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STRUCTURAL DYNAMIC ANALYSIS ON
ULTRA-SLENDER FLEXIBLE STRUCTURES
INTERACTING WITH FLUIDS

ABSTRACT

In the area of ocean engineering, flexible and slender structures such as the deep-water
aquaculture net cage and ultra-slender and flexible risers are widely used. How to predit these
structure’s response accurately is of critical importance to the safety of these structures. Concerning
these kinds of structures, the hydrodynamic loads are closely dependent on the structure’s motion and
deformation. Traditional experiments on scaled models and numerical computation may not predict
the full-scale structure’s response in fluid flows accurately and efficiently. Therefore, this paper
chooses the combined effort of structural dynamics equilibrium and the semi-empirical hydrodynamic
models to investigate improved methods to study slender and flexible structure’s structural response.

First of all, the numerical methods for solving fluid and structure interaction are divided into
strong coupling and loose coupling methods. Theoretical derivations are conducted to prove the loose
coupling’s impact on numerical stability, and numerical experiments are carried out to test the
feasibilities of two loose coupling methods in solving slender and flexible structre’s hydroelastic
response. Afterwards, in order to overcome scale effect in model testing, a kind of
experimental-numerical hybrid method is proposed for fish farming system’s hydroelastic analysis. A
full-scale 2D net panel’s hydroelasticity is studied using this method, and the result proves the
feasibility of the method. Finally, regarding to flexible riser’s vortex induced vibration, a time domain
method is proposed to take nonlinearities such as tension variation into account. The comparison
between predicted and measured results under uniform current and linearly sheared current proves that
the time domain method can derive accurate enough structure’s dynamic response.

Key Words: fluid-structure interaction, structural dynamic analysis, numerical computation,
ultra-slender and flexible structures
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gi b, BRI D INITEE ST AE R 7 A R dz 52 2 )RR BGRB8 il LR IR A,

U zD? r r
dF =pszCM al +’§CDdz|u1 |(u ) (2-57)

M EATUE H, YEFERE e ABhE,  7K3) 780 v] Lo g -5 KB RO B . 3 R AH
BLHIPRAN I ' o

(2) 4K 45H) Morison 2 R AHE

1 #BahEMAE Morison A

ST REEhIRRE, B T 2 BIBIRE 1 (FK J1. S8 & 7)) S5HR 1240, 6% dHT
WIRAE K BiE B 72 AR I FE A 7T

BRI N @ » WIHAE YT b 2356 2 LT R 4140,

0P _
an " (2- 58)
S, v, BT AR
K77 60 AR 7T BA AR
_ o9, _ 09z Opy
Fo=ll-rgnas=ll-r 3 e 59

:”—p%%ds:”—p%(pldS:ﬂ—p&ldS

9 9
= Lf—p@a—(ﬁ%ds = g—p@a—ﬁl%ds

2 r
Q dz&

= _pCm
4
Horb, &, &IMHIFIR S dz BRI K FIE shid BRI B . C N PR & R AL
HR/NA B /N Gedt 1 1) C ARIR . BT LA HY, A04ARIZ ) (158 5 0 4438 20 sk 2 [
LA
Y AIZ B A ARG . BRI SR R SN, 1S REH TR 3R R
713
u D? [ r D? r
dF = pﬂT dzC,,a,l +’l—2)CDdz|u1 —&(u, )i —pﬁT dzC, & (2- 60)
At 7 TR R U B I e IR P K R I8 SRR IS B IR AR R . Rk, X
TRAFER Morison A3\, HoK3h 7807 T Lol 57K B s sh IR E KB 5Y)
Ak TR A 32 33 B LA R P ki st in s FE R AR A2 (K = AN o |
2) WG TER Kz 1
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IR AL FRIAAZERT, 7524 Morison 2 xR & T Hh i VR 51 S 10 7K 5T A i) 38 Bk A
IKFRIS B AN Z . & BRE N V, WV T# LA R EKE) /1 Morison 233
A AR IR Y

U 2
szpgdzCMaiir+/—2)CDdz|u +V|(u+V )ir (2- 61)
SRy, om B 3 FE TR sh R AR K S AT LR,
U D’ r p I »D° [
dF e dzC,,a,l +ECDdz|u1 +V - (U, +V &) —pszCm& (2- 62)

3) WM BURHA AR # Morison 24 =
Morison 2> 2t AT B A FRHE R K sh 38, anld 2- 4 fos.

A 2- 4 HREEREE
DT R S = N o e 0 o = Rl 2 e o AR O ) A = T S R % ) N N BT Y5l
T35 4 i 380 5 60 A 2 £ A B R EL RSP AT I T 1A, R BT A R U, RIS O, AR
Morison A28, AT LAHHSAE A 8 2 A BB AE KB dI BRIk 1 i R m R sk,

2 U
dF :%pCDDbrn|Un|d| +C, %Lﬁﬁdl (2- 63)
A, KB F1EA A T2 30 PR A B IR e n] AR R N,
2 U 2
dEz%pCDD(brn—)r&ﬂUn—xﬂdeCM %Ugﬁdl—pcm%{&dl (2- 64)

b AT e ol S B AR HR 2 T 1038 B PR R R 2

(3) KB ZE R 2=

DA B2 58 Morison 24 3 iH 5045 21 0 B far (6 115 1 71 R 2 Cyv Al B0 R 30 Cp 13E ik
B, BIANIKEN 11 28 51R 2 TR 245 5% . Sarpakayal g 76 U TR I SR 1) — R 5B a IR % 525,
Re =i 1500000, KC i ik 100, AHXPRLREFETE 1/800 1| 1/50 i Bl =15 2 T IR i
MK R RE R K 18k . &3 T Morison A ZUHIEE A, AL T KEh 11 REC,
Cv Szttt %&, X (2- 65)F & 2-5 £& 2- 8 iR,
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AR 0 ToN NV BRSO REIB A T ANE S 55
C, = f( KC,Re%)
. (2- 65)
Cy = fz(KC,Re,B)
A=A TR RS € XU 1.2 7.
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]

