft@ftEHW3i

4.1 7XEWSA<-ftfflft5iS^

ftE#m(0tkTAl:ftftk)*(Db7>^^fn]##^, Fig. 4 Cftfto REI (a) (± 
double bay model, [bHH (b) (i triple bay model £* ffl V ^ ft ;&§ □" <7)£: Sfto 2 
Lft7>ft^mm#<D^#J'\(D#ft&*(Dj^#T, double bay model |%#
#o^T/<ft;i/(2^Cftftk)*(D±# k^ftfto

-800.0 0.0 800.0 -800.0 0.0 800.0 

(a) Double bay model (b) Triple bay model

Fig. 4 Comparison of deflection modes between double bay and triple bay 

models subjected to lateral pressure load

4.2 tke k mEHM ft 5 ss

ftj± t ffi A#Sft ft ft ft ft #ft tio VT, double bay model ft <£ ft triple bay model
ftE#mi:#L-CftO 'y b Lft Fig. 5 Cftfto ftE#
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h : Water head

Longitudinal thrust 
• : Double bay model 
O : Triple bay model

Transverse thrust 
a : Double bay model 
a : Triple bay model

20.0 h(m) 30.0

Fig. 5 Comparison of ultimate strength 

by double bay model and triple 

bay model

Fig. 6 Comparison of collapse mode by 
double bay model and triple bay 

model

Fig. 5?,

Fig. 6
h 7 — K 7)?, double bay model "C{±@S, triple bay model "C(±

5. t tub

(1) triple span
model /6^'J'Mcht£%>0

<7)S-i6l-(±, triple bay model ^ L V^0

[1] Smith, C.S.: ” Compressive Strength of Welded Steel Ship Grillage,” Trans. RINA,
Vol.117 (1975), pp.325-359.
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4-14 ** C 0£ S Mz¥9. -y 1 ;vffl8*$e511#

OEM B SIE1 em %w #m
EM #11 E- #±M #$ #

1.

S¥> L-D-D&XI, A^ttfrLV^Ps12:£'Si:LT^'5o f

^#AnL-, mm##

fnrv)&.

fDASORj

^mu-c. FDASORj
FDASORj

2. tdasorj &ck#mmam#

FDASORJ
FDASORJ RTC FDASORJ

2.1. tdasorj ESH-Sp-H

TDASORJ ti Donnell-Mushtari-Vlasov (TAxxESlro [2] llEiA
is x. )U (DfhfflMffi 3“H CDB§ (” Dynamic Analysis of Shell of Revolution”) ~C$>-5)o fDASORj

TV^[3]. '

2.2. 8lW<0#*f#

B Rayleigh 1: j; 0 A 6^IT W %
[•l]o

(1)

- AMA#!##



./, '■ natural frequency in hertz R : radius to the midsurface of the shell
E : modulus of elasticity p : density of the shell material
? : number of circumferential waves t : thickness of the shell

A2 = ~ 1)2;'2 f f ym(Wo)
-3(1 + 1/) kR/ 9-2(1, <Ao)

1/ : Poisson's ratio <f> : angle measured from the pole

9i(*,d>o) —
1 ^ 2(tan^'

1 - 1 + +
tan

2t+2 -1

i + l

.92(1,9o) = / ftan [(i + cos 6)2 + 2(sin <p)2] sin <pd&

3. asm

3.1.

Fable 1 Specification of Test piece
Height of the shell II 0.1(m)
Radius of the shell R 0.1(m)
Thickness of the shell t 0.002(m)
Thickness of flange H /

: O s 0 3,

Radius of flange R/ 0.130(m)
Material Acryl
Modulus of elasticity 3.92 x 10^(fV/m^
Density of the shell material 0.13 x lO^kg/m^)

Fig. 1, Table i L&am#&ck;c#-<Z)

L(DM##t, 1:7(7 77#<DM##<D2;

Fig.l Test model

3.2.

aiJ)£B#(DilDiS*t0'7 77+7°<Z>@^Sli9#l-j'fi*ttFig.2© (l,c) T&S. M##tt
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15 Er'chtc 6 ij-fiJU. ■€•

7yy&B%9##a
M.tlsfz o

Top
P (x, y) = (1, C)

BOTTOM

Fig.2 Measurement points of test piece

4. $m?K •

mm& Fig.3 n^r. dtozist: 
IfclniFcS: Fig.4 ilfRT.

iiWSt LT4 >A’^ h

j=1 B.C.Free

Impulse force hammer

Shell

Accelerometer

Sponge Rubber

^ 200- 

I
<D 3
y

D
to

100-

• Exp.

-Q-----cal.(DASOR)

-A----- Eq.(1)[4]
/.//

0 12 3
number of circumferential waves(i)

Fig.4 Comparison of experimental results, 
calculation by DASOR and Eq.(l)

Fig.3 Equipment for experiment 
(B.C Free)

Fig.4 T j (if

f ^T. Fig.5,Fig.6 5 & LT
na.

(b)j=2
Fig.5 Meridian modal pattern
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(a) i=0 (b) i=l (c) i=2 (d) i=3

Fig.6 Circumferential modal pattern

Flg.4l:A^T TDASORJ ,###, 8681#
ag-cm fDASORj ^l:Fig.7^»T#mi$^j=l,i-3 0t-H

(c)75%m0T&^. Fig7.(b)A^y%;^
i=3 ot-F 3 c

(a) Vibration mode (b) Plan

Fig.7 Mode shape (j—1, i=3)

5. $m& • am

AAK»/'V7—7,/<^b;P^Fig.9lC^$fT.-5j:'51:^-3T^0, ?
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Fig.lO^eg^m^mv^^tDA^cDACy-^^^h^&^T. Fig.lOT 
(±A^(7)/r7-%/<^F;i/An000-3000Hz C##LTj3rL 
C6^pT#T&^.

Fig. J1 izm&k • E@@SB#(95imS$ (Exp) 43=m' TDASORj Fig.11
T, i=l 100Hz iffli^Ctl^. £tltti=l CDSEj^E-F it
Fig.6(b)(C^$^%B^&LTU%A^ dfl(:*l,T##mmmTMFig.8 lC^^fl%j:o(C
Xtf-*^±*£|p]i,iT43 0, (i=l) ttS6g$iliC< VKDTS$)IEi|ii^/F$<

Fig.8 Equipment for experiment 
(B.C Clamped)

Fig.9 Power spectrum of inpulse force
j=1 B.C.CIamped

1 2 3
number of circumferential waves(i)

Fig. 11 Comparison of experimental 
results and calculation by DASOR

6. #;k • TSsgps^t-iSOu/i

^ESe©6£B§lilSr Fig.12 tC^To ®l$?£lCl£-f >A°^ HDgSSrfflV^Co
FDASORJ #K@g|-#iKm^Fig.l3(a)-(r) IC^T. (a)~(c) ^^lf^li=l,2,3(D^(7)*@^B

(b),(c) ®H!Cj3^T*#^0.01m~0.07m SSf)^#
fzo Fig. 13 <D (a),(b),(c) AT(DEIC&WTB####t±*@<Z)i@

L<, *<h^11;S$ic^Or$Tic@ WStoE 1333%-43%tc ET U ^na±*
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j=1 B.C.CIamped

Shell

Impulse force 
harnmar

Fig. 12 Equipment for 
experiment 

(B.C Clamped)

7. BW

$ W2TC 137K 4> id Hit $ '> x
LT, TDASORJ %

(1) , zk^Wf/xlbteftlraHem^J:0, zK

(2),

—Sfi<k&0, Jc(D\mf£%*¥(Dt§j'g(D&^
30%~40%T&a. (3), fDASORj lim<* 

CmCcb&S fDASORj (DS

* ##3t# *

[ijEfflfnE, &mmi, wiiiE-.

