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Figure 8 Van der Pol 4] 9] Self—Excited/Limited &4 (Almog,2010)
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138103 #o] Van der Pol2l 2] A7} 712 (Self—Exciting), A7} Ak

(Self—limiting) 8t %o A77} dANA = EAAS AT 4 A,

ugE AR SA49 Ao AT e 5 FolA s

>

>
ot
o
M

S Crossflow %33} Inline WaF 2DOF A& o ofH7|¢l=

TS 78] ¢8] 19tE Van der Pol S ol

2.3.2 Discrete Van der Pol 4
2DOF AddE RAlst7] 8l Crossflow #H3FERE ofy e}

Inline Wake] tf

=

&2 o] Ha3dlt}. Gao et al. (2021), Zhu et al.
(2022)=  Crossflow W33 Inline W3k zHzF WH7le] Wake
Oscillator Model & AFg-3le] 2DOF &4 (Flexible) A#E 2] 947F7]

ARAES T3P TE o] = Discrete Van der Pol 2lolg} v 2] (2.3.2)

(P 21y W gz, = X

{dtz + g, ws(p 1) dt+4wsp— D di? 9.3.9)
d2q+ 24 dq+ , _Ayd¥ o

kdtz eyws(q )dt ©“s9="p ur?
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Model® %991 al, Crossflow FZHLAAAE v, 7S g7 o2 &9

Wake Oscillator Model® o] &S &21d 4 ity 19113 2ol

Inline®d AJE3}  Crossflow®3d AEAlolo=  ojudt £
(Coupling)©] ¢ltt. = Inlined AE3 CrossflowdFe A= 74

o] EA o R oFr|zlEo]l AT Trim et al. (2005) 2] A3 %
& 2719 Discrete Van der Pol s 435 19812 YeA ST (a)
+ Crossflow®3 Span® RMS ®H$o]al (b)+= Inline®¥ Span
RMS ®efojrt. Adgkel vls) i gt> RMS W91 vl Ade]l 74
HA4 % S g ok ol dF7I[AEe  Inlinedt
Crossflowdat 2 B9 7Hdo] glo] jA8 o= e FaRE

g Uen)y] gEolth a9y dEe] gue WS ey e

-

RMS w9l vlthgAdo] FaxojoF 3, Inline®} Crossflow®sk 7t
ol Aot o rtx] REVF F3H FE ook dth o] 2 Kl
23] Qu & Metrikine (2020) 7} #|QF3t Single Van der Pol?] & AME-3+

.

2.3. Single Van der Pol 4]

Qu & Metrikine (2020) & Discrete Van der Pol 29] g-A| Al
Inline®dF A&7} Crossflow™d & AE AZHo] o= A 43t
71918 A2 Ed= dask (Rigid) A#de] thsl Single Van

der Pol 212 1¢13lgt}. Single Van der Pol 2-& 19133} 7o) ¢b&F
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g Qe fAlEe T2 E Inline WEFHOE wig ARE s vt

Aoz Jpgstel Agach A9 Aol sFuelFusg FUs

rlr
o
o

A AAsE «7 Ao 4% ¢ shve® FEEe] ZheiA= Inline

WeE A2 CrossflowddF A fAlgE A% 9 743 5+ Qo

[ere} o

dzx d2¢  /dg\>
(mg +my) 12 + kX =meL (d)ﬁ (dt) ) (2.3.2)
2 d2¢
dZ 2 dZY
mez T +megLe —myL T é fL_dtz (2.3.4)

e #AAS olgstel A5S 4(2.35)9 2ol TAAS AW 2

(2.3.6)FE 2 (2.3.8)7H4 & =+ St

T=tw,  0=2% x=3 y=3 (2.3.5)

1714 w, (mslj:mf W, = I(ZJ;‘L’)O]E}.
X+ x=M(dp + $?) (2.3.6)
j}+y= _M(ﬁ (237)



b+ 0%p—ip=—y (2.3.8)

Axe A mp & 9o AF —m = AsEE 4(2.3.8) 7

42310744 & 5 9k

X+x=—-M(pop+ ¢?) = M (2.3.9)
J+y=Mo (2.3.10)
b+ 2% —ikp=—y (2.3.11)