STEADY

.............
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I I | R P E) B I I I T 17T 17T
1.6 |—
|
1.4 —
1.2 |—
-
1.0 p—
fe
0.8 L
-
0.6 — k
e RO Rexlas N
0.4 1 Fooge t leds 1) A | ] | NS S T Y
0.2 0.5 1 5 10 15

SMOOTH K=100

.20 k/p=1/200 o )
."'.' =5
L P Rex 10 i
u“" .
! I .l S 1 18 ] NP (D SR 55 C v
0.2 0.5 1 2 5 10 15

& 2- 8 KC=100 K}, JuIFEFBRE B RS Cv (FEEXHH Cm RR) B Rek/D IR R 12k

1D #Hi#E Re

H A B LR E A i aT BAE H, 24K %) Re<80000 I, i B 77 5% Cp B Re (193 h i ik
/N, T 7 22 Cyv BE Re BB NG K 4 Re=80000 I, Cp 1 Cy ¥JBH Re frI3E NI G
WA . FERSUTR, Re=2X10°~5X10° Ml IX, BIFHJI FREIX . 7EXEIXI% Cp MiBE Re (]
BTN, 24 Re=5X10° I, Jollfk AIX, fEUIXIKA Co (A AFaE .

2) KC %

KENFTZEHE KC HIMKR R, H EEWLUEH: W KC<10, #5753 Cp i KC £/
EhmmG oK, Wi ) R B Cyv B KC B iz s/ ik 10SKC=<20, #iH 71745 Cp
b8 KC X3 in i SIS, BHE RE Cy AR 4 KC=45 I, 7R3 REEEA
A RIS KC AR A BT 1.
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3) AN AR BE k/ID

FERS PS8 K 2 5 B0l AT VBt S, JUHE B 2 B0 /MBI PR B U B0 2 k)N,
B/ ColEe R, X— ST LRI R AL B A k. Hak, BN RECRIHER ) R
K38y 2t 2 A GRS B2 36 KR K, BIE & /N 3] 1/800 FIAHSTRLAEFE, thaxsle b R M
FIRE . RSP SHURE LI, KA FE X BEL 0 22 B R A 2 ik 35— 2

2. 4.2 WARGEMIKB) F138 4 1Y) Aarsnes A

TEERST A G5 K B it B, B de TR Z K s i8R . Hor, BT Morison 24
2 Hh, Aarsnes $H 7K 3h FT R AL B BAR A

K 2-9 N—A T4 XK~ ERE,

dy

L,
2-9 MEREH~EE
T XK G2 R, FBEGN—/NMBEE SR XA SR AR R 5 T AR K LG AR
ZBHWE N SLE Sn, RN N,

Snzz%_[f_wj (2- 66)

Hed, NPRMLEHER, |, ZRPRMEKRE,
Aarsnes FAE F 1R A _E 17K 3 F1 81 73 i o B 2-10 BI1E 5L,

w

B
N
(o]
=
=
[y
Q
EH



> A Y%
By FEFS
</ SHANGHAI JIAO TONG UNIVERSITY ﬂﬁﬁiﬁﬁmmfﬁ@ﬁﬁﬁ]ﬁ"ﬂﬁﬁ*ﬁﬁ%

{a) Lift force

_— Drag force

Y

Drag forces
Current

Weight
2-10 MRZ 15 EraE

BTN, PR B RS B v ARGy N AT Ji AR . el
1
Fo=5 PCoAUI ng (2- 67)

1
F = > PC AU n, (2- 68)

Hrp p REIRAEIIERE, Co M C a2 ifFA I 5145, ARMARBEKHER. n, fin
R TAT IR B T IR R AL . U AR RIS 4 2 8] (AR X
XPIANIKEN 11 R BRI Loland ™ 7E Re 47E 1400 1| 1800 i [l Py 341 519 F (IR R e
HEFAF 2], AT AR A,
Cp(ar)=0.04+(—-0.04+Sn—1.245n* +13.7Sn° )cos () (2- 69)
C_(a)=(057Sn-3545n +10.15n° )sin(2) 2- 70)
Forb Sn R AR SERE, o A SR 7 AR AP THI RV 2R 7 i e f o BA R =X
TUERE —ERREIR. B, BT LR Re BE5%, R 75 BE0E R S0 5 5 Re 31
I KSR B Rrilt— BT . 4, BdoKah 7 &R ECHE T AR S /N 0.3 [t
BB, SRR BRI FIE RN, %R 200 AR O E DI T MK MR R0 25 5 By
k.
2.4.3 AR T A
Sarpakayal™, Golpakrishnan®1% A ) Morison AR H &, & H T IEIRS ER ik R,
PL CF J1alfl, ARSI EAR BN A0 T8 RAS, MBS KB F K3 )8
AT LS K
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Foe = %prU ‘D (2- 71)

i, C, AN RKL
# CF J7 AFETS iU s AL R IR BN IFH L es,t) AT DLRIR AN,
¥s,t) =W, Acos(W,t) (2-72)
Horr, w NAMREREUIE, A RSN IR .
NS C, R LA
C, =C_sin(w,,t+¢) (2-73)
Hr, CoRMTHIRBURIE, o FonTt 1 5ALM Z B B A -
K IR HEAT = A TS BRSO L 380 [F) AR 57 f0) 9 30 ) 2 e 2
C, =C__ cos(p)sin(w,,t)+C,_sin(p)cos(w,,t) (2-74)
#—$4C,=C_ sin(p), C_ =C, cos(p)
RPN R EOT LUIE I — R B R IR S g A PRS2, il 2-11, 18] 2-12 fo,

1.20 i\’*:__-,{/ T \N T
sl 1IN D O T
BN . 3
o.m-r\
0.75 o 4
g \‘Mr_
3 I
0.60 |
045 | /
: x ' :
ogof ¢« if {0t
C
015 L— 4 ;
0.50 1.25

fs
& 2-11 C., 7E f,/St F1 A/ID i34 = B (Golpakrishnan 1993)
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1.20 v