92 ^ ^ ^ s ^ xpp.235-
247.
[2] Brush.D.O. and A lmrot h. B. O:" B U0KLING
OF BARS,PLATES AND SHELLS".McGraw-
Hill.(1975),pp.190-197
[3einm%,

175 #,(%% 6 ¥ 6 n),pp.325
-336. (m-#),

1500]
iiQ Height of the shell

• Exp.

---B-----cal.(DASOR)

CD 3
2 1000-

-t?

2
I

,e
. Q

500}
0.2 0.4

Waterdepth(m)
(a) i=1

j=1 B.C.CIamped

• Exp.

---B-----cal.(DASOR)
Height of the shell2000

Waterdepth(m)
(b) i=2

j=1 B.C.CIamped

• Exp.

---0-----cal.(DASOR)
i Height of the shell

Z 1000

Waterdepth(m)
(c) i=3

Fig. 13 Comparison of experimental 
results and calculation by DASOR

(¥f$6¥ 12 n) ,pp.367-373.
[4] Blevins, R. DC FORMULAS FOR NATURAL FREQUENCY AND MODE SHAPE",
Robert E.Krieger Pub .,pp.330-331.
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oiem «t**

4-22
IEM »S MB'

iem *jh

1.

8Ez)sSE< , ##t)^V^##(CjoV^T 5’>^r J±b LT FPSO ( Floating Production Storage
and Offloading ) ^ PTS ( Production and Testing Ship ) #^66. ^ilP,(Z)fFSSnl-iT4, SflSt^jfCD 
^gLTtcjoi'T, Z<D$LU&feibbtitz—‘&<Difcm?Vlz.fe&MW1rZz.ti>^#:&tiZ>e

## 6 %0#SrgT%0%&t mfii/6 ^ cm v' % ft a 8 %/<-
j:oTMm#&<7)lZ;#Srm%i-5C ^r^WmtlLQ (Inverse Linear Quadratic) 

BI#Sm[l]SramL-C^#^<7)%:^SrfTct[2]. irLT,
.&#mS#Btc^%.a#@(coV'T##3rfTo&. ^gL(0^#^lc^CT#^%Sr/h$<6S
ttcj;o,

FPSO^<Df#m^^A*#SrfrpBR 
(ctmm?#6^#^srfT9t^tc, iLQmmmB&amL 
T^l#^K)R:M-SrfTV\ 
mm&#BI'-^XL5ag#(cov\T#MSreoit.

2. ynx<z)ii!toE5£

Fig.l #%^3LtLT#mL-C
V'5#eo)ll6(D^*#Sr#%.5.
@a:Sr%^:<D <k p c#i-.

current

x, u, X

Fig.l Coordinate systems

(m + mx) u — (m + my) vr — (mx — my) Vcr sin (ip — a) = X + tx 
(m + my) v + (m + mx) ur — (my — mx) Vcr cos(t/> — a) — Y 4- ry

(Izz + izz) r = N + tz

(1)

u,v,r
i>

m,mx,my 
IzzIizz

x,y,N

ABiDlElgA
ZlT x,y tti£ri6]COfl-*n®fi

fdroa-L^ t> 'o ot*14^e—y y h jo £ tWinEtt^e— ^ y h
'5Pl~?JCD x,y l6^[6]fiSc5j"jo J;TTl-L'St? V co^B—y y h 

iox(7D x, y l6*[6](D$iJffl*jy jo 9 y h

* %**#%##
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3. ILQKfttS

x0
Vo
4

(2)

= u cos ip — v sin ip 
— vcosip + usimp 
= r

^  ̂tc f ^ B # A A ^ it 6 @J# 9 - ^ t a t A, ^ -f a i/

x
y

Ax + Bit 
Cx

A(n x n), B(n x m), C(m x n)

t'/ix x $a h/x u J: ?

x = (u, v, r, x0, 2/0, V>)T 
Tu =

y =
iTxj Ty> Tz)
(so, 2/0, ip)1

(3)

(4)

t-*oo(D^r(D^%'^#lcjotj6^(B^<^|'/>^Xoo,

m-^a.
X = x — xQ
W = U — Ur,

(5)

I'/Ixx h/i/w h/i-x; &L, A^^ h/^w ^#M(cRL
T—t'/kv ffa. h/>r h/l-y

cmj:3K:#G5:;%fLt, ix^TA^KA^&r^

Xg = AeXg + Bev
6 — CeXe

(6)

:t,

V = u, Ae = A B 
0 0

BP = Cg = [ C 0 ]

^a.

J =
ft—oo
/ (xiQxe + vTRv)dt% Q > 0, R >

Jt=0
0 (7)

cz?, q, B (?) J &#/N;:i-a&mmK:i« K/<y

u — —Kp{x — xo) + Kr(w — wo) + uq (8)

:a,

w = f edt, \Kp Kj]=Ke 
Jo

A B 
C 0
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ao,two,«o A", V B

Ke = V~1SV[F Ij (9)

ILQB^S;#, #ai/4=a.y-^(DigRg@<7)#m&r#mLTjeO, m*%tC(9)A(y)fT^jf,V,B&*

f^LTm%JA<D@;#r#(=A(A)) &i
b/t/G &3B3ELyU% fr^ij f @i h/^T &mv'T

F = -GT1 (10)

T = [ti, •••,*„], ti = (sj - A)"1 Bg{, 1 <i<n (11)

ERiJfT^jTkfUf lv\

D = [(c1AdiB)T,.-.,(cmAd-B)7']r 

di = min |fc | CjAfcB ^ o|

&<e6. %oT, gi(COV'Tfj:aj^K(t)(D#miG#z)#^7((DA^@iT,(De^B9^Ci(s) <7)^77

1
Si ~ ~Ti

Gi(s) =
1 d{+1

, 1 + TiS

ei ^mV'TgcT) j: 9 ^$#6.

9i = Wis^ei, W(s) = C(sl - A)-lB

fr^ij B tcov'-c#, #A3g# ^ 9

—S — ST > 0, S = diag(si ,s2,---,s. 

(T« > Amax {E), 1 < i < m

^yfu,

\T1 / _ _^x-l r _._ /_ , _\T1
E = GS- (t-^Y (-S - ST) 1 x GS - (r-T-Bf + (FB) + (FB)1

1Jh’O, Amax(E) E (0ft*:@Wtt5rS"t=

A B 
C 0

k0 = [k°f k°j] = [f i]r~l, r =

(16)a:*U:a(18)a:j;«l#P)^yh^ ATo,B tt

u = —K px + Kjw

(13)

(14)

(15)

(16)

(17)

(18)

(19)
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4.

±SE@&TableUC#Ltl#llR^mv^. y$ay-i/g 
LT, #j-##^#6Hg#AT65SimBem#^K»mA^joV\T %o W<^3E 

(0*N%|6]V^Tdo 9, ^5L$rSl't5^lRlBtlcSiJffli^rPfltet'5t)C>^ Ltz0 £fc, &3S
30 (ton) <D/<!>777^-& 2 &, 1 &^#LTV'6t<D6 L

y^. ^aiC-ot^Tfl, ma l^(knot) ome& a* #(DE(O^I'*LT 45.0 (deg) (0*1=1^64-^6 6 
<0 6 Lt.