Wake Oscillator Model ¥ 333 #AFE e x4 2 79
FF A 1 /N7 YERES #1E 4 Qlth 93714 Flel t-sEH =

231D+ SR cs tgr] 29 4(2.3.12)5 72 5 At

G+e(q?—1)q+q — kiq = Ay (2.3.12)

iqE 1;2(1 2 8kabd FE2A 2 Single Van der Pol 21¢1 21 (2.3.13) =
Sk 2= 9}
i 2 1)+ q— kg = 47 2.3.13
G+e(@°—1g+q k(1+5éz)q Ay (2.3.13)
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2.4 TRANEEA T dFLREY S

Wake Oscillator Model ©]&-3to] 2.27%0A -5t 5 2}o]A
TZA A A 7 2.3 F3F Discrete Van der Pol 23} Single
Van der Pol2l & SR a o2 7% gtolA R77]|RIX&S Fdst
A QA G5 = gpol A FRAMAE A A (2.2.7) A FAIH AT
Cox SF Cyyoll dial Aejstet. 4(2.2.15) % 2] (2.2.16) 4] Inline 4%
FAH AT Crossflow #AHATE AT FHAF2 dekal

t}. WA Discrete Van der Pol 29 A% &EHAG Cyp & Meandtd}

ol

Fluctuating#k= 27 p(Z, ) sl d=d 5 Atk

1
CVD(Z' t) = CDM + Ep(Z, t)CDO (241)

CDM% 6(;-8_[:]7‘1]“{’:9/] Yloﬂﬁ%)\_ol:ﬂ-, CDO% 5(;—3_17_—”_{[:_04 Fluctuatil’lg /\6]’5‘ Z_]

Bt

o
o
o2
I
g
>
o
ot

Fags 00122 2 (2.4.2) 02 A 5 Qv

1
CVL(Z' t) = ECI(Z, t)CLO (2.4.2)

Cro> FHATE Hulglolth, A (2419 2 (2.4.2)% dAF8 FF



02X X *X 9 09Xy 1
(n-+ ) 557 + O + Bl 7 = 37 (0 ) = 200V *Crn 2.0 2.2
o’y aY 9*Y 9, oYy 1 _ o

®

Cox = ——q(Z 0C, 2 — Y+ (CDM +=p(2, t)CDO> (V ——)/U (2.4.3)

1 ax 1 dy
Cyy = ECI(Z' t)Cpo (V - E)/U - (CDM + EP(Z: t)%o)%/u (2.4.4)

d2p+ 2 1)dp_|_4 o Ax azx
dt? ExWsP dt @sP = D dtz (232)
d%q dq ) A, d*Y

il 2 _ 121 il el
dt? Teyosle” = 1) dt Twsq = dte?

9 AES vy o] Azt dolo mel FxpeE Al
DU S N
T=twy X=%30 y=,1 2=
(..7 00 L0 Gix(zD)
x+“x+b 9zt © 9z2  2m3St2(m* + Cp) 04
Y. 50 0%y (D) (2.4.5)

. b2 _ 7 _
ky+uy+ 92% ~ © 322 2m3S5t2(m* + Cp)

Cyx = (—%q(z, 7)Cro(2mSty) + (CDM + %p(z, T)CDO) (1- ZnStx)) u  (2.4.6)

Cpy = (%q(z, 1)Cpo(1 — 27StR) — (CDM + %p(z, r)cpo) (2nSty)> u (247

u = /(1 - 2nStx)? + (2nSty)>?
35 2 - ;:._ _



.o 2 _ . — .
{pf &(p” —1p +4p =4, % (2.4.8)
G+e @ —1Dg+q=A,y

AN =2 b= /EI/m/(a)nDz), c=_|0/m/(w,D), m &l tst

pD?’
Z Fn]o]tt,

&2 Single Van der Pol 2]& ©]&3t 7% A5 Cyp el Mean

—

#3} Fluctuatinggk= 2] (2.4.5) 9F #o] Al 4= Qi

CVD(ZJ t) = CDM + aCVLZ(Z, t) (249)

