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Surging of Large Amplitude and Surf-riding of Ships in Following Seas
(Part 3 Phase Plane Analysis)

by Makoto Kan, Member

Summary

In the previous papers, the surf-riding of a ship in the regular following waves was examined by the
self-running model tests”*®as well as the numerical simulations”. It was clarified that the surf-riding
occurs when the ship speed including the steady oscillatory component due to the surging motion, after
the decay of the transitional motion, reaches the phase velocity of the wave. - The numerical simulation
showed that concerning the occurrence of the surf-riding there exist three ranges of the ship speed for
the fixed wave condition. Under the critical speed Vi, the ship never makes the surf-riding but
invariably makes the periodic surging motion. At the speed between Vir and another critical speed V;,
the ship sometimes makes the periodic surging motion and sometimes makes the surf-riding motion.
Which motion occurs is dependent on the initial conditions of the ship position relative to the wave
trough and the surging velocity of the ship. Over the critical speed V), the ship always drops into the
surf-riding condition. It was also shown that for the low wave height, the critical speed Vir coincides
with another critical speed V.. It was not clarified how the critical speed V; appears.

In order to make clear totally the non-linear phenomenon like the surf-riding, it is not sufficient to
repeat the numerical simulations for the various initial conditions. It is necessary to use the common
method of a phase plane analysis for the non-linear ordinary differential equation which expresses the
surf-riding motion. In the present paper, the author examines the mechanism of the surf-riding by
means of the phase plane analysis and clarifies how the speed range is separated into three parts and
how the wave parameter affects the separation. The method is presented to obtain the above critical
speed Vi, which may be termed as the unconditional critical speed for the occurrence of the surf-riding.
1t is important to know the speed at which the ship can escape from dangerous surf-riding condition.
The speed is named as the pull out speed following the analogy with the pull out torque of the
synchronous motor, and the chart to obtain the pull out speed is also presented. Showing the analogy
with other physical phenomena such as the Josephson effect in the superconductivity, the synchronous
motor and the driven damped pendulum, the surf-riding is suggested to be one of the fundamental
non-linear phenomenon in the physical science.
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Fig. 3 Phase plane portrait (V=1.683m/s)
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13 & Fig. M ICRT. ZR5DET Vi 13 BRI 0 Rl ?
HFe D RAEE T H 3 o SEi b~ T2 R OB T, Veer -02f
SV Vi, WV Vs Vie ThHBH, BERI DFEELE R ~Q
WIS Vo= Vier= Vi, Vo=Vu=Vir ThH3, ~04g <,

BREE 2 KD 5 B8 b, BE, B, KE D R
DEZEWZ(LOR LB LER L, /S5 A—-F 52O -06 %
Bl AL AEREZHTHRCT, ek 855 gy
AT b OBURRO ap 3K TH 1T O8N

»=A«(Vo—C)/E (20) =
DBIfF» SBUHEE 2 BRI RS 2 L5 TE B, RS O
Fig. 15 1ZR 9, ZDOES Fig. 11 L R, HED DSOS Fig. 15 Chart of a,— 8 with parameter a

BRO—BCFETEZ2b30TH 3,

COME (et BEEZT ap 3RO ZHEE) 2B IBS
X, FIHARGER 1 DS 2 oh 3 h o IR TR S
BHEZZ VY, Fig. 16 D X 5 R HTE TEZ 2 & Zhit
VIHAEME po=sin"'e(—7/2< < 71/2) B LV 70=0 3 5 2.

Ad:= 1)) m .
d*nlds*+ 8- dplds +sin p=ap @y , , C_/ \ 7

separatrix

ORI LT MY 9w 7 REHBES5% ap 3R 3 -
BUERET D, ChE T OB L i, Ri3Y @

To=sin™ ap Th=sint a
A=3.822m, h/}=1/10, H/dy=2.0 (soddle) "(’7:;;:;-;7;,
¢ | |
____ﬁ___jip*___ Jll_ /’ j y Fig. 16 . Relation between @ and @» on phase plane
w3r } —-—_—:7 ———— { ’
£ o ; EOBOBEZ CRITHBEROET T Ltk b4, i
= N s ! G EGXIZEE p Y F VTS, BB sin pp=ap(—1
I 1 ¢ S —n/2 5Tl A2 S ) IR B ES LT, Z0
; // g ; 7 & =0 ZYBARM & ¥ 2 B O BB SE T 5=0
° L J; i WZEBEED p(=n) 2K, ThHS a=sinp 2k D o
2 ST T P ERDB LS BBELEZ SN T2,
! ! B=0 OFHIZ EROMBEE T 2%  ERETHL 2 & 8
| } v, T&E%, OB a=sin p(~ /25 n<n/2) 252 C

