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Table 1~ Ship motion parameters
M A /m Aot/ () A/m Ao/ ()
motion ’
c(l)asos (supply ship) ~ (supply ship)  (receive ship) (receive ship)
1 0.17 0.204 0.22 0.368
2 0.63 0.384 0.56 0.639
3 0.88 0. 881 0.86 1.432
4 1.13 1.268 1.12 2.138
5 1.6 2.899 1.65 4.467

BT 12 WA BAR R B 5 2.2 A5 AR s
Sl AR T RIS 3 A R K
Xof e B R AR e 1B i R S

W 2 Bz, B WSO o &y Sebkg, Kk M N
le7ke, 5o it ol 2000kg, h, A 5. 2m b, 4. 8m.
BEW AL IR R Tm/s TR B HOHE 2m AL
BN B I e s ) AR TE B B
JIETRAN 2 filf 2] H A4S, 1 T 56 2 e i AR R AR IS ER
2.Tm, A T B BE R WO F AR BE R Ry R
3m. ZAEAR ] LA BT P 15 22 4 E AL, SO0
I [F] g AR AT 20 A FEMSORE B O 52 M % R Al
0 15m, B QAR M B M 15m IR y
e F.

WA 6 FrR, 784 45 B 25 60m, 5K % 5 80kN
I, BTV 45s o B, BEAE MR AR sh AR, bt
P2 ARV T ER S Ay, B S5/ MU, AT, 7R 55
s wy, BV b g/ MENT 3m, STYIA fildil AR
89 XSS , Wl A A o 2k 3 T i, ok T A

ZAE .
14
77777 class 1
P class 2
. ——-class 3
ok \ c}ass 4
X A © class 5
-
— BEVK ; .
g . —\N! \ \\‘ P,
% 3
< gl Yy ! *
: E A ~ 3
YA W
4t N VN N g g
440 AN
\/: D
sl ¢
. . < ‘ ) ;
0 10 20 30 40 >0 0
Time(s)

Pl 6 RIEIARARIZ 3T e 3 H AR R — ] 2k

Fig.6 h, —time curve under different ship motions



38 s % 5 B

7k 2022 455 20 45

K7 5 TAEMTIRIZ S S5 2% 4, 5K X 7 80kN
IR, A RN 25 B S T e 3 AT 1 B R e B )
P, AnE s  #ha RS AN R b5 b 45 i ]
AN AEJEAE RN B B K 2 70m i, G2 AL i
FE RS HAR A BEES b, fie/ME/NT 3m, ok % 4 gb
% ARk, P R —E M LB R,
{HRH R R & R B s A ok 24 B

s 50m
4 55m
i | tt 65m
& F
8 ‘: ) /:j i 70m
'.e_f;‘yy E
E 6 !
:n i
4t
2_

Bl 7 AR [ B ¥ 0 ARG AT 18— I ol 2
Fig.7  h, —time curve at different distances

&1 8 NIz sh a5k 4, 4R FE S T0m B 15 L
TSR E T NG TR TR IR B TR
/IN(60KN 7OkN ) Fisf, HEAH XS T FH AR - T8 A9 /)N B 5
FET 0,52/ T 0, Uk B BL B &) it B Al T
Firp— sk B S E Ry 4 ~5 A5 AR L
B f /K B AN BUIE T 80N, A IR IE T L
BESEG IE. H EAS by, S/MEER/NT 3m,
H.100kN 5 90kN 1 h,, {781k b A 30T, 5 A AR
BRI AN H PR R ORI, HAR sk B ) & e ik %
B Ak

0 10 20 30 40 50 60 70
Time(s)
B8 IRIF|SK 'S T W 0 2 FR A S T B — sk ] b 2

Fig.8 h, —time curve under different tension

iz ZAari AR T AR A b AR, 17
BRI v K, 2R e g 5, Uy S 4
EGREEIR vh ity BT LATE BEOCHEH Re B K £ 0 ey
HEE. 1A 9 BEAk R L3]S SpalfCRAARE 3hAF 4 1
2|5 Wi SOm F) 80m 7k X Jj 60kN | 100kN 1) 5
FASE 00, AL B Z AR A O T b, BfR/ME.
AL M AR AZ Bl A5 G DR B R4 23 3
hy, B/ MEDS/IN AR IR T Oms 5K T /N, B
/J\? Om, BTy BOREIR vhl. B 5K 5 T %t S %