#&fToyue#&^i-«, Fig.l (Cz1% LTtSffiBSES^icfc'^T, x0 «i*|6l, y0 tt*l6lJii:TJ'fi<L'**>
6T6. tit'fti'(ONr&*<0#&r@*gEfk$-ltT#M 

7^,71% CMLTIj:, -tjT6<o@[(0^(W:*j#*#^4-XL6K#l±/F$V'C6^^ct.
s-ot tut2 *ic ioo @>t@/£lt t3 ^<Dm<Dmt^mm^m\cm^-tm
#l:cv'T#W*rfTcy!:. M#*^(ti-6^7^^-(D%|^<om,f#^%^7t#^, $gKiL%*TA^6^
#^#*&^#f6$Ti'&6ma(o#m^^6^, $f,
t,<Otm^LT#Meffct^meFig.2K^-f. Fig.2a##(C#]@:»73, ®#('#G(OBKGAt6?)# 
#(D#*#(D#:t#&6<)TV'6. ^SKO^fNl, % = 1,2,3 (knot) 6LT^#$rfrcA:. Fig.2&& 
66, 7^(0#$r/F$<66lcoiT,TB#A^6(OgE&3):/J\^<^cTV'<Z6^^6o gclc, ^77. 
f'-ftmt!^%S"t6E(7)t5iS:roigj%5r*t"WiB#rBl&fc <9 comtlM1.0 (ton/sec) t LT Fig.2 
6t5#^R&S&71; Fig.3 Fig.3
&&66, 73(0@[^/F$<66lC-3^TB#A^6<0$@^/J\$<^cTt'<^, % = 2,3(knot)<0 
m-g'ici::, 73(D@[^20e5Ttc%66, %l'$@a%*#<&<,TL'6'6dS#A'6. CiU±, HOtOg

#1±@BlcZcT#m$jT,67h*Tk66#%.6iT,6. %cT, M#^(0^$rfr9BRlcM:77^^-(Ofg 
#%#t+^#mT6^g^&6t(D6m^6. at, ##6^m###srfrctgiK/<-c;t^v'T 
II, 73^mii^@UD±#^lcj:cT$(l:$^6^S^kcyb^, mi±, 
6^-*lc*LTmy#*^$)^0*e<'k<, @glc*f6M:»%i06*g:v^T,
6$ t' 6 (O 6 #%. 6 ti6. got, *W%Tli, ^-aco*#5trJ:oT Tz <ott£: 
a5{k$^r6^g^^<, #t±ev^glK&t»-yrTe^%(D@[$rm]gL-Cj3H-li±^c6A:^ct.

6^69 y ^ ^ y-y 3
LT, Table 2 (i^Lyt 3 OCO Condition TtiTTi© Condition i'oV'T'L 5 zl 1/—y a y

T# CitfcfSE, i$S, Fig.4, Fig.5 fc'J:0Fig.6 l^ih,
^(0^(0#%^, Fb = 1.6 (knot) 6L%. rQ,M)#*l=](0%m^&(0*&4-XLt#^<0Fig.4
%MaaA(0*&4-xL t#^(0 Fig.5 ^^,6 6, #1: B#^lcjoi/'T^A*#^fT2 Z 6 ^W^6 T
l'6d\ zo,yo**^^m^@lLAnAT%*|siaAt4-Ay!:#g'(OFig.6&M.66, Bg(A(-m6C6
^T#f^*#:<m$^TL^cTV'6. %cT, g#Alc
*5 V' T5 Z6^T#<C< %6 6(0 6#%.6ii,6o

5. fSW

*E%Til, ILQ MSPSII SrSffi L T&}£ ££{£1$ $ * 6 fc & <D®Jm <Dl£lt £1f V \ ^#+/<7/-f

m'T&A##&fr5iB(o, %m&g(omv4^z6B#(c^v\T#w^e-3^ t <o^m, ilq®j#ss
&&mLT$!j#^(y)K:#i-^fT9mic0:, m#Km(OA:#:e#&r#gLt±T, me&(0@&#6#Lv\%

- 122 -



gL&fNc&ib-grT, T#a<6ac^lcj:0Z6^W@BT&aZ63)^A^c

a.
^aL&LTNE@-]gO#%L^#a:LTV^V'A:*, 4"#,

[1] Vol.27,No.8 (1988), pp.717-726.

^*#,Vol.92 (1996), pp.167-179.

Table 1 Principal particulars of the 
barge

Table 2 Initial conditions for simulation
Initial position (xq (m), yo (m), ip (deg.) )

Condition 1 ( -25, -25, 0 )
Condition 2 ( 0, 0, -45 )
Condition 3 ( -25, -25, -45 )

Length 177.0 (m)
Breadth 30.4 (m)
Depth 16.2 (m)
Draft 11.3 (m)
cb 0.8271

50
40
30
20
10
0.

50
40
30
20
10
0

(a)Vc
Xol, lyol (rn), hpl (deg.)

4-4-

□

—4—
100

(c) Vc = 2.0 (knot)

-8—8-j-8—8-
T3(sec.) 200

r □ n □ 0 db U u nn^ LJ l

-o

A
o |o

 > s A
o 8 8 8 8 4

100
(b) Vc = 3.0 (knot)

T3(sec.) 200

Fig.2 Variation of maximum displacement 
as function of T3 
(T, = T2= 100 (sec.))

50
40
30
20
10
0,

Xol, lyol (m), hpj (deg.) 1 ° M A N D 3

100
(a) Vc = 1.0 (knot)

T3(sec.) 200

(b) Vc = 3.0 (knot)

Fig.3 Variation of maximum displacement 
as function of T3 
(T,=T2= 100 (sec.) )



xo,yo(m),-4>(deg.)
40 : :.......... ""

-40 h

----- Xo
-----Yo

1
0 1000 2000 

(a) Time histories of tjme (sec-)

100

0

vx,vv (m/sec.), r (deg./sec.)
E i i 1

L
r , i .

1000 2000 
(b) Time histories of vx,vy, r time (sec.)

Tx,Ty(ton), xzX 100(ton • m) —— xx

IX ......... ........................ J ?z

1000 . 2000 
(c) Time histories of xx,Xy,xz time (sec.)

-40 u
L J.......! , i , I J

-40 -20 0 20 40 y0(m)
(d) Trajectory of the ship

current: Vc=1.6(knot), a=45(deg.)

Fig.4 Time histories and trajectory of the ship in condition 1

xo,y0(m), tKdeg.)

1000
(a) Time histories of Xo,yo,ty

, 2000 time (sec.)

2 
1
0 

-1 
-2

0 1000 2000 
(b) Time histories of vx,vy, r time (sec.)

Vx,vv (m/sec ), r (deg./sec.) II!:—-----------—'------------------------ 1 1

-

x^Tyrion), t2x lQQ(ton • m)

1000
(c) Time histories of xx,Xy,xz

. z 2000 
time (sec.)

xo(m) | 
40 U

L
20 p 

0 -

-40 -20 0 20 40 yo(m)
(d) Trajectory of the ship

current: Vc=1.6(knot), a=45(deg.)

Fig.5 Time histories and trajectory of the ship in condition 2

1000
(a) Time histories of Xo,yo,H>

vx,vv (m/sec.), r (deg./sec.)

,Xy(ton),Tzx 100(ton « m)

. z 2000 time (sec.)

1000 2000 
(b) Time histories of vx,Vy, r time (sec.)

-------- Xy

1000 2000 
(c) Time histories of xx,Xy,Tz time (*ec.)

(d) Trajectory of the ship

current: Vc=l.6(knot), a=45(deg.)

Fig.6 Time histories and trajectory of the ship in condition 3
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Inverse LMI Control Design Method and its Application to Position Keeping System

by Ikuo Y AMAMOTO, Member Toshikazu HAY ASHI

Summary
In the paper, a new control design method based on the inverse LMI algorithm is 
proposed and applied to a position keeping system of a floating vehicle. The method 
can cope with the nonlinear and robust control problem, and get the control output 
determined by the control constraint command easily.

