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SUMMARY

1. Analytical Model for Mooring forces on the Horizontal Plane

2. Current Induced Motions of a moored mono-column platform
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MONOCOLUMN PLATFORMS ey

NONLINEAR DYNAMICS

MonoBR-GoM Sevan Marine Co.
with a moon-pool Up: FPSO Sevan Hummingbird.
(Nishimoto et al, 2010) Bottom: FPSO Sevan Piranema

(Gongalves et al, 2010b)
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MONOBR - TRAJECTORIES AND DYNAMIC RESPONSE B

NONLINEAR DYNAMICS

Gongalves, R.T., PhD Thesis, 2013;

V =U/(f D)

MonoBR, Experimental data
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V,=U/(f, D)

Gongalves et al 2010, J Offshore Mech and Arctic Engineering
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REDUCED ORDER MODEL ON THE HORIZONTAL PLANE B

d(oT | oT
( j = Qm + QV Usual Lagrange Equations

dt\ 6q ) oq

q= [X y l//]T Generalized coordinates

Q" = [Q;n} Mooring system generalized forces
Q' = [Q}’ }; Generalized viscous hydrodynamic

forces due to the incident current

j=12.3

Module 28 - C.P. Pesce 5




EQUATIONS OF MOTION

1
T =29 M
54 Mg

M=M,+M, =

M, :Ca(p

M

EscoLa Pcmca DA msp
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rD?

NONLINEAR DYNAMICS

In the general case, the mass matrix is a full matrix, such that the generalized
coordinates couple inertially. In this case, however,

M, 0 0
0 M, O
0 0 I,

Hj+ M 1a

0

‘M.

0
0

0
M.
0

0"

0

l,

Mass of water inside the moon-pool is considered constant

Assuming the body axisymmetric with respect to
a vertical axis, Gz, so that M is invariant w.r.t. the
rotation

Added mass coefficients at very low frequencies

Neglecting
second-order

inertial terms

Module 28 - C.P. Pesce



MOORING FORCES

Generic mooring system
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MOORING FORCES

Horizontal plane
projection

Monocolumn mooring system

“/\
®
.‘.“
EscoLA POLITECNICA DA SP

UNIVERSIDADE DE SAO PAULO

.

Module 28 - d

.P. Pesce

\ 4

v



MOORING FORCES

Horizontal plane
projection

Monocolumn mooring system
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GENERALIZED NONLINEAR MOORING FORCES ON THE

HORIZONTAL PLANE

(A -P) (A P)
A — P ?

=[cos 6, siné?i]T - i=1.., N

€ =

P =|x+Rcos(y+8) y+R sen(:,y+,8i)]T

[\mc.&\ DA msp Module 28 - C.P. Pesce
| E DE S PAULO

Horizontal mooring line force function

Mooring line unit director vector

Fairlead position, for each mooring line
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CATENARY MOORING LINES ON A FRICTIONLESS SEABED e

— . , N
2 2
r(f;) f. 1+2fi/7izﬁ Vilsi 1+2fi/7/izfi
N 1- 1 — | —In| 1+ f + >
i Vi (fi/yizﬁ) i (fi/yizﬁ)
i \ i
— P G
Vi Mooring line linear immersed weight
Lin A~ i L. Mooring line total length
A
rrs. Zs Distance from fairlead to sea bottom
‘ I
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GENERALIZED LINEAR MOORING FORCES: LOCAL STIFFNESS MATRIX D

Qm — Qm (q, H) Generalized mooring forces

-
gq= [X y W] Generalized coordinates

Il = {(A, R, ,3, ); | = 1, ey N} Geometric parameters

LOCAL STIFFNESS MATRIX

XX Xy Xy
=) |K(qILG)=|ky k, K,

Module 28 - C.P. Pesce 12




GENERALIZED LINEAR MOORING FORCES: LOCAL STIFFNESS MATRIX S

NONLINEAR DYNAMICS

= fL ()8 -~
Jk aqk; aqj
Lof, L R &, 0 (. OP
=-y —Lg —->f—|6 - —|=
Soq " o S gl o,