(,'C‘+Zx+bza4_x_czaz_x: Cyvx(z,7)
{ w 9z* = 972 2m35t2(m* + C,) .45
..+Z.+b254_y_6262_y: Cyy(z,7) o
ky ,Uy dz* 0z%  2m3St?(m* + Cp)
N 1 )
Cyx = | Cpu(1 — 2mStx) + Eq(z, 7)Cpo(2mSty) |u
(2.4.10)

2
1
+a (E q(z, T)CLO(ZnSty)> (1 —2aStx)|1 — 2nStx|
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1
CVY = <_CDM(2T[Sty) + Eq(Z, T)CLO(l - 271'5t.x)> u

u = /(1 — 2nStx)? + (2nSty)?

p
. 2_ . _ - =A
Ggte(@—1q+q k(1+5c.2)q y
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3.2 Miner Rule

oasl &¥o] °F Ny =109 7Fli AW 2927t dojds & 7 Ut
HAIRE S=N AL E o] &3 dZ 952 =9 WFo] AT ujnt
bttt wekA o] & B e X3 29ty A (Miner Rule) S HHA S
2 AREETE Miner Rule 7728 9 2%7t A Ao Frhstth= 7}F
d= st 72 IREES oS8k Aotk Miner Rule 24(3.2.1) 3
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m
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Tli(AO'i)m (321)
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3.3 % BolA 7R S

3.3.1 &% ZolA | 7R = 38

odr

% ol A wHe W 9o Aol BB £4¢

0,(2) = —z— (3.3.1)

o, Hol| 7FA = xME 25837, z+= THEF (Neutral Axis;

m

NA) S ZHEH A, M2 Hol 7teliAl& BEHE, & B NA 7l& 2%

EHE 27]elth 19203 2ol yo z WP BT RAE Rl g

o,

+ e A3.3.2)F ol&st FHeHE 72 vk

Mcos6 Msin6 y M,
Tt (=y) = (—Z)I— + (—}')I— (3.3.2)
y z y z

0x(y,2) = (=2)

L, L= ZY7t y, z Fel g 23 BRE A7)0t 53 Aude A5

o] £o] ¥l 938 (Hollow Circle) X¢ko]7] wjie] 2z R E Q]

73 by I §
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3.3.2 % FolAd] AL ALY

5% Bl Aol F4¢d

H =t} Ho]

7}3]

3

o] Ho] 7}

k4

59}

11‘4_.

o

PN
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sk
=

Ax A4 27 vE T

A=

(3.3.4)

t71 S8 1-219]

S

g 7

AT}, 1,

o 4R BASY 43353 wol Awsd

ppinyn

+
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(3.3.5)
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(3.3.6)= A 5 Atk

(3.3.6)
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. Maximum .
Cross Section Shearing Stress Location
l 14
3V
Rectangle Tmax =57
4V
Circle Tmax = 37 NA
| v LV
Hollow Circle . Tmax = ZZ
Table 3 1D Beam?] @] w& Hd AGgH 37|89 HA
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R e K e R = B o B =l B R A R RS B

ARAM T 3WF] A 3748 FHA AEsHol Thafxivh

AUAE el ghe E mAs geolgtn s, AAl AHE
Astelr] MR E oSett NEedor FHA Utk wE ouA
W, 5 oluX/ggAAolela skl AR A ouARES

ThS 21(3.3.7) % Zth

1
W = f o:de = E[o—xxgxx + Oyy&yy t 022822 (3.3.7)

+ 2(Oy €y + Oyseys + Opxes)]

o=oy+0, e=oy+e= 2(3.3.7) NI} oy:e’ 9 o:e, 9 T

OolZ= A(3.3.8)= 7& + AUt
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1 1 1
W=§(0H+G'):(£H+s') :EO'H:EH-l-EO":E’ (3.3.8)

Tao YA == 9 =g 4 (3.3.9S T &

1 1 1
W==0":¢ =—0":0'+=

g2 3.3.9
2 4G 4G “Rep (3.3.9)

Orep = 2T} G ORE AV ogep =V0'i0' =4/2/30 °Jth @5

E ulAsgds Bel dre AEHon & uAasde Ao &
ATt
3 (3.3.10)
Oym = EO":O" 0.