7p°SIN 7p+C0S 7p=1-Sin 7p+CoS 70 (22)
EWES D n(—nZ9,<—n/2 $ 1213 n/2< o< 1) K
Fig. 14 Pull out speed (A/L=15, h{A=1/10, H/d,=2.0)  {EHIZKRD T & B=sin P I L D q, FRDNIT LV,

initial speed V (m/s)
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Fig. 17 Chart of a»— a with parameter 3

Fig 150D 8=0 DD ey B3F DL S L TKDIETD
2, B+0 DRFOME X DIES PR EEI SWADHERR
BIELWI LBHRTE S,

Fig. 17 % Fig. 15 2 IORTHHEC LI b D TH % 05,
Fig. 13, Fig. 4 3 Z O L Bl E2 L T3,

6. fhon¥IBIRS & NERELE

6.1 EFERENERRY) F
Fig. 18D k> —& b v 7 TRE & NZPERY 7O
KIRIERE OEE HERIIRD LS ITREN B,
PPm-d?6/dt*+ b+ db/dt +mgl-sin =e (23)
BL, mZEY FOEE, | BIRY FOKE, ¢ F—%E bV
2, 0 »ME D FOIENA, b ZETIRFIPEERIC L 2 HED
ZETH5,
2)RUE 3 oD T A—F—DEBFBRNLRZED
25, WRD OBE LEKIC 2 DD/ A —F —DRICER
T&%, T4bb
t=(l/g)"s . (24)

Fig. 18 Driven damped pendulum

DGR THEM ¢ % s WEBT 2 L CORBERRO LD
Wi %,

d*8/ds*+ pdb/ds +sin 6=« (25)
BL

a=ellmg (26)

B="b/{mli(gl)"*} 27

ThH2, BREOEBNIEIZVHDEL, o i (14), (15&
RAURER#E3 S, UTIBWTHREHFKETH S,

25) R ERY ZERT(WBRLBELCOTHS I LidH
WTH2,IED FOBED 6>0 O HRANDEHEEEENE, #
OBA IR EBOEL 255 ORTEREILESNIES L,
53 O DEDET V7 LETHDBHVE>TLEST
WAIREEE, MTIREE L D EEE» S OWED ST
%, 0<0 DFEDEEES I, MROBEICITFITBOE
Ehes s OFFRENESICHEYSL, % 0 DAEDETH
NI LETRINHID E-> T E > T AR, WHEED
BEE»S>OBEOKEY CHYUT 2, BEFHAL
—7/2< 8< 7/2 DEHEICEFEEL, TOEHENANIFTO
PHEEFTHETHLI LS, ERVOLZEREDOERS
LEBRTH B,

WERY LIED FrofEiiticontiz, 13)RE25)R
O &5 RBEEEIGRRI L TLEL, GrimMick > T
LIEHINTHHbDTH 5,

6.2 EHIEENE V_F7E—S—D—

FEHAEESI3, BT OB ERT OE 2 RIS
BN CEEET 2 D TH Y (Fig. 19 8R), ZDEFHHE
RIEXDE S weEREND?Y,

I1-d?¢Jdt*+ ¢+ dp/dt +k-sin ¢=Q (28)
AT, ¢ 3 EEERER o mEEHE (RIHRE) ChER Y % B
ERb &R - 7 EERRER & B TRIAB O ORI OHHZE A
(EffA) 2EL, [ 3ERTFOEREET—AV b, c BKRE
B LRI LD DOHEERIC X 2EREH, (RA
T ¢ OIFRCHEIT 254 V2 ORE, Q IZEHEI
PBLEHINVI THE, ()RR L S s h 5,

d*plds®+ B-delds +sing=a (29)
BL
t=~1I/k)"%s (30)
a=Qfx (31)
B=c/Ik)'"" (32)
T:

Fig. 19 Synchronous motor
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CD V = R