__Zfrar = aPl N f aé| aPl +8 - aZPI
aqk - 8qj i=1 | aqk aqj | aqkaqj

Mooring line
tangent stiffness

Mooring line
string stiffness

= df; /dr, & k, (r) fi(£)/% & ki(r)

Module 28 - C.P. Pesce 13




GENERALIZED LINEAR MOORING FORCES: LOCAL STIFFNESS MATRIX D

NONLINE/ YN

(. — iZNl:(ki cos? (6) +k sen? ()
(- iNzl(ki sen’ (6))+ki cos? (6))

K, =i(kinsen2(w+,Bi —ei))+i_iRi2 (cos2 (v + 5 —6’i)+%cos(z,y+,8i —a)j

i=1 =1 I
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GENERALIZED LINEAR MOORING FORCES: LOCAL STIFFNESS MATRIX D

ZN:( ki )sen (6 )cos (6} )

=1

Ky = Kyx = ZN:(k Ri cos(& )sen(y + B —6))- ZN:(k Ri sen (6, )cos(y
Ky, =K,y = ZN:(k Risen (6, )sen (v + S - )+ZN:(k R cos(6 )cos(v + 5 —6))
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BASICS ON CLASSIC VIV =

Batchelor, 1967

Ry 0 @
Meneghini et al, 2010 e i 1982\)/ g
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CLASSICAL VIV

NONLINEAR DYNAMICS

Vortex-wake dynamics
could be represented
through van der Pol or
Rayleigh oscillators

Vortex shedding:

v" Flow pasting bluff-bodies
v' Comes from the inherent
instability and interaction Qween shear layers

v Is a self-regulate ang)s.table phenomenon:
Hopf bifurcation- with onset at Re™~50

v" Important dimensionless param@:

See Aranha, JBSMSE,
Re=UD/v  Reynolds nu 2004 for a formal
St=f D/U Strouhal numb mathematical treatment
v" Reynolds number: ratio between inertial from first principles.

forces

v Strouhal number: depends on the body shape and
regulates the shedding frequency

Blackburn & Henderson, 1999

lij.,.
ESCOLA POLITECNICA DA .J‘PESP Module 28 - C.P. Pesce 17
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CLASSICAL VIV

Vortex Induced Vibrations:

v Nonlinear fluid-structure interaction resonant

phenomenon

v Self-regulated

v" Important dimensionless parameters:

U =V =U/fD
fo=1f/f =StU”
f=1/f

m =m/m,

C, :ma/md
¢=c/2me, =c/4zmf,

Reduced velocity
Shedding frequency
Response frequency

Mass ratio (specific density)
Added mass coefficient
Structural damping

l.‘,

_‘_:)
... MFAPESP

EscoLa P
UNIVERSIDADE DE SAO PAULO

Figura 35: Variagdo do campo de pressdo na parede para aproximadamente um ter¢o

do ciclo de emissio de vortices. Adaptado de Blevins (1990) e Meneghini (1993).

Module 28 - C.P. Pesce
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CLASSICAL VIV

022
‘ bi
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&5 -
016 F X 2-D Kwon / Chel (1990)
' 2-D Posdziech (2000)
! 2 Laminar shedding
[ Wake transition
014 b 2 Tuebulent shedding
' Bearman (1969}
Bandwidth
- Norberg, 2000
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NONI INFAR DYNAMICS

1.2 : : . ' . . - .
- Adapted from Khalak & Williamson, 1999
! Upper o Feng (1968)
branch = Present, m* = 10.1
1.0F \ ~
AL
081 Lower ]
m*=10.1;  branch
i m*Q:O.13'/
L o i
m*=248;
04r i m*(=3,28 i
Initial C :
excitation
| branch
0.2F & i
[ j Decoherence
L+
0.0 [ A I//mfﬂ'ﬁ’ . 0 L
0 5 10

Module 28 - C.P. Pesce

Uﬂ:

19



CLASSICAL VIV

'-..‘/"’
ESCOLA POLITECNICA DA
UNIVERSIDADE DE SAO PAULO

A FAPESP
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Wake-oscillator model for 1DOF VIV considering Added Mass as function of
reduced velocity and a stall term
Fujarra, 2002 (PhD thesis) and Fujarra & Pesce (ASME-FSI, 2002)