1. i

Matrix Inequality)

2.
2.1 ElfrittS

^mLLT%^:lki-6o Fig. ±y:.Fig.2l:%*(Dl<m^6

A^J^#^iSLMIFo^SfcL'C^^/ft,L,C—^;h7l^';&T'hHiI^dj't'6LPV(Linear Parameter Varying)

[##!#(#)

- 125 -



LPV modelling

Completion of controller

lesult of verification

Vehicle dynamic 
model

Derivation of controller 
by LMI design method

Formalization of input condition 
as inverse LMI problem

Control performance 
Verification

Vehicle specification input 
Environmental condition input 
Parameter deviation range input 
Reference response input

Fig. 1 New control design method

Controller design

Vehicle dynamic 
model

Vehicle specification 
input

Weight deviation of 
floating vehicle

Velocity deviation of 
Current

Control performance 
Verification

NG

NG

Many repetition 
,by trial and error,

Fig. 2 Conventional method

Result of verification.

Completion of controller

2.2 SOW t;v 3*v xa

2.2.1 LMI## A#
(1) '/XfAOffa

Fig. G(s)(±—K(s)(±3>Fo-7T&%o ###
& x, W, u, ##&& z, W!ia& y, tG(s)^y%^A

2> t-f&o

G(s)

K(s)

Fig. 3 System description

x = A(p)x+B i (p) w + B2(p)u
z = Ci(p)x+Dn(p)w + Di2(p)u (l)
y = C2(p)x+D21 (p) w+D22(p)u

C2l:z(t)GRp',y(t)eRp2,w(t)GRml,u(t)GRm2,x(t)eR"h IjEtccfiL

' A(p) Bi(p) Bz(p)
G(s) = C,(p)

LC:(p)
Dn(p)
D2i(p)

D12(p)
D22(p)

'A(p) B(p)
C(p) D(p) (2)

Aci(p) Bci(p)
Cc(p) Dci(p)

(3)

Aci(p) = A(p)-B2(p)F, Bd(p) = B,(p),Cci(p) = C,(p)-Dl2(p)F,DCi(p) = D,i(p) (4)
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(2) H.
^TIiA(p) A(D Z 9 ^ 3* H.V ;FA##^fMiA^$^

kf3t, UPcE-<7 (5)

T&&o ±E^fHi&6e^%L-C,

II Pole II oo < 7 ; Pcle : = Aci Bci el
Cc, Del 0

R= yS-DcDS > 0-CRiccati^@^(7)<DZ^##X^#&f 3o
AcX+XAl, + (XCji + BcDlOR-1 (XCl, + BdDl,)T+BdBl,+e2I=0 

m-p T^: (7)l±Riccati^#^: (8)T&^t 2 & ^ # 3 .
AcX+XAl, + (XCd + BCiDd)R'‘ (XCl,+Be,Dl,)T+Bc,Bl,<0 

(8)^tCSchur complement SriSffl 3 t x

'AciX+XAli + BclBd XCli+BcDl, 1 
CciX+DdBd DdDd — y2I j

(6)

(7)

(8)

(9)

AdX+XAT
CciX

Bci 
Dcl
~y1.

<o

(4)5t 5: (10)S A L Y = FX jb'11 ii\ H= / ;V A $IJ (±

(10)

AX+XAT+B2Y-YTBl XCT-YtDT2 b,
c,x-d|2y — / I D,, < 0 (ii)

bT DTi ~y1.
X >0 (12)

y > 103 (13)

(3)
uyyy

V(t) = xTX-'x (14)

V = xTX'lx+xTX'lx (15)

X = AclX,x(0) = Bel (16)

y = Cc,x (17)

V = xT(Al,X-' + X-'+ Ad)x (18)
^^3. '^yyyfD^aJ: i)Ae,^%T^3^:Al:liV<0^^3^!

(i)
Al,X-|+X-,Aci<-2aX-1 (19)

V<-2axTX'x=-2@V
&&&0 4-. e(t)>o^av^-c(20)^:^#^:ibf&<!:,

V = —2«v—e(t)

(20)

(21)
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&&&(, 3%#V<-2eV(7);#lj\ V=V(0)e-Z"-e^^(0'C(21)^:(0#$r, V=a(t)e2"tf&h,
V = a(t)e2“'—2aa(t)e‘2‘',= a(t)e-2"'-2^V

h (20),(21)^:± I), a(t)e-2" = -e(t)6 ^ ") ZC##,

a(t)= - l’g e2""=e(7)dy + CONST 

htzh o CONST=a(0) = V(0)=xT(0)X" 'x(O) = Bl,X"1 Bcl H b,

a(t)= - ^e2"e(y)d7 +BT^'Bd

(24) ^l:V=a(t)e-2'"$ftAf ^

V(t)= B% 'Bci "'" - e2"*^e(y)dy

(25) 5%a$ 2 ^<0T * & ^ P,.
V(t)=xTX'1 x < BliX'1 Bcie'2“1 

^26^, y2=xTCTCx-T&&&^

(2)

(3)

cTc<x-'

y2<xTX'x<BT|X-'Bcie-2"

BliX 'Bd< p2

(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)
(31)

y2 < BliX 'Bde^^fV2"
I y I < p e"“l

y= Cce^Bc^(31)^:^%^f $1]^^#:
ll^Schur complement Z>b^\~T (D&-o\2t£ha

AX+XAT+B2Y+YTBl < —2 a X
1 c,x+d,2y

xc{+ytd72 x > 0 

> 0p2 BT 
lB, X

2.2.2 % f 7
###& x,^<7)lA^im^<0$IJ#Mm^#X.&o

x = Ax+B2u 

y = C2x

e = r—C2x

= / vdt

(39)^$r%^f 6
e = v —C2x

(32)

(33)

(34)
(35)

(36)
(37)

(38)

(39)

(40)
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(41)

[xef 6
x= Ax +B2u

X A OnX 1 X "b2" OnX 1
_ e _

0u
1 e + 0 U + 1 (42)

y — [OiXn 1 ] (43)

L"C All r^XT^YAll t ^ I) e(±/f

€fMi,
A y A 0_</, y R-» R,

(44)

(45)

d X A OnX | X "b2" 'B,'
dt . e . _“C2 0 _ e + 0 U + 0

y= [c2 0]

u = -F

h»&0 (46)3S<7)mS&##LT.

= -[kx Ke ] (46)

u = j udt (47)
= -KxX-Ke Jedt (48)

A &t. H. y ^ A c#-#- & m#ff fij/Fg^d' F, ^ & maumB

3.
3.1

^(±m#^&Fig.4^f 6k^T(D^^T#$tl6[6]o

(m+mx)u— (m+my)vr — (my —mx)Ucr sin(/?c — tp) = Xh + Xt+Xf (49)

(m+my)v + (m+mx)ur + (mx — my)Ucr cos( (3C— (p) = Yh+Yt+Yf (50)

(I=+J=)f = Nh + Nt+Nf (51)

m : fffrORit

m, : X#^|S]<7)#A]@# (Ana^CitMf
my : y $6^716] (7)#*nSfl:

Lz :
J= : ^ <7)#^##^ - y > h
U : W#:@^$SM(-i5it-2>yf-#:3toC) x#^[6]E5)"

V : a ##&#?) y#^0]^

r : ESAA*
<P : ESA
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Uc

ft
Xh, Yh, Nh 

Xt, Yt, Nt 

Xf, Yf, Nf S, &C Z #lti, JE — j* > b

XH = Cx^LdVc2 (52)

Yh = Cy^LdV2 (53)

Nh = CN^pLdVc (54)

Vc = Vuc2 + vc2 (55)
uc = u+Uc cos( pc— tp) (56)
vc = v+Uc sin(/?c— <p)