1.05
0.80

0.75

A/D

0.60

0.45

030 - & 4

0.15 d
0.50

f/st
& 2-12 C\, 7E f,/St F1 A/ID L1454 z= B (Golpakrishnan 1993)

MR LLER S C | £E fr /N St $OMIEE; i fr KT Stid, A BRath. 3
LSS, Clafi/NT St —MSEA B /NT 1 IEE; e kT St AbHI TRKIM A, Faobh,
Cra 7E St FHE [ K/INEEA FAN B JR IR B 7B AR AL, SCRIRBIARA K

TE C K BN F3 B FIPR SR FE I 0N 5 7] LAk — 25 SR — A & I 3 P 240K 30 0 e Th 2%
A LARIR A,

15U u
P(s,t)z?jf(s,t)g&s,t)dt (2- 75)

¥ (2- 71)F(2- THFRN(2- T5) 133,
T
P(st)= %!% p(-CLa sin(w,qt)+C,, cos (wextt))J 2D, Acos (w,t dt (2- 76)
T
:% ! %pCLV cos? (wextt)U 2Dw,, Adt

= %pCLvU ? Dw,,, A

2 EARRHES R, C e TEMSTAZ MR REmA St . = C,>0 i, &Y
ARG S HmNRE R M, 2 CL, <O, RUILMBRAIAREE.
BEAh, MR C, rT AT S a5 I R 2 C, .
2,V
Ce == D (2-77)

2.5 WRFMEMIRIS T

XA, X AT ) i N SRR 2 e AT RS A, BT E AR [
R SGEAAIRA . R, B W RIS, %A 225 i S e R 20 A AT PR R O ELAR IR
AR R B A BN 2 DU R BARHE G SRS S I S IR B L A R DL K 25
RS R R I BB T 5725
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S22 ssos o tong v KT SR EIR AR NE A 55
B ELAT m A 1 e BRI e S 2 LR el i, R 2- 28) T BL R,
[M][&+[K][U]=[0] (2-79)
Bt TR (2- 7805 AN FIIE AR T AT R
Uy ={x; el (2-79)

Frbt (X =] Xy Xy Xy | B | HIRBNEH SIS . o) F5% RETEBR A ARSI 11
G, 0, For5 | PRS QI
Fa 2 (2- 79 RAA(2-78), 1551

([K]-ef [M]){X;}={o} (2- 80)
RN R AR AL, ﬁka# R, I REATAIR N 0, 1)
|[K]_ i |_0 (- 81)

AT A [ |[M ™ RO AERR, EDBERALE R B H% o, M. I (X}

HARLRORFAE R, BB (g} 4%, HESUROAS | W04 S AAE R
FAUT (2 80), FTLABIUIRARESS | B A MR 5L,

([K]-ef[M]){X; }={o} (2-82)
7E(2-80). (2-B2)misA BT (X, } o (X} ),
X} ([K]-e2[M]){x,} =0 (2- 83)
{x }(K] af [M]){X; } =0 (2- 84)
R A A 2
I M TR = IMT KX =(@? e )X | 1) (2- 85)
4 g, 2 W, LA,
X1 {x}=0 (2- 86)

AR W 0 A BRI { g | AL AR IEAZ O 26
FERfE T MG A RIS, S o] AR A,

[U]=[@][p] (2- 87)
Forbr, [ AARAVERE, A EE IR 4 b 4 K g, A AT, B
[‘1’]=[¢1,¢2,¢3,K¢J (2- 88)

Kb, m BRAEHIRB B RSN EX ST B )G, SO T 4
HRAELIH E E P PR RE
[ p] A8 WS R ARBRAERE, WT AR,

[p]=[p. 000 K P, | (2- 89)
$430(2- 87)RNI(2- 28), JFAER(2- 28) P/ HIFELA[D] . 755
W][@‘{&][l@}*[ﬁ][p]:[ﬂ (2- 90)

Fobt, [ M ]=[0] " [M][@] Ferm g i el s A
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[€]= [cp'l[c] [] o 5 S AR BEL SR A
[R=[@] " [K][@] 254 t 24 ot A R R -

[B] =[] [F) et s

2. 6 WKL TN M R YK R

2.6. 1 ZRMESERIB) 7w B 1 SR A

BB CLEN T G5 HATE t B 20 (R 6 2% A 2 3 (2- 28)Bh A& ~PAl, 75 R —f bt S 454430 7
Wi 7P, 75 A G Y BN (R AR 3 Tt SR (2 28) s 2T R 4H . I [RIRR 73 v
L2540 N B R BEAFR REE PR DU B LR 8% 34T /4309,

1) R ENE

O ZES T IER—MEAEE, HAEERZEMEWT.

B, AT I 2 s B AN — B 2 B B A AT R B R T, 153

& —U, + A A
2

. (2-91)
& =U, — At A
2
4 EiR s (2- 83) I UAHYk, R 2B S P I, w] LA A,
@Zé(unm - 2Ut +Ut—At ) (2-92)
1
LﬁtL - ZAt( t+At — t—At ) (2' 93)

A AR E ek 5 e R 4y i A B
EEFAIAE I )P T RE T AR A
[M]{&&} +[Cl{ &} +[K]{U, } ={R } (2- 94)
K 20(2- 92), (2- 93N t IR ZI ¥~ 5 R, BRIV EEE MR Al P ) 20 FR 25 AT €+ At I %)
A R R o
(]I BT AIE B 0o 22 93 7 i — R 26 AR AL, N TR AR E , 7 B0 R0
KAt i,