1.2

1 A |
]
& ol

08 Fiy,

0.4r u 1]
u . . .. -
02 u - " . i
n .L L]
D n  u M r 1 mem ]
0 5 10 15 20
Vr

Figure 11. Non-dimensional amplitude prediction for Experiment (I) (Flexible Cantilever).
Analytical Model modified by introducing added mass variability with reduced veloc-
ity, extracted from Experiment (II) (Elastically Mounted Rigid Cantilever, Figure 4).
Lift-coefficient variability ', = Cp(V;), adjusted according to Figure 10, after Willden
and Grahan (2001).

.J‘PESP Module number - Presenter

UNIVERSIDADE DE SAO PAULO



2DOF VIV

Ay /D

YVr, Ax /D

Eight-shaped trajectories: dual resonance

Module 28 - C.P. Pesce
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CURRENT INDUCED MOTIONS ON LOW ASPECT RATIO CYLINDERS I'®

NONLINEAR DYNAMICS

E -

—— L/0=17.8 (1dof) Blevins & Coughran (2008)
=== T=17.8 (2dof) Bleving & Coughran (2008)
*  LD=6.0 (6dof] Sanchis et al. (2008)
B UD=3.0 (Bdof) Fupwara et al. (2013)
& UD=24 (Bdal) Wang el al. {2008
—4#—- L'D=2.0 (2dof} Gongahlves et al. (2013a)
#  L/D=2.0 (6dof) Present work
=+ LD=0.5 (6dof) Present work

Goncgalves et al., Ocean Engineering 2018

)
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CURRENT INDUCED MOTIONS ON LOW ASPECT RATIO CYLINDERS '®

NONLINEAR DYNAMICS

4 T T T T T — T Fi T — T T T —
- ¢ L/D=200
3+ ®oee "o 4 6l N m L/D=1250]]
o A L/D=100
| "'-l""""""" 1 % L/D=075]]
2 . 5t - + L/iD=050H
- . ' * L/D=040|
1k . i 4l % L/D=030
e L = | % L/D=020]]
oy Ll
_4l[ ¢ L/p=200 X% %% | ol
= L/D=150
| A L/D=1.00 -
2H = L/D=075 . 1t
| 4+ L/D=050 . | e R
_3l] ® L/D=040 | 0
% L/D=030
| % L/D=020 1'
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Vv vV,

Added Mass in VIV
Gongalves, R.T., PhD Thesis, 2013
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FLOW AROUND A LOW-ASPECT RATIO CYLINDER (L/D=0.5) S

SAO PAULO SCHOOL OF ADVANCED SCIENCES Of

NONLINEAR DYNAMICS

(b}

g

Wl
/¥

(

w,,.im

1 ; ' i t‘:ﬁ n e
XD ) yiD id)
e : : Vorticity isosurface
V_/U, Re=43000 Gongalves et al, 2018 Re=43000
X ’

csnnriencio S FAPESP
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CURRENT INDUCED FORCES

1 1 and Franzini & Bunzel, 2018)
Ry = EpDLCXVZ; Fvy = EpDLCyV 2

CX :(CDUX _CLUy)

2 ]

U U
, Cy :(CDUy +CLUX)\7

U=V -% U,=-y; U=UZ+U;

(Inspired in Ogink and Metrikine, 2010 P>

Rx=FpocosB—F sinB; R, =FpsinB+F_cosp m—
cosp=U,/U; sing=U,/U

Fix =%pDH (CoU, —CLU, )U; Fy, :%pDH (CoU, +CLU, U

1
‘ Q" ZEPDHU [(CDUX -CU,) (CoU,—-CUy) O]T

(&)
sconrorincron SN _FAPESP Module 28 - C.P. Pesce 2%
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PHENOMENOLOGICAL MODEL AND HYDRODYNAMIC FORCES

NONLINEAR DYNAMICS

2 dof wake-oscillators of the van der Pol type:

2 2 AX coupling requency
W, + &, @ (WX —1)WX + 4w, = —X

AE) o, =275 (V / D)