Cx, Cy, Cn 1
f
L :
d :

(57)

2ZT\

-&$-&&&, Fig.4<Dm^#(±Fig.5^^«),
(m+m,)u = Xh+Xt+Xf (58)

(m + my)v = Yh+Yt+Yf (59)

X

X — Y Earth fixed coordinate system 
x— y Body fixed coordinate system

X
A Uc
/3c,

u
A

*-v

y

Fig. 4 Coordinate system of
general floating structure

Fig. 5 Coordinate system of 
disk floating structure

XH = Cx^Ld{(u+UcCOS/?c)2+(v+Ucsin/9c)2} (60)

Yh = Cy^p Ld{(u+Uc cos [icf+(v+Uc sin /?c)2} (61)
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11" 5^(58), (59)i±JiJ.T
3.2 L P V tfJl'

m,= my = m.t jy#, 5^(60), (6l)£MP*J U

(m+ma)u = Cx "2 Ld {(u+2UC cos /9c)u + (v+2UC sin /?c) v+Uc}+Xt+Xf (62)

(m + ma)v = Cy "2,» Ld{(u+2UC cos /?c)u + (v + 2UC sin /?c)v + U2}+Yt+Yf (63)

Cx.CYli—
fc<i' .= U+S”'?- (64)

, _ v+2Uc sin/?c 
m+ma (65)

' u" ' Cx j /oLda Cx^Ldb 0 0" ’ u" rcx^LdUc2+xF" [Xt]
d
dt

V

X
=

CY\^Lda
1

Cy^Ldb
0

0
0

0
0

V

X

+ ! 
mtma

CY|/oLdUc2+YF
0 ~*~ m + ma

Yt
0

_y. 0 1 0 0 .y. 0 0

u, v, Uc, /9C, m

Uc, lie, Xf, Yf, m 

Xt,Yt

3.3 n > b □ - 7 Stil

d * u Cx\pLda 0" U 'cx|»LdU? + Xp' I” Xr
+ +dt _ X L 1 0 J _ x_ 0 J L 0 J

d v1 CY j ,oLdb o' v 1 "CvULdUj + YF1 I- Yt 1
+ m 4- m„ + m + ms,

dt Ly. L 1 0 J L yj L 0 J L 0 J

^ (67), (68) fflffUC^V'TX T V (42), (43), H./ (44),
(46)$rf$aL,

3.4 -"?>/( >?7 JL-%

i±MATLABT*H% L, $IJ@P^l£St, ->5aP—>a> Srff ■o 

n-y £^a6.?> C cx-Hfd’>'^7x-X^#^L7to ■/tr^A^'fcGOvn-^Egfc Fig.6

o

(2)
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(3) #8^

■3.-¥4' >^7x-X7°n^7A(7)y-a--S)$5r Fig.7UMMf!lSr Fig. 8(:^f

Parameter 
set up

Indication of 
simulation output

Command
generation

Transfer of 
variables Output

Operator

MATLAB

User interface 
program

Fig. 6 Data flow chart

7 7 d" IF
— ffli <

7 d» iF&^u&tr
-hit S 'fS'f?

IBV^^7 7 d" IF&#E#|W|C7 7 d" 6

###m=g&&7 7 d'

— #T

mmmmf
---- @/E^x°7 ^ f S%^

(y=.%]/-ya>4##L&v vd^-?) &

— 1 SjSi^Ix/e

— SfS^fi

V<clF —'>3>

----^ISL^f^g&TE
y<a.U-v3>NF(D^-&#M)S^:&XT77'M^LT^&f6(XT77'M%<D

— '>3y^y

Fig. 7 Program menu
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Fig. 8 Display layout example

4.
4.1 '>5^-1/— 'S3's3=i$

Table
^0E(D^|n] (^c)^35°6:LTSt#:LTV^.

Table 1 Vehicle parameter

Item Variable Numerical value Unit
Length floating structure L 20.0 m
Draft d 2.0 m
Mass of floating structure m 150.0 ton-secern
Additional mass in X,Y axis direction ma 10.0 ton-sec Vm
Current force coefficient in X axis direction Cx -122.87
Current force coefficient in Y axis direction CY -86.04

Table o
Table 2 Vehicle parameter

Item Maximum Minimum Unit
Velocity of floating structure (X axis) 2.0 0.0 m/sec
Velocity of floating structure (Y axis) 2.0 0.0 m/sec
Mass of floating structure 150.0 100.0 ton-sec Vm
Current velocity 1.0 0.0 m/sec
Current direction 40.0 30.0 deg

Fig. 9 Constraint of control system
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4.2 a T 7 < JL l/- y 3 >
m&&#?)2C<0/<?->K:j3V'Ty < a. 1%-y a > 

ifr^tZo '>5 JLl/-->3 yg$T-i±, b u (b)<D$g$^^L, MARX b V

*f#m, B#^&m$rm^L^oTable2l:^tmR/<7^-^^±TIS 
@&^a% B##(5

g(7)v<jLlx-y3>ig^$r Fig. lOC^fo

Fig. n
c#fo ^T/y^^SLc^-L.

a# & as&t & c 1

(a) Track of simulation

x axis----------y axis
■Step response constraint range'

time [sec]

(b) Time history of simulation

Fig. 10 Simulation result (Reference response)

x axis----------y axis

time [sec]

(a) Track of simulation (b) Time history of simulation

Fig. 11 Simulation result (Disturbance response)
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##jtE

[1] #m#Z,
SICE#4im$ljmij$#y>^^Af4r%Kl996)o

uj*W:,

aCE#35im##*m^?%#, Vol.l(l996) o 

#74B B (1996) o
[4] Cabinet : H°° Control of Linear Parameter Varying System, Tutorial Workshop in CDC93 (1993).
[5] Chilali and Cabinet ! H°° Design with Pole Placement Constrains!, IEEE Trans (1994).

#83-5" (1996).
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Research on linear driving of wave maker

by Ikuo YAMAMOTO,Member Shinichi TANIGUCHI,Member 
Ben T.NOHARA

Summary

The paper describes an application research of a linear driving motor for a wave 
maker. The linear driving device for a wave maker is designed and developed. And, the 
performance test is conducted. As a result, its effectiveness is confirmed.

l. ts s

& & 7 ? y & Fig.l trS-tUlo *ffi?:iItS7 7'^©Tm
MZ/yizxWLVtfttbftTV'60 7777Pifi?:D7F^ilU 777 

fr-f-tztb(DWM£ LX0-7 £LXV'-50

gmua:. f LT,

Fig.2 ^.



coupling

Fig.l Wave generator with rotating motor

Linear-motor

Linear slider

Fig.2 Wave generator with linear motor

#&#& 2 ^ LTt'6. Fig.3 Cf
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Fig.3 Configuration of linear motor

3.

3.1.
Fig.4 6f

7 0.5mm -e—

R(D# ^(015(0# A & f tif

3g*##krFE<omu-c*a.

■ ^dl*S%(lOOA)0B#, $*(1400N)
• #*fcti*S^(200A)©Be, ffi*(2800N)

Current demand

Load-cell

Secondary part

First part

Fig.4 Test devices for restricted thrust
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i Table 1 lz£tib&

Table 1 Test result of result of restricted force

thrust command[%l thrustfN] currentAl

0 0 0

50 604 39

100 1437 78

150 2368 117

200 3169 153

a U , 100%CMl/T. 1400[N]i^±© 1437[N]^**$n. m
100[A]Dim© 78[A]£0,

tlfc o

3.2. iaiSME
XA>y XS*i$jS(6.0m/s)t^3fr\Zo ^©BE

mWOkmm^'iy'itzv ® ^iMCem/slMBePSIt. 0.21[sec]&TT*&;nt;m*X^.y

Fig.5 ©i5Wo/c„

6[m/s]

Fig.5 Speed test result

(1). iSSir^VCii;. S*1SS 6.0m/s ©ttSi^LT, 6.048m/s
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■5 - £^"0%tz0 ttz. ^©^©SJMFSt 200ms -%?#!#%?3®?# 
&*l/c 210ms

(2). #±#© 220A ybWl-C£V, #

u -c ^ & c a $ tk o
tz „

3.3.