At<At, =T (2- 95)
T
Hoob, At RS KA A, T, R B .
2) Newmark 7772
Newmark i [B] #3732 —Fpa ) Sk, HIEA B AR .
&, =] (1-0) et o, |t (2- 96)
U, =Y, +l§‘At+KE—aJl¥f‘+a@f§m}Atz (2-97)

o, S A a4y B P R S AT (B 50 %5=%, a=%a¢, REINCEN S

U P 1154 5 ) Newmark 77155 ém:%, azilﬁ, ST R T R ) Newmark 7732

(Trapezoidal method), vk XK 2-13 fios, %FhBa =8k A T4 e .
SEFPDLE t + AU T 5 72 1T LA
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[M]{%At}-'_[c] {U%At} +[K]{Ut+At}:{Rt+At} (2-98)
K(2- 92), (2- 93)fUN(2- 94)15 21, B REMEARYE HI — A RI2D AU 45 RTHR t + A I 22514
RIS o

¥ Y ¥

& 2-13 Newmark P2 Byt HEg R B E

2) Bathe Jyyzx:e06H062

SR LTI Newmark P35 s fE 77 e 2o e 260 T2 o2 R e 1, (2 SCHR[61] 55 H #F
PR TR CandEF v B i e 5 R [A) KA 1) A ), Newmark ~F- 38 i 5 32
SARATRE o GRS N2 3N, Bl 2 TR RF M e AT N T IR — ),
VFZ W RS 7 — 25k, IR E R T U BU R L2 O sIA—2EREUErR)E, a3
R 52 11 (1) generalized alpha-method; 2) 38 FH i B H e $iuia A 2 400 2 ) & 5 R iy
18, 3) AN ARE %, TSR, MIT /) KJ. Bathe #2177 —FME TR M 500 ik
P, RRE AR UE T 25 SRAE K [ AR T 25 A M AKSR BN & e E . H AR ZE R

Bathe J7¥E7E T [A] t 3]t 4+ At N ¥ Newmark J73% 20 NS T 25 3E4T 3K fif -

EHE DT TR,

[M ]{@m/z} + [C]{u%m/z} +[K]{Ut+At/2} = {me/z} (2-99)
EFXTEE— A PHTTHE, SR Newmark P34 inid BEvE AT SRk, R

trAt/2 = At/ 2 t (2- 100)
Lﬁtﬁm/z = 2(UHAA;/; ;Ut ) _Lﬁf (2- 101)

TR AT PETITREA,

(M, el KIU - (R o102

BERTEE ZAPATTTRE, SR RS B BRRL =28 T AT o
@ _ LﬁL _4L§L+At/2 +&§L+At

P At (2- 103)
lﬁtﬁm — Ut _4Ut+§1/:2 +3Jt+m (2_ 104)

F T 170 J5 KL 7V 1 51N T AR N 1 — 5 A S BELJ 7 5 BEL @ B A 79 i S 45
BTRE. RN, RS AERBEG O, WS ARKEE e oK. REERE, SR
{EPHJE BARRE (T A R R0 AaE , HA MRS THHE AR,

2. 6.2 ARLRIESE BN 7700 B R AR
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TESSH) )5, JEZR I o f 2 BEmT DAy il SR AR AR AR SRt MPREE G AN S5 46 AR T 1 7
A TUTE St o AN SC 3 B R A KR MR G5 M AE K B J1 8 B 7= AR RS T I 51 S 1 )L
IR PR . X R SRAR RSN J1 27 R, — R — S BB IR T . TEA SO Bk A
28 Newton-Raphson 14 &A1 Newmark T3 i0id B2 75 BA SRR 7%, HOPIR 3 20 TG
R IE
BifhisP: R0 — I 20 A AT — I 2 e S, v B i 0 P S8 P ik T

FIFH Newmark i % (Trapezoidal method) SRAEZN(2- 28) 45 HITE t + At IS %I F
R, 193

([0 M)+ 20 Ui} =R )
M e () {8 o] 2o ) ()
BN 3T PLR R B
(Q)={[K] ]+ [t} - 109
FIFZHRIF{Q o |- 7T LM

MY O R T RCH O (TR

TR K, ki s .
#(2- 107), RN (2- 105) 7] LTS 2

1@ 4K (U}l ) (R

(2- 105)

(2- 108)
I ESTREI TN N RN 2 10
FR AT B
[ J{augh={et.)
(2- 109)

M el 1) {8 o] 2o ) ()

st (G ) ={Rou ) —{Q ) BRWIRE 1. {AUY) Hofirist

S RAP LSBT £+ A 2N R U, = {AU0 ) +{U, o 236 {00, ) 3t
LR I 20 i S ST DDA B | K, | 2369 KD

RIES: A5 TH IR RERE LA AR (2- 109), HHEHFINSE (G, b TR A

BIBRS (U], | o 2R F— SIS 5
Lﬁ%%ﬁ%%ﬁﬁﬁ%%ﬁi?ﬁfﬁ?%%%wwﬁ%¢%~4ﬁﬁmﬁﬁws,W
tHAt [ T At <

T o
{Gfiit}{Ut‘I_Zt}—{QLM}{ULM} <s (2- 111)
IRV
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2.7 KEINE

FEATE TR, BEX A SORE A2 F R 4HA SR 254 Ut R 1 30 77 Wi S SR g T 8t ) =420 BRI AT T
TRANA . B, MRAER IR, HESIFEST VAN SARLE B R S R . B
Ja s B AR SRS KB JRE s I TSR =M I KB 1123 Morison
A3 TR RAOKS) 711 Aarsnes 23 3 LUK T TR BCIR s 45 A4 0 52 (14 7K 5l 73 70 i 22 2K
BEAN, ST XA AR T, HES T ARSI E AR B REUERE DL SRR
B, FFUEED T AR T A IR AR RE G R IR . [N, As gl 7 LR TR Es i zh
M 7 ) B RIRR 49 7 i R 22409, Newmark J7i%, Bathe 759k [FIRT R ZEERIIE, M
TREVSHER L T A S LT ARZR R N, 75 0K BRI R AR 7 D5 iR AN BUEE AU 0 Newton
TR EEH
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EF=E BEHESSIBRATESHWRERSWARR