T 2(3.3.10)05 HYsto] 2(3.3.11)%E & 5 Utk

Oym

(3.3.11D)

_ 2 2 2 2 2 2
= \[axx + 0y + 075 — OxxOyy — Oyy 0,7 — 05,0, + 3(Txy + 1y, + sz)
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T35 HolAY BF oy =0,=1,=0 olgt 7HEEr] el

21(3.3.12) &} o] & 4 St}

oym = \/fo +3(t% +14) (3.3.12)
Oxx S} Tay, Tz © 21(3.3.2), 21(3.3.6) = o] &3to] & F itk

3.3.4 Rainflow Counting

Miner Rule ol thd@ 99 arle ok elA T3kt

ol¥Igel Nt Miner Rule o U@ 32 WHAFE Fah ol
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SAW Al FEEel Wi sYwsE AWEd $EMIt SA=

WA e mE wEESE Tt 44 et ol siasle
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2 "ol Rainflow Counting ©]t}. Rainflow Counting < 229

Holel I WHEIISE Ale WHoe] 29 23 (b)$F 2ol v7F "WojA=

E53 A ot 22 olFol Elth WA At wE 8
Al

aHEZE ARl AR, S0l JFRFO] HEH LEHO
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Table 4 Rainflow Counting®] 23}

Stress Range Half—Cycle Full-Cycle
3 0 1
4 0 1
7 0 1
9 0 1
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5% ZolA F771AAFE 4

4.1 % 1A FAHY 74
4.1.1 Hgg A

27 drs Wake Oscillator Model®] %23 &}5F2]2

H g mEg Aol 7] wieol A2 HE Fet7F W =T 1

g7] el B E WS AFdWAE Ao r FARStY] Rl o F

= ol Slvh diEAQl o]l "Hdy AME o &3 WRlolth HY
&

gt viE7bs st HA P A S vt o] FEket 5

_]

it
e

Ad % ek olF WY FHeka skl @113 ek

" nr (4)
Flran) = FOe) + £ Geh + 1 (l)h fg(lx)h f 4(|xl) o LD

AN xp, xS D) T FholH h =y —x0lth F x 9] FFEhE ©)

2310 x4 9 BEEES 7 5 9k hvb 28] Aty e S o
o 2o (442 LT 2 ok
Fltien) = £ + £ eoh + P (4.1.2)
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AZIM & = x; & xppq AFIE] oE ot o] F o] gEto] 14t IR =

7ok 21(4.1.3) % 2k

f(xi1) — f(xp) N f® B (4.1.3)

f'(x;) = h o1

A71M Eabghs L @eyy g oxpe) 271 LOhg gt o

o] A7)+ holl BlEElERE 2 (4.1.4)F & 5 v

f(xig1) — F(x0) (4.1.4)

') = - + 0(h)

uly

hel kol 100W) Fol&™ 2 Fsgk 1008 Foj&th 22 HHow

(4157 2 4.1.6)3% 2ol AT 2AgS FE Ak

f'(x;) = +0(h) (4.1.5)

fG) — f(xi-1)
h

f(xip1) = f(xi-1)

— + 0(h?) (4.1.6)

f'(x;) =

2 (4.1.4) ¢} o] nEATE Fotaat sk ARG oo FFiks o]
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m+= Span ° W= Note ©]t}. Span ol W3t n|EA52] ZAMGES v

7o}

af(xn,m) _ Xnm+1 — Xn
0z 20z

ML 0(Az?)

azf(xn,m) _ Xnm+1 — 2Xnm T Xnm-1

0z2 Az2 ~0(8z°)

4
0 f(xn,m) _ Xnm+2 Axpme1 + 6Xym — 4Xpm-1 + Xnm—2
0z* Az*

~0(Az)
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(4.1.10)

(4.1.11)

(4.1.12)
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4.1.2 % golA HA=xA

5% ol 49 Azt % spanl W) HE 5] AsA A

(2)  #%F eolAe FEe] Wl W £ 0

(3) = FolA9 %L pin 24 (Simply Supported)