£M$S(100A. 1400N)-C-CDif WIIEZliBtrSIt, 900[#]1?*6 d tfrbs %& 
3HEKT 900[#]iiT'©^i:#£If[l1*So 
t-^fti(SISI 40°C)©^frFT\ 900 mm±nmai 100°C* '©IgfflKA 

o-CV'ntf. —£©tfrfi£?@tc:L'CV'6d £ £&€>„

ttz, ;&^tfmimit, w7vmt>&tF*ti*ti<Di8mM
©It 4 HS© 2 4-f9f?A 6 tiimtll £ft 5 = fHBOSfc LX, ##
m&m#tmig§ tu, 3 ^ c ##&%c «t &.

jgm, ##mmmcj:6y-y;i/©!aa#tmi#^ 7o.7t-e*v, m#M#t%#-e(±,

5* 47.0°CX$>-otzo V -7X-$i±ffi. 100°C(:*U"C. SEEStfl 70.7°C&#A#
aL-c, mec*u-c©^a±#i±+itti:m(:#^.6t,©'e&6c

*! &-ox^mommw>.Mik 4o°cbxz>h i4o°cm-e© <g
aav^cac4c6.

3.4. m##m

±E3.L 3.2©mm^#T"o©#t%&ft9. ^ma-c©u-7t-

tiT 0.5m/s "Cjl$SL/tc0
Table 2 (:#&###

Table 2 Noise test result

thrust testf%l no operation resultfdBl

100 64

200 67
velocity test [m/s] 62[dB]

0.5 64

3.0 75

6.0 86
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±fatwfc*§jft«k u, ^rv-T^e-d?

¥J$®T*62[dB]-C**^>fc„ f £*& 100%©
A#c*u, 64[dB] t ?#m# & #-© 6 a a a A

(±#^a#x_6. m±mt! 20067[dB]ac^t##c#^m& 
SLZc= c^ctu, 6K v-

z> z.ttfm.tbbfttz0 #u, s.om/s -c ?s[dB], 

g© 6.0m/s "C86[dB]^#^Tt 24[dB]@&©±#(:f £/c, C©jg#
CjSV^T, ^©l$i:Ah'©SH(j:V-7;E-j7(rS^$:jl57-7;!/^eE7'6 7-

4. # m
-7t-^(u

-7K77 7<b)m#ai-6c^^##u^. v-7t-^©^tm\

tJSb-C, MMiffl'J-7 K77 7>fk^+^nrtl7'^)SCh^^o/c0 V-7

K?d'y<b(:j:um&mm©@m#<L ^im©#

u-cm^^ 6a#-c&& c a

5.

[1] Nohara.B.T., Yamamoto,I, and Matsuura,M.: Multidirectional Wave Maker and 
its Real Time Wave Control System Applied to a Seakeeping Model 
Basin,Proc.Wave Generation ’95,Japan,(1995)
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*1^00 \o

JEM !§* JEM m* Ttm*
OEM w M** ¥±M *8 mm**

1. $x#’£

mmc j: mm
aw<&&#^##(%mx#ocwmE&#mT&<kW3amT&a.

*#l&. R^#J^LT, %mm(MS)^TMCPM^A36kgf/mm^mig#*mrn(HT36) 

l:#LT,

d)#emmu(Z)#m ic* u T, m=# $ t # x 6 ###$ ®

(2)v-y.

2. «fflg#Tomaii$i£¥a

^gfTTW6. NKmmU^jc^g^mcD-gB^TablelC^T.

Table i or(jm^®^#j±T®###mma[)

$6ic. NKmmiKckem^mmmmmE^T®, ey 
y- p(o*mic#T&i8#mmi=;#a;i/%: or-ccom=##^g

&T, Table mT(D5%[2]&#mLT%4%:c4Vl/
f-3##m(vTrE)^m^ L^:.

wmmm#

vE = ———{55 +(TvE - vTrE)}2 
410L J

HT36(TMCP)*m@#

vE = -^{45+(Tve - vTrE)}2

Fusion Line S

vE = ^{70+(1VE-vTrE)}2

* E#gB

Table 1 Required V-Charpy absorbed 
energy values in NK Rule

Grade

Base Plate. Automatically Welded Joint 
(High-Heat-Input)

Test Temp. 
CC)

vE
(kgf • m)

Test Temp. 
CC)

vE
(kgf * m)

KA - - 20 3.5

KB 0 2.8
0 3.5

KD -20 2.8

KE -40 2.8 -20 3,5

KA36 0 3.5 20 3.5

KD36 -20 3.5 0 3.5

KE36 -40 3.5 -20 3.5
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Fusion Line

vE = -^r{50 + (TvE - vTrE)}2

^75:1/, TvE : V- / —

vTrE^, m##

^L^[3]^j&iC%3T, vTrE^6

3. nkmmmiccbswsmsss
Fig.i^wsmig©^^

^11/11. Table2i=^T@i2^3TI/^6. 'T&ti'S,

##(7)i>#^^(Oyo)®50%(T^^^0.5ayo)^#m$a 

T&O, Fusion Line 0.2 Oyo

^(:Tablel(c^L^^%iRJ:^;i/^-m^6. m#:© 

0ri:J3iJ-5%##%@(Kc,uu)^^A. Table2C^L^:

Stress
Level Steel

Grade

Plate Thickness (mm)
0 10 20 30 40 50

i i i i i i i I i

1
MS A | B

HT36 AH

II
MS A B D

HT36 AH DH

hi
MS A B D E

HT36 AH DH EH

IV
MS A B D E

HT36 AH DH EH

V
MS D E

HT36 DH EH

Fig. 1 Required grades of hull steel plate in NK Rule

r©j;'5CETSSL7tO°CT©|fWS.M$S:,

@mg#m:#EAUT, Fig.2i3j:^Fig.3(:^-#-.

Table 2 Stress conditions in NK Rule

Steel Stress Level

Stress, G (kgf/mm2)
(<7 = <7D + Or)

Base Plate Welded Joint 
(F.L.)

MS

i 16.8 9.6

II 24.0 16.8

III 26.4 19.2

IV 28.8 21.6

V 28.8 21.6

HT36

i 24.7 13.9

ii 34.7 23.9

III 38.0 27.2

IV 41.3 30.5

V 41.3 30.5

Base Plate Welded Joint (F.L.)