3.1 5|8

FEMFPE AR, FEdi. BHR. BARSRE. iikdRzhPACI0O e S 5 i R (7t [ R 2 0
% (FSI, Fluid structure interaction). 757 [l #5 & &5 4930 yma NTHE 2, SERR0mIN. (g g
TNIERE ) FH7KBh F738405 2 18] 2 HAHREMA o B 5 T e 28 il AR AR 8 — AN etk e (2 ] LA T
S RO, BRI AT AR . A O AT S T SR A AR NI 5T )

FEAE N, I KR AER A S5 B 2 Bt Skt ABAQUSY™! A 2k 1y
FRIMEKB) IS S, BT HRIGE, KR T 5T R SRR T2 B A5 MK
PR R, A ool E IS LU JUANE /RIS D MR EHRS &R IR T 4028, R
A G 5ERGEIE. FR, EOE RTS8 1w RS Morison AREEGTE, e
SRR A SRR AT E TR . 2) BT E AR A T S N I T B R A ik, WS ETR R
SEPERETE . 3) WEFC ISR A X BN o ik R e R HERA ME 2 . 4) KRR I 558 &
JEE T K T AR S R v, RO RS R 2R, iR, AT
S T VRV IE F

3.2 REMEHETERENA

3.2.1 Yl & BUE T I iR 2R

SRR A o L M 7 32308 6 T DA 4 BB R A0 SR ARR RS SR A 36 . 2445 )
T EEFDERAETTIEN RS RIGE R ( J7 FERE A TR SR AR e 3 AN 5% 7 B B 5T
JHERIBRAL I T RE . AAZ SGEATT ML, WA RS RIETT 54 R RUEMER I B R SE
fil i <A 5 R0, i LT DASIE W I P VA S5 SRR TR AR AR 1, DR T AT LA 13K o A M
BEAFIEMFIERY “9RfE 7 Fik.

i ORI, W 3-1 Fs, WS AN Z R 1P B 7 R 20 AR SR T I
ANGER TSI P AT KA o THELIE R, Dy T AR AR E RS T DX TR A R (RS
RIS 1Bk, 5 EE N AR SRR AN R SR i 4 R A A, XA RENEAE
BUA . AT ST SRR ERTE B (RS AR D — R S AR 15 T 5

B0, A XORMEE T A7y 9 ke Sk, i U DU A e A B U . BaalBiikagng
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f4s R ABONV BT SR E, MRz Iy —Fh “amih e Sk, ERXMEET IR — 275
kAR 777, Hhan Newton 34727775, Gauss-Seidel iEAR A% . IX BRIk Al BE ST FER
SRR AT ST, AR AR A R R 4 R AR S AT A e B, R i
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velocity — { Master FSI ] — force
Ny : » d
]
/o B

[ Fluid ] [ Structure }

B 31 ZXCRBEREE"

3.2.2 R IR IG5 - BB K B T BERL R A SR AR 7 12

RS £/ NPT R S TR RS, AT AP AT X S BROT A2
(15 Morison 23 FIPK A SRAF A1, R FH 28 SGEARTTETHEEH I 7K SR N

5, SR IRTTE) e B R R AR,

[m] & [c] & [k]x=F= (3-1)

Ferp[m], [C]AN[KI > 53R R SRR AR R BEJERE RS DL MIEERE R o o AR A BT A A
FEIXHL, s LR K 3N 8

WAL FO GO AR B RE LS, DRI 125 & AR 5 a5 AR X E B 1 -4 00
Morison A 2 KHE) T 2R MK BN Ty #ifs . ARIE2. 4754, FTRUR A b i K I 4k 2
Fe 5k,

1 b4 V4
F et :(:DE,OD|u—>4’(u—>&9+chZ DA&-(C,, —l)pZDzﬁ (3-2)

H Cy N Cyy /AR SR ERIESR G T M BHE T R 2. D REIFERA L ERE . ufl&
T3R5 IR B, BRI FESR AT R p ORI N o SR @0y R R 4y
ESAIBAE FE L SRR . ARYE2. 4T RS, BN R B AT DA D BRI
PR RS AR I8 Al P FUAR L) T HE R 7y, AR FIAE e B RE R IFKDIRIGeat 71, A RS H
Wiz )y 3 S AN ) o FESM BT R T 5 HE B R BRI i 5 7 S R A ) 3 Bl SR I
11T A AE3E B (RS SR H A 3 B H o

T A (3 1) 5 (3~ 2) R RS 5 10, T LAy IR 3. 2.1 A A1 “ 3 65« 554k
&7 Jiike

TR CRRREIE, WAL B2 RGN R AT AR R,

[m] &t + At)+[c] &t + At ) +[K]x(t + At) = Fe (t +At) (3-3)

Fm(t+At)=CDlpD|u(t+At)—>&t+At)|(u(t+At)
: (3-4)
—)&t+At))+CMp%th&t+At)—(CM —l)p% D2t + At)

TE3- A)30r, 25 E+ AL I 2K Eh 7B TP B 45 K32 3 A 2 3- 3) Ty AR
FOLESE . BPE LA BRI, T LA (3- 3)aURI(3- 4)2Ak b R S T DU b - B o B
B, SRS T R SEAE IR — AU 2o SR VA SO WSR3, 2. 145 R oK
EI BRGSO, RT3 9)RAI(3- 4) AT SRR L Bl KA
I 22 (R AR ARN (3 )3 T 5 T — I 2 FRI T IR, AR R SRR\ S(3- 4)
VB R0 K B 8 WG IR EEROAR T, (RIESS (3 3)3 S AR (3- )3 1
RANET 8. (EASCH, W2 H2.6.27 BTk I Newmark T 571114 1 HINewton &£, s 7
U0 5 R B B A £ 5
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tEAh, X5 (3- 3) AN (3- 4)FATIE M Bk, nTLMFBIFMF9R G THE I, ATl
A (3-5)  (3-6) M (37D L (B8)IB. Hirh, BT THED T G5 v i R o AL
WEER T U T —H R RKEh D #s, AT — 2 s i H.