(O 2104 =5 2hol Ao 7] W= 00122 n=0% 9 Inline,

Crossflow®& W97} 0o]ofokstt},

{x‘“" =0 (4.1.11)
Yom = 0
ek x27]&5Ho] 0o]7] wel 2(4.1.12) ¢ o] & 4 Sl
X' _ X1,m — Xo,m -0
om — A,  —
At (4.1.12)
, Yim — Yom 0
Yom ="
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{xn,o = xn,M = 0 (4 1 13)
Yno = YnMm = 0 o
af(xn,o) — Xn1 — Xno0 -0
0z Az (4.1.14)
af(}’n,o) _ Yn,1 — Yn,0 -0
0z Az
(af(xn,M) _ xn,M - xn,M—l -0
0z Az (4.1.15)
af(Yn,M) _ YnM — Ynm-1 -0
k 0z Az

71 ME& 18273 Z+o] Span notel] HHzko|th 21 (4.1.14) 9 4
(4.1.159)F FH %1 =yn1 =0, Xy = Ypu-1 =09 = & 5 Utk vhA
o ()W F2AL A (4.1.16) 3 Zo] yErd 4 Qdt}

azf(xn,o) _ xn,l - an,o + xn,—l _

0z° Az® ° (4.1.16)
azf(yn,o) — Yn1 — Yno + Yn,-1 -0
0z2 Az?
{azf(xn,M) _ Xnm+1 — 2Xnm + Xpm-1 ~0
{ 0z° Az? (4.1.17)
kazf(Yn,M) _ YnM+1 = 2ynm + Ynm-1 —0
dz2 Az?

21 (4.1.13)= didstd 21 (4.1.18) % 2 (4.1.19 5 78 + Utk

4.1.18

{xn,—l = —Xn1
Yn-1= ~Yn1
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{xn,M+1 = "XnM-1
YnM+1 = “YnM-1

AF7A TE AAXAE 1P29=2 YEpd § ik
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Time
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o
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4.1.3 Time Step® $X|3]4

4.1.178¢ WHoz 21(2.4.5)FH 2 (2.4.8)71A9 % o]
£

A 9}7F7]Q1% 55 Discrete Van der Pols 7742

[‘E

Wake Oscillator Model®Z 73 & Zlo|t}, HA 21 (2.4.5) &

Xnsim — 2Xnm T Xn-1m i VXn+1im — Xn-1m

At? U 2At

4 p2 Xnm+2 — Fnma1 + 6Xnm — 4Xpm-1 + Xnm—2
Az*

= 2Xpm + Xnm-1 _ Cyx(n,m)

2 Xn,m+1 _
Az?2 2m3St2(m* + Cy)

%0,
=

Ol 5 xpyimol el Fstd A (4.1.2D= & F

1 14
( ) Xn+1,m

INZRETY:
=

2uht F) *n-1,m

c?  4b?
—+t—— (xnm+1 + Xpm— 1)

Cyx(n,m)

4b?
~\ags ) Conmez + Xnm—2) + 2m3St2(m + Cy)
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(4.1.20)

(4.1.21)



Cyxoll ¥ 21(2.4.6) & 2 (4.1.22) = WE 7Fsstrt.

1
Cvx = (— 54z 7)C1o (27r5ty -

1
+ (CDM + EP(Z: T)CD()> (1

Xnm ~ Xn-1m )
— 2SSt —————— =
" At ))u

X. — X, _ _ ~
u= J(l — 2mSt LMy | (antM

At At

pn+1,m - pn—l,m
2At

Xn+1,m — an,m + Xn_1m
At?

Pn+1,m — an,m + Pn-1m
At?

+ Sx(pn,mz - 1)

+ 4p1’l,m = Ax

2 prarmol T3 S 241202 % 5 Aok

69

)

2

(4.1.22)

(4.1.23)



Pn+1,m

sx(pnm —1)
PR T

2 1
= (F - 1) Pnm — mpn—l,m

2 _
+ (gx (pn,m 1)> pn—l,m

2At

(4.1.24)

=
>

Crossflow®gFef tf

AN g2 Rles Yn+1,m> qn+1,moﬂ e g

& 4 Uk

1
(F * 2;1At> Ynt1m

(2 2c* 6b* ( y 1 )
A2 272 az)nm T \quae T agz) noim
(4.1.25)
c?  4b?
+ F AZ4 (ynm+1+ynm 1)
4h? Cyy(n,m)
_< )(Ynm+2+Ynm 2)+2n35t2(m*+6a)
1 &(ppm?—1)
P-}_ ZAt CIn+1m
1
- (A_tz - 1) Gnm = 557 Gn-1m (4.1.26)