<7r= 0.5 ovo <7r= 0.2 (JyO

Fig.2a#^%gi©^A^@#i:#%LT^

200-210mmFlg.3H±Am
#g###Fusion Line 0. #t)^l/^#-o-T60mm@a[6:^rol:V^
6.
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Stress
Level Steel

Grade and Allowable Crack Length (mm)

Plate Thickness (mm)
0 10 20 30 t10 50

!
MS A 664 B 685

HT36 AH 440

II
MS A 333| B 352 D £72

HT36 AH 238 DH 306

III
MS A 293 B

315 D 356 E 470

HT36 AH 222 DH 272 EH 345

IV
MS A 256 B

273
D

321 E 345

HT36 AH 207 DH £4S| EH 292

V
MS D 341 E 345

HT36 DH 267| EH 292

Fig.2 Allowable crack length (Base plate)

Stress
Level Steel

Grade and Allowable Crack Length (mm)

Plate Thickness (mm)
0 10 20 30 * 0 50

1
MS A 327 B 409

HT36 AH 228

II
MS A £75| B 742 D 133

HT36 AH 82 DH 105

III
MS A 95 B

121 D 109 E 135

HT36

C
|

<

DH 86 EH 110

IV
MS A 79 B

m
D
96 E 107

HT36, AH 62 DH 74| EH 87

V
MS D 705 E 107

HT36 DH T91 EH 87

Fig.3 Allowable crack length (Fusion line 
at high-heat-input welded joint)

4. V- y y 3" y JU If6#2 L t $

L/r[3], 2:, TMCPSM Table 3 Minimum vTrE of actual data

(Table 3#m^6,

Table 3I=#L^:, ^-afTl%iRmi:^L^:vTrE^g,Kc.ioc^m^L.
wES3oo3®mm#m[4],

Grade Thickness
(mm)

vTrE
(X)

Base Plate
KA 25.4 40

KA36 25.0 -55

Welded Joint 
(F.L.)

KA 25.4 67

KD36 25.0 20

0, ±A#&i§@m#FusionLine 
l:#&L/TV)%#-&^Fig.5T&^. Fig.4-Fig.51:a, ^cl= Fig.2-Flg.SlC^L
7c, NK^MIJCt)^LT&6.

Stress
Level Steel

Grade and Allowable Crack Length (mm)

Plate Thickness (mm)
0 10 20 30 <10 | 50

1
MS * 8 B

HT36 AH 1%

II
MS A #l| = D

HT36 AH # DH

III
MS A 8 B D . E

HT36 DH EH

IV
MS A m B D E

HT36 A" It DH EH

Underlined : From NK Rule

Fig.4 Allowable crack length 
(Base plate, A and AH)

Stress
Level Steel

Grade and Allowable Crack Length (mm)

Plate Thickness (mm)
0 i 1P i 2P i ^0 , 40 , 50

1
MS A 8S B

HT36 AH

II

MS A W B D

HT36 AH DH #

III
MS A § B D E

HT36 AH ^ % EH

IV
MS A g B D E

HT36 AH DH H EH

V

MS D E

HT36 DH m EH

Underlined: From NK Rule

Fig.5 Allowable crack length (Fusion line 
at high-heat-input welded joint, A and DH)

- 145 -



^Fusion Line (C#S L, T W a #&, ^####^ 6 #% L /J\ $ i: % c
TWa.

5. u^m#m###mix^0Su^
%i:^L^Fig.2-Fig.3j;c,

NK®ms*&m[5]t=j:tiw:, loomm^T^a#
mT35%@mT&a. L&L, 250-400mrn#m(Z)m^t)^E^aTWaC6:^6, 
400mm @g^T(D%g(#$A##$^lTV)a6:^$tia.

^c(:^L/cFig.5'F0#5,
L &b (=, ^ 0 ^ (C^: o T V) a t) GO <L #

x_Sfia.
&#^a@a(:75:3yct)C0(L#^6fi&.

# a, ^ % m-m-% i:#m u $^iatcaT&o,M6%%

6. t.t#>

fBE#(Z)#0;5i3OWT(Z)

[1] (mB$##m&:mmm K###, Mm^mi997).

[2] j=#^®0##^8E0m####M#&^#KG4OW/nmi:

(1992.12), pp.25-49.
[3] ^&%, #a#^, ee#fr, m±K

memm##,#. #75-^(1988.3), pp.200-211.
[4] (&)B*;§#%# = wsssoos (1983).
[5] :TMCP(:cka^A40kgf/mm^mm%%#*)mmi:&^3T(D#i&g3Ka

mM±#I#gG#&^(1990), pp.56-91.
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A Study on the Change of Aspect Ratios of Small Surface Cracks Emanated from
a Toe of Corner Boxing

by Masahiro TOYOSADA , Member Kikuji YAMAGUCHI, Member
Kenjiro TAKEDA , Student Member Yasunari WATANABE , Student Member

Summary

Many failures of fatigue cracks from a boxing fillet weld toe have been experienced in 
ship structures. Fatigue surface cracks emanate from plural points on fillet weld toe line and 
coalesce each other until becoming a larger surface crack during crack propagation. The life 
during plural surface cracks usually occupies the major portion of total fatigue life.

Therefore it is necessary to establish the estimation method of fatigue crack propagation 
life before completion of crack coalescence. For the purpose of grasping the clue, we carried 
out fatigue crack propagation tests with single edge notch and investigated the change of 
aspect ratio of surface cracks emanated from notch root. We could not direct the search for 
a new law about aspect ratio of each surface crack because the relation between crack depth 
and aspect ratio for each surface crack has a very large scatter. Considering and expecting 
that crack may propagate continuously in main direction under constant amplitude loading. 
K value at the deepest point of the deepest crack among surface cracks was studied with 
considering interference effect from near cracks. Then a supposed surface crack which exist 
alone at the notch root and of which K value is the same as above K value is considered. 
As a result, it becomes clear that the aspect ratio of the supposed crack changes linear with 
respect to a crack depth during plural crack growth.

However it is expected that the aspect ratio may be affected by residual stress because 
residual stress controls crack opening/closing behavior. In this paper, we carried out fatigue 
crack propagation tests with gusset specimen built up welding and studied the change of 
aspect ratio for the supposed crack at boxing fillet weld toe where large tensile residual 
stress exist. As a result, there is a important law about the change of aspect ratio for the 
supposed crack with respect to K value which may represent indirectly crack propagation 
behavior for multiple surface cracks emanated from notch root with welding tensile residual 
stress field.

* A-Jfi * t" x I¥f4
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^k#4:c%v\, Lt^-o-c, %AL^mB#^to^a^,

co-a-frfiKSSr, #—SaSM?##-?# 5 Z & lc#a.
##6 [i] htt = o,

: 2b, TX-^ bit : a/b) Lfcc {g* to£gtir*iLTtoy xx^ htfcit
^6(f6T, t#gE<komij&m'^c<>Kmm-e&c&ds, #tm'#^!to#gggp-ctoA:@[

irtoftm$ita:#gto7X^^HtggikO:, e##^(c#LTmB%(c»^L, ^to

±Eto^K(l, %@^^#&DkV'#^jgT(Dt(DT*)6^, m@^t±#STx^^ Ht

5#iSK&a^#;t6fLa. imc#g(D##im±TM:Ri-5t,
6toT, ^##^H@<7k6 6#x6jT,6.

irC-C*##-?#, gm#T0#dSL#U3ig@<i:%a, XT/x±igtoaLM%±%@B(±
_lk#8a5a'6%3E-6

t Lfz0

Tt, ^LT,

SM490YB#m&#K#6L, Fig.l^f-$t»^&f#^L^
ife$-ti:TS®tL/i:E@ 10mm (0^L#K#lf&51#K#LP$#A# 

389MPa(3*(Dqz%#[)-e&ca:o #^#^to%^%$r^k^-Wr6^:AlC, x^/y-fto#^ 
(H^yti: t3) 8r 5.0mm,7.5mm,10.0mm to3@S98SL, Cfb&##}c##L7h«

U T'-^gr^La: CO2

t o tcBSL/t, mm$kmt.MM isoa, w± sov, s
m 27.1cm/min, Xh<0, 3®@ a B C t Lfc0 l$St>tt::£ CfcE@l£*:5>S£$iJSt~5 fc* 
\x B L##A^gpa^ 6 3mm #ii7t@@to*#Bt- 9 SE^!+18 S0f 2 $6^- v>
(y-^aimm) $rM#L, irto#i9e#%LT0(@^&M-a!lLt. Fig.2K#^$^A:KK^

77 jy-XW^^b ~ 10mm E-fi^liTt

<h ast?a^50 $vt, #Bto^.(cxf-^ 7i-$r@EL"Cl^6/tA, HB'Cto'jI'SI^iiaJfcjjti, SB to
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m^mist, #

if—f--?—

#^6@##$r#9$i-6C6T&6^, Fig.3(i^L/l, liW#

t« = 5.0. 7.5. 10.0

100
}f Unit in (mm)

\f r 11f '■ ■ ' —T  ■ : : i —i
t -------------r'

Fig.1 Specimen configuration

Open mark: Front surface 
Solid mark : Back surface 
o : t, = 5.0 mm 
□ : t, = 7.5 mm 
a : t, * 10.0 mm

y - 3.0 mm

ov = 389 MPa

Distance from center line of specimen (mm)

Fig.2 Residual stress distubition
along X direction (y=3.0 mm)

-----1----- ----- 1-----r

A •
V/

---- 1----- ]-----' | '-----

.4 f . Ink penetrated method
• : ts = 5.0mm

A # ■ : ts = 7.5mm
i : tg = 10.0mm "

f \ ' 

. k>
* *

■ b ! b .
t | I

. .