PNIRFR VNS S rsest i S A I N

12
—*—ship motion class
—o— distance
111 —B8—tension
@ 101
g
E
< 9f
8 L
7 1 L L 1
0 1 2 3 4 5 6

Operating condition

K9 AR 5K i/ ME R
Fig.9 Minimum h, under different

operating conditions

FEBXT AN TR BR T ST F A A il
MR, T BT 5% 38 1 R 5 P A, T DA I 75 L
FEAERG B R P By e . [ 10 REARR 1 5 5
BRI 1 B 5 BB S0m F| 80m , 5K % )
60kN | 100kN 1] 5 ﬁ”$ﬁi%'%%ﬁ%§ﬂtxﬁ
LGB SR R T I R R R R 9 45 4y
Bl % :

(1) Bl A0 2h S8 8 i, d5e 3 0, B
BAT, BT LA 10 45 B 6 ) 1R L 1) ik B AR
K AF Tz 5

(2) i it 25 27 3 B P 348 K, i R S0/
Jer A, U A K ke A G A2 BE B ER AR TR AR
iz,

(3) ik B 70 5 A R M AN B A8, 56 A A
F 46 45 31 B bR A B K R B B 5K % T AR
(PN AL



5 4 NS A I E R AN R LIRS A RS 5 BT 39

3.0
2.5
~2.0f
w
g
>
5 151
=
(]
>
1.0F
—#—ship motion class
05} —o—distance
—&—tension
% 1 ) 3 4 5 6

Operating condition

10 R[] 0T 7 16] e R
Fig. 10 Maximum vertical velocity under different
operating conditions

3 i

iy E R A R AN I 27 30 AR 5T
RGO R A 25 B Bl T A e T X
TR R Y — Bl e B 015 H 5 9. AR SCAT X 5K )
FRIE T IUADR B R BIE , 57 T RR 8l 1
BT 5 R ] Hertz $fil PG, 57 1 A7 19 20H $£ i
BT AR MR h g At sr T AR S 2% DL 1Y
By BT LA BB SL TR ANE RSEE
PR3l AR,y T s i K Rl i, B
VA0 23 H 7 AR o, R BT 380
PRI R P — Fof AR R T AR B AR, 3 o 34
W UE 2ty AR R B T PR AN A A A
P BEAE Z AT g AN A E RO T 13 Bl
X 1) b 45 4o R HEAT T BUE T B, 2 AR i
3y Feia B LA K ik B R s s AR s . 2551
eIy byl IR AR S SR NS | & P Bu RN i D
BT T Bl B TR AR, TG R IE 2 AR BRI X T
A PRI i/ LR, 25 N IR A R, (Ho2
5K X TR R UK S R/ N R R B 3 5K
R /INEE T s T v K. I HB IR 2 Sl
S, G Az i i v LT 1) i R R K T e
1B B R, F O SE il N e R, sk T X T
B R JEE R WAL AN T, DR b o7 e 6 £ 28 25 1 D 5
R A R ARl AR SCER H—Bh g xHfE
SKITR I TRIACTT i , PRAERTE RO AT S T AT LR 32
TR IS TTIE R R A 1 R B
HEMSHNHE.

Z % X W

FRIHG, Rk, Pk ESNE A AN BORBUR Kk
JERE H. L IR AR 32 i Bk A WS P 2 4l 2016, 39
(2):77 ~80,84(Wang L W, Han L. A review of un-
derway replenishment technology of navies abroad: situa-
tion and development tool. Journal of Shanghai Scientific
Research Institute of Shipping, 2016, 39(2) . 77 ~80,84
(in Chinese) )
2 2E, SRR, AR&ES. B Ab AR R GET
RSB EFSE. S 124, 2010, 31(10) : 1403 ~
1408 (He X J, Zhang L. X, Ren A D. Numerical analy-
sis on non — planar vibration of the highline System for a-
longside replenishment. Acta Armamentarii, 2010, 31
(10) : 1403 ~ 1408 (in Chinese) )
SRER, fIF2E, (Rt BEm A 2R R AR A )
PREHWITE. NHTERE S5 TR 2240, 2010, 18(3) !
523 ~529 (Zhang L X, He X J, Ren A D. Transverse
vibration of highline cable of alongside replenishment sys-
tem. Journal of Basic Science and Engineering , 2010,
18(03) : 523 ~529(in Chinese) )
B, T, MR, B RS RREZ TR
B SO, T RER A5, 2018, 30(1) : 22 ~
27 (Li N, Wei Z B, He X J, et al. Research on muti —
flexible dynamic model of highline cable of alongside re-
plenishment at sea. Journal of Naval University of Engi-
neering, 2018, 30(1) : 22 ~27(in Chinese) )
SRR, Rycim, H5, 4. BRI AN SRR A
GELl 3w BT AR LA, 2017, 39(1) : 59 ~
63,81 (Zhang D P, Zhu K Q, Bai Y, et al. Dynamic a-
nalysis of marine alongside replenishment for highline ca-
ble system. Ship Engineering, 2017, 39(1) : 59 ~63,81
(in Chinese) )
B, e M EAVTR I T O RN RGO L N
T, 2015, 37(S1): 110 ~112,116 (Zhao W, Wang
Y. Simulation of alongside solid cargo underway replen-
ishment system at sea. Ship Engineering, 2015, 37
(S1): 110 ~112,116(in Chinese) )
B, skRJK, EBEsk. ST ADAMS 1 2 i i 1)
PN R REBN 1200 M. ARG, 2012
(12):49 ~51,77 (Chen Y, Zhang L. X, Wang X 1. Dy-
namic analysis of cables of house falling alongside replen-
ishment for solid cargo. Equipment Manufaciuring Tech-