[m] &t + At)+[c] &t + At) +[K]x(t + At) = Fe (t+At) (3-5)

Fer(t4+At)=Cy = pD[u(t+ At) - t)|(u(t + At)— &)
2 (3-6)
+Cyp7 Dt + M) ~(C,y ~1)p7; D*MRt)

[m+(CM —l)p% Dz}&t+At)+[c])&t+At)+[k]x(t+At)= Fer(t+At) (3-7)

FMU+A0=CD%pDWU+M)—&UKMt+M)—&Uh{%p%D%M+AU (3-8)

R (3-5) « (3-6) ", ARZMET T it R SN E T AR R R A T B UTE
5. M (3-7) « (3-8) I 2SS HIE ™ A 1A BN o2 52/ e 4 ple 17 45 ) 4 i IS 2 P R
s, AU A5 it R 70 B EAA R AR N LR, X (3-5) . (3-6)
A (3-7)  (B-8) ML AKE L AIFK B — Fh ISR T35 LA 58 b gl & 7 3%

BEEEXTER (3-5) o (3-6) KB (3-7) . (3-8), 7 Bk I [A] ELFAR 702K
fRAFRINIRS « L DN, DRI A ) B 3 U5 VA U RRE E AR PEAR KRR g T3t
AR HER . WUE T — 5 R VR I (8] ELEAR 22 T VE RS E P S RE R M 20 A

3. 3B BEER S AR EMRESRERFIE
En/NEBEERLME:RGH, BT RR IS AT L AR AR EE 3 n A ks I AL bR T SRR
T LA 1] 50 T A 7 B0 Rkt — A [ ERL R B0 LA 4 1 A, B
B(t)+209 & Bdt)+afx (t)=r (1) (3-9)
Hi, @, &RFRFREMIES | N EEE FORERESHER: X (t)5r (t) 4%
N AN H HE RIS 53 .
T 2.4.1 i BLAEA S0 E E AR I B AU 8] O, AL, 2AL,... 1 — AL SR AR R IO 45 3 Kk

fife t B 0 R RSN
PAZEABL Newmark 7732 1 B0 9], FEAHAR P AN Ta) 25 2 8] 1) 56 R 2UnT AROR 9,
& &
R (= A&+ L () (3- 10)
Xt+At Xt
AT A R
)Zt+At — Ag)’(‘t + L( rt+v) (3-11)

Hooh X AT LUGRIEEE . BrFs. DRSS A AR, v T U I A BB R 4 7 i I U
0,At,OAt %5 . 5ERE A RN IERUESRT, R L ARREMT AT . Az H E kA7 3] LA
REITHKKR,

X‘HAt _ An@/(‘t + An—lg_( rt+v )+ An—ZQ_( rt+At+v )+...+A g_( rt+(n—2)At+v )+ L( rt+(n—1)At+v) (3_ 12)

BT BRI R, v LA — PR B BRI AR e 1t S U Sl

3. 2. 1 I (B ELREAR v i A M o0 Hr

FEMERIE BV ZIALI T G T NS5 AT S mi AR KA I T H 3 R 1 45
RASHEROR,  ITA 20 B i A0t FAR IR B i 1t s [ 04G ¢ 2R A,
IR ZE (THGE R ENREEFEI NS as it st g .
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WMUE T AE PERII i, AT A4 1 (1) =0,
xt+nAt — AngX (3_ 13)
R A XA,
A=PJP* (3-14)

Horb P ORAERE A FORRIE A B AL, 32 A BIRRAEAE A AR 2) AR R
Al — AR A" =PI"P. XA KE RN N,
P(A)=max|7, | (3- 15)

WA T R AR e MR, T M TE R IEE S AR, p( A)<1; Uk4t,
LA EE PREE, TEWE p(A)<L.

W IR E X, ATRAR I T AN E R Gk, AR I NATE K S I A
AUIT DU B H &%

T LIRM R, AT LA 2] FH Newmark 575 FlBathe 57 11 5[ A 451 24 3rad/s(1) o BHJE &
G [ R 0E AU T 2 ki, nE3-20K,

15 r —
- Trapezoidal
— Newmark,o=3/10,$=11/20
-~- Bathe
1 T
g \\\
Q N
05 \\\
0
10* 10* 10" 10*
AT

B 3-2 P Newmark S5 Bathe S i35 A2 Bl I TR) 5K 2R AL il 2R RO T EL

S ERAGTEEL, WTRUR I =M SRR R AR N T e T, R e CRUEEUE T 5
FasE k.
3.3. 2 I IE BRI P B

MR 3.3.1 WIHE S, TTLURBUERE 3 AT A AU, 7T LUK R X BT R
NIESEIR

Y :pYA (3- 16)
R R% nﬂuﬂlﬁﬁl%, B2 ARERPEAN B BA T Bl Jn] PLR RN,
VETZ o 4R (3-17)
Hr R FRIRE T LM AR 5 1307 7] & o
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Fy 5T, ] CUR AR ER R 0 AT SR A 3(3- 9),  MIAHSBPIA It ATt + T B 2 4%
A IR IR A

X(t) = Ae 5 cos( ayt —0) + j; (T )g-cofen sinw, (t-7)dz (3-18)
Wy
xa+T)=A@ﬁW”C%U%U+T)—9)+£qﬁl%%W”4@mQhU+T-ﬂdf (3-19)
(0]

d
o, SHEREMEAHE, HIDETF o 1=,
BREHMIBLELE & R/, IATTUBRS 0 ~ 0. [, BrsE- 17)513- 19)7 Lk
SR AR K R,
§=—Re£ Inpj (3- 20)

w, - At

M BT LE W/ T 1, A0 BUE S IR S 5 B0 AR I ) IE BB E
WA T2 R RSN IR E S R sy, RIRT RSN A A8 K. man iy 1, AN
AP ANABHJE L . 45418 3-2, T LK B Newmark T~ 3% 32 (Trapezoidal method)
PSP AR EF R 1, XM EEA ST E 4 RN IASMATE e, R R RAETH R 45
e, (HE, #H 5 —Fh Newmark 757748038 /& Bathe 777, M {ETHEL R~ N T
fHJE, & SBOMHESRMEE R, SEOFES AR,