__ ,___ 1___ I___ 1___ »___30 0.1 0.2 0.3 0.4 0.5

Crack depth : a (mm)

After coalescence

W a : tg = 5.0mm
o : ts = 7.5mm 
° : 4 = 10.0mm

Open mark : Beach mark method 
Solid mark : Ink penetrated method

Crack depth : a (mm)

Fig.3 Change of aspect ratio 
for each surface crack

Fig.4 Change of aspect ratio for 
a supposed surface crack
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^fT^fLS^, &agg(D#^(c#@i-6 6,
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^(#jkExi^%± Lt&a# sum-S'#
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7^6.

irCT,
Fig.3f t ## L 7h#gg@p(7)AT@tRlc%me#
-#-6, 3t#[l]tc^Lt#mtcj:i)3E#L^ ir<7)^m$rFig.4IC^
f. come#, Fig.3(D#f##%j:9#(D'&#5ST##lo<f)^a#§!(D7:%^f h%3E(b(%M-

^M^B'O'Mirti^, ±fSC0J; 5 CLttllfclliJ, ^c*76 tcLTt^m^tc# 19, 7^
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4 0 US&±5ffiSlH£ E <D ES A J£
LTbdS-o-C, Fig.4

% = 0 <Z)»rm (Fig.l##)
W'L, ZO%j9mm(D^fim[#M-#|Te7kv\

T/ 7f-#ia <t 0 50mrn#^^m(Dm#m(c, 2
#f-^(y-^imm) ^M#L, Fig.5i±&

ma^h/ffL^jsv'T, *

m'C4cj:ip##66tC,

30 t—I—i rI I I I
Maximam Load _ 

(15.01) -t, = 5.0 mmE
E !/o : Front surface 

• : Back surface
20 100y = 50.0 mm

IC

_ Minimam Load

:io

b i i i_ i ■ i i i i i i i i ifb i i i—i -1 * » i i i i i * l » i i i i
0 5 10 15 20

P„(x103kgf)
Fig.5 Stress of front surface and back surface Fig.6 Mesh subdivison

under the influence of specimen eccentricity

eft6<%##&#&Lt_L-r, BLWukamc#(tasm
3%^FEM#e##$rfrc/L. FEMT##rf-^

Eugemm^o)

Fig.7, Fig.8 l:FEM##T#6fi/!: 1/ = 0 Cjo^S ?/ gtESlSrS (##
31 liftl&tl) T, tiiffWS (Wititf/STj) r to@C08ll6tt, Fig.5 <D{\L

(cr^, (%&) -e#%^{LL-C^)6. FEM#BfT(±^#(OC6^^6, 

^##^*^#6^6. 6C6-C, Glinka [3]
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(2)x'fvfC2
2V2 W 2 W 1. zo \p zyj

/:7fL

p :
r : r = x + p/2 (re : tyftl&ti* 6 COgg||)

L, p = 0.7mm T
&o^c -ez-r, (2)^tZPEMWf(-j;'3T#6K
tz, Sffii-® t,i£v^$$coS'C.xf]iiE (z = 0.5mm)

A, Fig7, Fig8

-tzT,
^•^rtL^r'tlt^'OS, Fig.5 wSf <£ '0 y — 50mm

or^

5 V XI at, Sr, -frti'Efih, Fig.7 &>& t XiFig.8 i-%
C, ##g^a-a't)-ttSrfTv\ #±##T*Dj;U:#

-ErLT,

y y=50

t = 10.0 mm
- o : FEM 
---- : Glinka

Distance from front surface of specimen (mm)

Fig.8 Stress distribution along Z axis 
under pure bending

ts = 10.0 mm
- o- : FEM 
---- i Glinka
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Fig.7 Stress distribution along Z axis 
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Table 1 Test condition
Water Depth 0.25m (Shallow)

3.1 Om (Deep)

Waves
Regular Wave
Long Crested Irregular Waves 
Short Crested Irregular Waves

Wave Direction 0, 45, 90 degrees

Mooring point

Table 2 Principal particulars of the model

VL15 VLFS
Scale Ratio 1/80 1/1

Length 15.0m 1200m
Breadth 3.0m 240m
Depth 56.0mm 4.5m
draft 12.5mm 1.0m

^Longi. 334 kg*m2 1.09X1012 
(7.86X10")

Water Depth 0.25m 20m
3.1m 248m

( ):Target

Fig.1 Coordinate system and experimental setup

v Aluminum Plate (t-0.8mm) 1

1 kl 1 1 1 l/l 1 1 1 1 1 1 1 1 1 17.0mm ; k

ii)>-Aluminum Honeycomb Core; :v ^ ^ -K:

Water Line

ll.rrilPolyethyien Foami::|:':||ji|l';;|:|
56.0mm

12.5mm 
' > f

Fig.2 Cross section of the model

Table 3 Wave condition
(Shallow)

A/L
Period
Tw(s)

Wave Height 
Hw(mm)

Irregular Waves

0.04 0.62 10
0.05 0.70 20
0.06 0.78 20 O
0.08 0.94 20
0.10 1.11 20
0.12 1.28 20 0
0.14 1.46 20
0.16 1.64 20
0.18 1.82 20 o
0.20 2.00 20

(Deep)

A/L
Period
Tw(s)

Wave Height 
Hw(mm)

Irregular Waves

0.04 0.62 10
0.05 0.69 20
0.06 0.76 20 O
0.08 0.88 20
0.10 0.98 20
0.15 1.20 20 O
0.20 1.39 20
0.25 1.55 20
0.30 1.70 20 O
0.40 1.96 20

• : Measuring Point

Fig.3 Arrangement of pick-up for vertical displacement

Fig.4 Bird view distributions of vertical displacement 

amplitudes
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Fig.l Coordinate system Fig. 2 Variation of wave-free body forms by

the position of singularity, (2D,h/d = 2)
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0.5

Kd

Fig. 3 Amplitude response of vertical wave 
force on wave-free bodies in Fig. 2

Fig. 4 Variation of wave-free body forms 
by the water depth, (2D)

o. 5

the position of singularity, (3D,h/d = 2)

U.O 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
Kd

Fig.6 Variation of vertical wave force on 
wave-free body in Fig. 8 by the water depth
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-0.5

Fig. 7 2D model section used in the Fig. 8 3D model section used in the
experiments experiments

Horizontal Wave Force

Fig. 9 Amplitude response of wave forces
on 2D model (h/d — 2.0)

Horizontal Wave Force

0.0 0.2 0.4 0.6 0.8

Fig. 10 Amplitude response of wave forces 
on 3D model (h/d = 2.0)
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