W, +gya)s(w 1)W + WS\ ——y

governing two new generalized coordinates, related to the wake dynamics:

=[w W, ]T

(e, &y) and (A, A) Empirical parameters to be adjusted

ZcNic DA .J‘PESP Module 28 - C.P. Pesce D7
E DE S PAuLO




PHENOMENOLOGICAL MODEL AND HYDRODYNAMIC FORCES

o

C|_ — %Wy 1
.
. - =2 PDHU[(CoU, -CU, ) (CoU,—CU,) O]

CD :CDO <1+ KW§)+TDOWX F F
C.o and Cp, are the lift and drag coefficients for a fixed cylinder l ~ 'F?/\ﬂ
C{, is a weighting coefficient for the oscillation amplitude of the drag| =
K 1s an experimental constant

(Rosetti et al, 2009)

f ‘)
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THE 5-DOF REDUCED ORDER MODEL S

<
I

MG=0.+Qn Me®S; Ge R
M +M, 0 0 0 0] L
0 M+M, 0 0 O X ) i i
0 0 1 0 0 a1 |V Qm | Q'
X 0 0 1 0 W 2 2 i
D W | —@s Wy | | —EyWs (WY _1) Wy
A 0 0 0 1 Wy
D -
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CASE STUDY - A MONOCOLUM PLATFORM (L/D=0.4) N

NONLINEAR DYNAMICS
P ]
Monocoluna - Moonpool
« MonoBR Table 1 - MonoBr-GoM main particulars and general parameters.
Draught, A (m) 39.50
. Diameter. D (m) 100.0
" Sl S Mass, M (1) 262000.0
Added mass coefficient., C, 1.0
Mass of water in moon-pool. M,,, (t) 67447.0
Density of water, ,1:)(’[.:"1113 ) 1.025

Table 3 — Wake-oscillators parameters: Rosetti et al (2009), Gongalves et al (2010).

[4:4,] [12; 6]
[£:i8y] [0.30; 0.15]
[Cpo: Cro: Cho: K] [0.70: 0.30: 0.10: 0.05]
| “Strouhal number. 5, 0078 |

EscoLA NICA DA msp Module 28 - C.P. Pesce 30
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http://slideplayer.com.br/slide/1240490/

MONOCOLUMN MOORING SYSTEM

|‘.,
y I/ NONLINEAR DYNAMICS
Plataformas de Petréleo e Gés H b

Monocoluna - Moonpool

« MonoBR

/I.____I

\-=-=—-

mh Ao

—

= Completacao Seca a=0 a=7

wom| -

Immersed weight, ¥ (kKN/m) 1.07
Total length, L (m) 1525.0
Distance of fairlead from anchor. r( ﬁ,) (m) 1317.0
Horizontal component of pretension, f;, (kN) 532.83
Number of mooring lines, N 12

[(0.79. 0.96, 1.13, 1.31); (2.88. 3.05. 3.22. 3.40);
(-0.79.-0.96. -1.13: -1.31)]

EscoLA POL[TECNICA DA msp Module 28 - C.P. Pesce 31
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Angles of mooring lines in the body frame. £ (rad)
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CASE STUDY - A MONOCOLUM PLATFORM (L/D=0.4) N

NONLINEAR DYNAMICS

K K-
236 20 12 261 20 LS 766
¢ Pad, 138 %> 0 0 % 0 1
y F
39 -20 L -261 -20 =765
-20 0 20 -20 0 20
e A (¢
K Ko
20 2 447 20 & _ 211
i G 241 %> 0 -16
= ¥
290 = 34 -20 243
-20 0 20 -20 0 20
s T
" K3 x10°
W, 20 | 12.6100
_‘. % =0 7.9617
kN, m
i -20 3.3133
-20 0 20

Local mooring stiffness matrix as function of platform offset (% depth)
at yaw angle ¥#=0°

)
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CASE STUDY - A MONOCOLUM PLATFORM (L/D=0.4) N