nology, 2012(12) ; 49 ~51,77(in Chinese) )



40 oo 5o H % M 2022 455 20 45

8 BELTZE ) k2, RAETR. ¥ ERUATRE AN, B R RIE 11 Ren H, Fan W, Zhu W D. An accurate and robust geo-

ST ST, MLE IR 4%, 2009, 26(2): 1 ~4 metrically exact curved beam formulation for multibody

(Xue HJ, Peng S, Wu H Q. Analytic study on the dy- dynamic analysis. Journal of Vibration & Acoustics Trans-

namic characteristic of highline system. Mechanical and actions of the ASME , 2018 ,140(1) :011012

Electrical Equipment, 2009, 26(2) : 1 ~4(in Chinese) ) 12 Sapietova, Alzbeta, Novak P, et al. Analysis of impact
9 Fu M, Wang S, Wang Y. Alongside replenishment track- force in tensioning mechanism in MSC. ADAMS with con-

ing control of the supply ship under the influence of the sideration of rigid and flexible bodies. Applied Mechanics

highline cable tension. The 36th Chinese Control Confer- & Materials, 2015, 816 165 ~173

ence, 2017 13 Pennestri E, Rossi V, Salvini P, et al. Review and com-
10 H5%, X4, 28, & ZRKRGE s IF iRt Rs parison of dry friction force models. Nonlinear Dynamics ,

PRiR. sh #5804, 2017, 15(5) : 385 ~ 405 2016, 83(4) . 1785 ~ 1801

(Tian Q, Liu C, Li P, et al. Advances and challenges in 14 WEE HBEZERRES Y bR SEHEF HR

dynamics of flexible multibody systems. Journal of Dy- 4L, 1999 (Hong J Z. Computational dynamics of multi-

namics and Control,2017,15(5) ;385 ~ 405 (in Chi- body systems. Beijing: Higher Education Press, 1999

nese) ) (in Chinese) )

MULTIBODY DYNAMICS MODELING AND SIMULATION
ANALYSIS OF OFFSHORE ALONGSIDE

REPLENISHMENT SYSTEM *

Gao Yiming Ma Ziqi  Liu Zhuyong'  Wang Jianyao
(School of Naval Architecture, Ocean and Civil Engineering, Shanghai Jiao Tong University, Shanghai ,Shanghai 200240 ,China)

Abstract Currently, offshore alongside replenishment is the main mode of ship replenishment, which operates
by transporting goods via constant tension highline cables erected between receive and supply vessels. In this pa-
per, a dynamic model of offshore alongside replenishment is established based on multibody dynamics theory. The
system consists of ships, cargo, pulleys and highline cable. Rigid body assumption is adopted for ships, cargo
and pulleys. The highline cable is modeled using the geometrically accurate beam theory. A contact model be-
tween pulley and highline cable is established based on Hertz theory. In order to improve calculation efficiency,
a simplified force element model is proposed according to characteristics of constant tension cable, and its accura-
cy is verified by comparison with the exact model. The dynamic simulation of whole replenishment operation un-
der complex sea conditions is carried out by using the simplified model, and the effects of ship motion, replenish-
ment distance and tension on the transporting process are analyzed. The results show that safe operation can not

be guaranteed under harsh sea conditions, long replenishment distance or too small tension.

Key words Alongside replenishment, highline cable, large deformed beam, multibody dynamics, simulation

analysis
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