AT AT, W] LUK BINewmark - 25 0 3g B Sk 2 — Fhae I AN 5 v 545 SR
N T FHJE B 5L o DR ETE SR FH B 8] B AR 20 7 32 SRAR AL [ R 6 vl R PRI AR, 3 FH X — vk ik
1T

3.4 A EEAXNBER S 7 ERE N SERMEREEN AR

B H(3-5) (3-6) A (3-7) (3-8) MM FIIRES VL%, " LLRBLS
— SRS IR F SR, A KB A R RS TR I R R AR, 2 3 e
G- 1) AR I R T AR AL R

U AnTE Tt + At B Z0 S5 R P B, 2 SR A s 0060, 5 BN ot &2 7 et ) RSB, 4 bt
BUMIERERE 1 AL (1=1,2,3) TUK 38R A, +ml, (1=1,2,3) 5 ZRU1, @A b e &%
77 BH A ofet ¥ IS I, AR IR A, (1=1,2,3) 22 A, +ex(t)L, (1=12,3) . XLt
AR HR 2 T B E FE R AR 2 BRI A2 R AR AR b, RIVRT BE 2 6% 45 1) i 18] B3 AR 43 7 vk 1
S PRI P ) 2 7 AR RS )

T Re B HA T A S5 R AT H S AR RS, B RIEE AN A AR M R B E S A
PRULIH o (B BEEE R (1) B 31l 77 RE R8T ] L4339l 5 il (3- 18),(3- 19) . RII

M & kx = F* (3-21)

Fe =m 8 (3-22)

FEIX — T B A B S o, 23 0% 6 T NewmarkF X s 5 v . 3 B0k BT — INF 20 (0 sk
PR NI ZIR M E F1, WS 215588 &S5 R T UL R H bk 515 2588 &0t
HeE R,

1 TH—

ZERIE m & 11 kg, FHSE ¢ /20, WIEE k & 9N/m, Fnfi&E m, & 10kg. A, 4E
RGN, x=10m,&=0.
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3.5 FHEAEAKBMIKCE M ARS8 1 MR B2 3& A M 53

S PR 2004 SR 05 A BRI X A 2 8 2 AE B TR B 38 1 R R AR AR R AR I, &1 3-7
fise BUCAESERS S5, 075 BRI 25 8 ) LT 2 1 1) et Bl vH S e AN TS
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FERE T ORIOBUE 5 p, %M T ABAQUS/Standard Uk SE o 55 # & 7 I RN L -

B, N7 SEBUUTARENE RS, AERARAIRHEIER T 2.4.2 /N5 RS2 Newmark 1
I EE SR Newton IEAGEMSS 7%, AT RIEAH & P3N E AD v 28 A 72 39 2
e SAHE L
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ANEERIA R AL B BRICE BT — D TRP 45 R, IFE Newton AR RE R RFK B0 773
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WIRFKA oL
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FIRE (s) 6
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STRUCTURAL DYNAMIC ANALYSIS ON
ULTRA-SLENDER FLEXIBLE STRUCTURES
INTERACTING WITH FLUIDS

With the rapid development of ocean engineering, offshore structures are moving gradually
from near-shore to more exposed ocean areas. Among these structuers, flexible and slender
structures are widely used. However, harsh environment in the open ocean may threaten the safety
of these kinds of structures. The slender and flexible structures interact with fluids around in a
complex and nonlinear manner. Therefore, accurate prediction of the structures’ dynamic response
in real sea states is of critical importance.

Facing the problem, researchers have tried experimental method, computational fluid
dynamics (CFD) and the combined effort of semi-empirical load models and structural dynamics
analysis. However, scale effects are evident in model testing, which makes direct prediction
from measured values quite difficult. On the other hand, CFD computation may cost too much
time and data storage, especially when the structures are becoming more and more complex.
Therefore, in this paper, the combination of semi-empirical load models and structural dynamics
analysis is employed.

This paper includes an overall of six chapters. The structure and the corresponding
conclusions of the paper are summarized as follows.

Chapter One summarized the background of the research. The governing parameters
controlling the interaction between flexible strucutres and the fluid flow are described. Previous
experimental and numerical research in structural dynamics of aquaculture net cages and flexible
risers in fluid flows are also summarized.

Chapter Two described the basic numerical theories the paper employed. The numerical
methods can be divided into three parts, which are the formulation of structural dynamics
equilibrium, the semi-empirical hydrodynamic load models, and finally different time integration
methods to solve dynamic equilibriums. As for formulating structural dynamics equilibrium, the
whole structures are descritized into finite elements. Then the relationship between strain and
displacement can be constructed, on which basis the linear and nonlinear formulations are
established. As for the semi-empirical load models on slender structures, the Morison equation on
fixed cylinders and the modified equations on moving cylinders and oblique cylinders are derived.
Besides, the Aarsnes’ formulae for net structure’s hydrodynamic load estimation together with the
vortex induced load estimation method are also described in detail. Finally, different time
integration methods and iteration methods, including explicit and implicit methods together with
Newton iteration are described.

Chapter Three to Five is the main part of the paper.