+ <£y(Qn,m2 - 1)

2AL > CIn—l,m + Ayy

9 AEE o]lg3ste] 19299 o] A Time Stepd HIYE ¢4 v

Time Step® WHE & 4 Sty 17283 2 AAxA
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Ao Time Stepd & FF zholAY W& 78 & v 74 =
ol8t AL xp 1 T xpyo1 2 T UM g0 H xp_ime S FO] 2
Q3% ol A (4.1.18) % A (4.1.19) 2 o) €3 —xp 11 % —xp_imer
oz thAlste] Abgs = gtk 22 WHO R Single Van der Pol&

bR A 07 AMg3l= Wake Oscillator Model= 73 7153t}

An+1m

[ 1 s &y (Pam® — 1)]

At? 2At
( 14 ke ) !
At2 (1 + xz) qn,m At2 Qn—l,m

<€y (Qn,m2 -

1) )
ZAt qn—l,m + Ayy

(2.3.12)
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FREA 24 % 3 B Zrh o374 Strouhal & (St)= 18 30 ¥
9
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o
o
X
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O
o
o

|32 4 Re=10%~10° HYWelA 0.18 21 70]
ol i}, o9} e HfAS =& vl 4.2 FolA Discrete Van der

Pol 23} Single Van er Pol 21 €] a4 A3} zjole] s AvE Zlo|t}
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Xn—-1,m Xnm E> Xn+1m

Figure 25 % #o]A 9] Time Step® FX|3}4]
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Total Time (T) 500
Time Step (At) 0.001
Num. of Node 250
Amplitude of Lift Coefficient
0.3
(CyLo)
Mean Drag Coefficient (Cpp) 1.2
Fluctuating Drag Coefficient
0.2
(Cpo)
Strouhal Number (St) 0.18
Stall Parameter (y) 0.8
Tunning Parameter (&) 0.02
Tunning Parameter (x) 7.5
Tunning Parameter (4) 20

Table 5 FF&o|A 2 4 A
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w's = 2n¥ (4.3.2)

U=V-%%+ )2

T Al AES FHE F Uk olF Y3 Van der Pol?,
Broadband; BF Van der Pol 2lo]g}1 sttt F-x193 BF Van der Pol 29|

sl 2] (4.3.3) ol A2lskdch

! ! 2 .
.. w'g . W' 5
Q+s<ws>(q2_1)q+<w5> (1 m>q Ay (4.3.3)
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Abstract

A Study on Prediction for Fatigue Life
of Subsea Riser through Broadband
Frequency
Vibration Analysis

Hyun, Da—Hoon
Naval Architecture and Ocean Engineering

The Graduate School

Seoul National University

The development constraints of marine resources are being
solved through technological advances, and the need for oilfield
development in deep waters is being emphasized. In particular,
flexible subsea riser, one of the most important part in offshore oil
fields is not fixed to the ground, but penetrates the water surface, so
Vortex Induced Vibration (VIV) is generated by waves and currents.
For this reason, it is important to understand the frequency and
amplitude of the subsea riser to predict fatigue failure due to repeated
vibration. This study analyzes the dynamic behavior of a flexible
cylinder in a uniform flow using the Wake Oscillator Model, one of
the techniques of Fluid—Structure Interaction (FSI). From the
amplitude point of view, using the Single Van der Pol equation, it is
possible to predict the asymmetry of RMS displacement and the RMS

displacement and maximum amplitude through overlapping of various

109 ._:I_‘_E _.,;_':_ .I.:E



vibration modes according to the span of the cylinder. Next, from the
frequency point of view, by using the Broadband Frequency Van der
Pol equation, which changes the frequency term of the Single Van der
Pol equation into a function of structural displacement and time, it is
possible to accurately predict the frequency by realizing the
underwater riser VIV broadband frequency. By using the developed
numerical analysis method, it was possible to predict the fatigue life

of the riser with high accuracy.

Keywords : Fluid—Structure Interaction(FSI), Vortex Induced
Vibration (VIV), Subsea Riser, Flexible Cylinder, Fatigue Damage,
Wake Oscillator Model, Van der Pol Equation
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