Icsiné

Fig. 20 RSJ model of Josephson junction

ThH2, I, KRV LRAURRTHZ2ILEE>ET
b2, EEEFORIELEE THEEE L TV 2 AEEE O REE
BIROFEFE D RERIET 2 L, FE#SANREE RO
FAERRIRENORBI G T 2, % 7-FEiEEDOEH
RIREE) Ch ZEA L RITNh 2 REE1L, B O T B
EOPOERMRBRENCRET 20D TH B, E5ET
BT BHEEORMER, FEERORBANBES 2
RFDOET M v (B + v 2, pull out torque) 2> & DX
HZL2bDTHY, AEL TR S-TWVEG,

V=T E—F A —-RBRESHRrEFRCL-b DT
Hd»5, AULIRMENEL NS,

6.3 a7V oue
BRYHEZOSBF TR, BEESTFOYa w7 Y VR
®, T ATYEOSBOREEEROMES 2B
BEETDHLITHBD, ZZTRETFBROVTHNS,

2ODBLEEREEERIEL I XA THEIBELEY
37V UESTE, BXOBRERBESSRHEhTHE
B, THOEFE T NVH RS] E 7 (Resistively Shunted
Junction) & LTHEZ o T3, 2DELKER X Fig. 20
KRT LR bDTHY, ATETERDEIITH B,

(hClAme)d*$/dt*+(h/4neR)dp/dt + I.sin p=1I

(33)

IR ¢R2OOBEHEEDERN L KHEROMED
EERTHOTHY, hid 77V 7 DEK(=66X10"% &
2= ), e FBFOBMOHIE (=1.6x10""° 7 —n
V), CREEEF v Yy U R, RIEAER, LiiYs+
7Y Y DERER, [ 3LEAERTH 5, 33K 29
ce<EACRcERENS, AL

t=(hC/4mel)" s (34)

a=II. (35)

B=(h/4nel CRY)"? (36)
THb,

Fig. 20 OB EAEE V 5% < T, ERBER L.
sSin¢ BPWAL0bWB P avyy v EFSEZ, (33
T lersin ¢=1 BEIICR D 1> T BRETH D, “h
BARD BT D RIS B, E72 1< k720 485 5
REHL2HL TOuRWIZS »db s FEREERS R
L5 D, WhbWAEY 3T Y URESERE, BOB
ORI R ABIEROREBICHIE L TV b, ZHEEED
BERESERE V 8 FEL, AT 7 V3w TV L0l

AR EFITN 2 ROBEHHH 5,

déldt=(4neln)V ‘ 37
Yatv7V EEOER - BEBEOMERR S Fig 21 12,
BB DA DR EEE B D EBRE R O — % Fig. 22 12
Y, BE*HBECEBRE o~ @R 5T 2 ¥k
FRELZZ A I WSS ¢ USTE OB

KRB, 300 HEM EOKRBRED S 67275 1 DRTMEL
RBRTH o7, Yak 7V v Ba0ER - BEBME:
BUIBEATVYARMETZ2bDEE2 2 LB TS
o BB, Vaw7V MR 0B DL TIRBID
£iI2 IHLHELWHER T FETH LMY,

BEWSO»OBITRL X 512, HEDBRIINEE
BUSNDMD T b D b ENRSE R B 3 2 L5 T
ED. NS DHRKICHBAMLEL T3 L Ebh s s,

- B % BB R ORIAEBEE b3 1% 2> 0SB o0 S V2 B

U, WEDONMHEMSLE TS 2HWENICA > T X B4 L
PHRRDIICEALZEBTHZ, 2O LIZZDES 0
B BEERR IR ED 1O THB I L5 RLTVLS Y

&

I

current

Ic

Lt

voltage V

Fig. 21 Current-voltage characteristic of Josephson

junction
3.0006
( WAVE VELOCITY
25L05 {NON =~ LINEAR} J;p}ﬁt
—_ e i o R
T WAVE VELOCITY: !
= s0lo4 (LINEAR) I:
£ !
—J
I 15103
g STILL WATER
& 10r02
2 ALpp =150 (156)
5 osl-ol /N =1/20 (1/20)
) i ; = v
0 5 10 15 20

NUMBER OF REVOLUTION OF MODEL PROPELLER (r.p.s)

Fig. 22 Variation of model speed (A/L=15, 4ji=1/20,
H:OO)
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