In Chapter Three, numerical methods for fluid-structure interaction are divided into strong
coupling and loose coupling. On this basis, two kinds of loose coupling methods are proposed,
which can help incorporate different kinds of hydrodynamic models into the current
state-of-the-art structural solvers. Theoretical derivation is conducted, which proves that the loose
coupling methods will have certain impact on the numerical stability and accuracy. However, the
impact is dependent on the physical parameters chosen. Therefore, numerical experiments were
conducted on typical slender and flexible structures in fish farming system including the flexible
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floating collar and the flexible net structures so as to test the feasibility of the two kinds of loose
coupling methods. The results solved by loose coupling methods were compared against those
from strong coupling methods. The comparison shows that if the “added mass force” is solved
explicity, numerical instability may be fairly likely to occur. However, if only the “quadratic drag
force” is solved explicity, then the numerical stability can be satisfied, and the numerical accuracy
can be improved with smaller time increment. This finding suggests that when studying the
structure’s hydroelastic response under added mass force, the impact of the force should be
considered by modifying the orginal mass of the structure. Meanwhile, the second kind of loose
coupling method can help adding more complex hydrodynamic load models into the current
state-of-the-art structural solvers.

Because of scale effects and inappropriate hydrodynamic models, the nonlinear hydroelastic
response of net cages used for fish farming cannot be analyzed precisely with traditional model
testing or combinations of FEMs (finite element methods) and load models. Therefore, in Chapter
Four an innovative hybrid method is proposed to determine the hydroelastic response of full-scale
floater-and-net systems more accurately. In this method, the net for the fish cage is vertically and
peripherally divided into similar interconnected sections with different hydrodynamic parameters,
which are assumed to be uniformly distributed over each section. A model of a typical section was
subjected to various towing speeds, oscillation periods and amplitudes in a towing tank to simulate
the potential motions of all sections in the net under various currents, waves and floater
movements. By analyzing the measured hydrodynamic force from this test section, a
hydrodynamic force database for a typical net section under various currents, waves and floater
motions was built. Afterwards, based on an FEM, the modified Morison equation and the
hydrodynamic force database, the hydroelastic behavior of the full-scale fish cage was calculated
with an iterative scheme. The iteration makes sure that the strucutre’s response corresponds to the
hydrodynamic characteristics. The hydroelastic response of a 2D example of a full-length net
panel with steady currents and floater oscillations was studied in detail. The results are compared
against those in the literatures and results calculated based on Aarsnes’ hydrodynamic model.
Good agreement can be found in the comparison. This suggests that the method is feasible to
produce accurate net’s hydroelastic response under both steady and oscillatory flows. Moreover,
several findings can be derived from the numerical simulation. First of all, under the steady
current, the averaged drag coefficients are found to be decreasing with the net’s depth and the
angle of attack is larger at the upper part of the net than the lower parts. Under the impact of
floater’s oscillation, the averaged drag coefficients in a net section are larger at the lower part of
the net panel. Both the drag coefficients and the area reduction ratio are smaller under more
violent floater’s oscillation. Moreover, evident phase angle can be found in the displacements of
the points located along the net panel’s depth. This leads to that under the floater’s oscillation, the
reduction in projected area of the whole net is smaller than that under steady flow. Finally, under
the combined effect of steady flow and the floater’s oscillation, the drag coefficients are found to
be much smaller. Moreover, the comparison of area reduction ratio under various test cases shows
that the uniform flow is the primary contributor of the net panel’s deformation.

In Chapter Five, in order to take some of the nonlinearities, such as tension variation, the
interaction between riser and platform’s motion and soil-riser interaction, a time domain vortex
induced vibration prediction model is proposed. The model combines finite element formulation
and riser’s hydrodynamic coefficients under vortex induced vibration together. Modal analysis is
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conducted to determine the excited mode and excited region. Then Newmark integration is
introduced to derive the riser’s dynamic reponse under diffferent fluid conditions. The calculated
response should then be transformed into the frequency domain by using Fourier transform
method to derive the amplitude of displacement and velocity of each excited frequency.
Venugopal’s hydrodynamic damping coefficient and Golpakrishnan’s hydrodynamic coefficient
derived from forced oscillation on stiff cylinders in calm water are incoporated into the current
prediction model. Once the response amplitudes and excited frequencies are obtained, then the
corresponding hydrodynamic coefficients for different parts of the risers can be determined. The
same process iterates until the difference in response amplitude between two iteration steps is
smaller than 30%. The time domain method is used to predict flexible riser’s vortex induced
vibration under uniform current and linearly sheared current. The predicted structrual responses
are in good correspondence with those measured from the experiments. This primarily tests the
feasibility of the time-domain method. Besides, several observations can be derived from the
numerical computation. First of all, when the tension variation is small, the response of the riser
varies little from that without tension variation considered. However, when the tension variation is
fairly large, evident discrepency can be found between results computed with and without tension
variation considered. The comparison of riser’s response under uniform current and linearly
sheared flow suggests that multiple-frequency vibration can often be generated under sheared flow.
Moreover, the traveling wave phenomena are also observed when the flow speed is quite large
(U=3.8 m/s) under the sheared flow.

Finally, Chapter Six drew the conclusion and future work for the whole paper. Concerning
the conclusion part, the test of loose coupling method can provide guidance for incorporating
more complex hydrodynamic models into the state-of-the-art structural solvers much more easily.
The experimental-numerical method can help predict full-scale fish cage’s hydroelastic response
in real sea states more accurately. Moreover, the structural response of flexible riser under vortex
induced vibration can be predicted quite accurately by the time-domain method, with nonlinear
features like tension variation considered.

However, there is still much work to do on the basis of this paper. First of all, as for the loose
coupling methods’ impact on numerical stability, further theoretical derivations should be
conducted to find the governing nondimensional parameters and the critical conditions for
numerical stability. Secondly, the numerical-experimental hybrid method in the current research
only applies to the hydroelastic analysis on a 2D net-floater system under predefined excitation.
More research can be conducted on the hydroelasiticity of 3D full-scale net cage under more
complex ocean conditions, such as oblique flows. Finally, as for the flexible riser’s vortex induced
vibration, the research presented in this paper is based on linear finite element analysis.
Geometrical nonlinearity may need to be considered when the response is quite large. Besides, the
hydrodynamic coefficients may need to be improved to increase the accuracy of the results
derived from the current time-domain prediction model. Moreover, inline vortex induced vibration,
inline drag amplification, the interaction between inline and cross-flow structural responses and
hydrodynamics all deserve further investigation.
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