NONLINEAR DYNAMICS

Perfectly symmetric mooring arrangement

k|
A nd,
¥ i
"‘“’
: 20 1 232 20 1> 586 20 & 650
€ x> 0 176 %> 0 369 %> 0 542
[ -
[ S I
20 119 -20 152 =20 433
_ 20 0 20 20 0 20 20 0 20
S, g 1} (9

Natural periods as function of platform offset (% depth)
at yaw angle ¥=0°

.‘_.)
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CASE STUDY - A MONOCOLUM PLATFORM (L/D=0.4) N

NONLINEAR DYNAMICS

Small changes in symmetric mooring arrangement

sy
A Tnd,
’
. 20 7 232 20 1z 586 20 I3 651
179.76 ° &= >0 176 %> 0 369 %> 0 542
: = -
-20 119 -20 152 -20 433
20 0 20 20 0 20 20 0 20
T e rE
Y

Natural periods as function of platform offset (% depth)
at yaw angle ¥=0°

_\_.)
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CASE STUDY - A MONOCOLUM PLATFORM (L/D=0.4)

Perfectly symmetric mooring arrangement

alala AN
N W@@mﬁ N AN J \u M?gf/q NN
(-100,100) (100,100)
e Y
Ul N R
(0,0)
aiare Y 010
(100,-100)

(-100,-100)
Oscillation modes for five offsets (m).

Module 28 - C.P. Pesce
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CASE STUDY - A MONOCOLUM PLATFORM (L/D=0.4)

Small changes in symmetric mooring arrangement DA

— .

«*@s\ df‘ ™ TN

T %f |

/

//’“ \

““’*‘& VA IV

(-100,100) (100,100)

179.76 ¢

7N ag/ % 7R
‘\&\\?\Tf'gg){% : \ —@fﬁgj %\\\‘\Ir—:.:“’% | -

(-100,-100) (100,-100)
Oscillation modes for five offsets (m).
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EscoLa

CASE STUDY - A MONOCOLUM PLATFORM (L/D=0.4)

)
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M 7
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NONLINEAR DYNAMICS

240 20 265 1596

140 %> 0 2 2 -391

39 -20 262 -2377

s Ta

20 451 20 2047

x>0 243 %> 0 -249

-20 34 -20 -2545

R 0 e
T2

x10°
20 12.8213

%= 0 8.0723

kN, m

-20 3.3234

-20 0 20

Local mooring stiffness matrix as function of platform offset (% depth)
at yaw angle ¥#=5°
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CASE STUDY - A MONOCOLUM PLATFORM (L/D=0.4) N

NONLINEAR DYNAMICS

Small changes in symmetric mooring arrangement

N
A nd,
¥ i
”
: 20 2 231 20 15 585 20 T 649
= > 0 174 x> 0 369 %= 0 541
=
£ I
-20 116 -20 153 -20 433
20 0 20 20 0 20 -20 0 20
‘ T'j; T; T;

Natural periods as function of platform offset (% depth)
at yaw angle ¥=0°

)
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CASE STUDY - A MONOCOLUM PLATFORM (L/D=0.4) N

sl | .. NONLINEAR DYNAMICS
R ——— |
0.5p
i 0 -
Nonlinear mooring .| . “ Nonlinear mooring
a=0 - ' ! a=rx
; II l;l ; .; 15 i il | ‘/I' ===1"
. S
(a): ¥ =0,20 (m/s): ¥, =157 (b): ¥ =0.56 (m/s): I, =4.40 .

—
—

Linear mooring

\-=-==-

Linear mooring

-, |7
a=0 3 >‘". ] ) a=7r
i I | | I | | i L] ) | I L H |
(d): =128 [1]1-"5]; V. =10,05. (e): F=1064 [1]1-"5]; F =1288. (f): ¥=2,00 [1]1-"5]; F.=157"71.

Figure 6 — Center of mass trajectories on the horizontal plane. Current direction: (i) from left to right, & =0 and
] (if) from right to left, & = n. The terms ‘linear’ and ‘nonlinear’ in the legend refer only to the mooring system.
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CASE STUDY - A MONOCOLUM PLATFORM (L/D=0.4)

-~
/7 7nd,
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CASE STUDY - A MONOCOLUM PLATFORM (L/D=0.4)

T T T T T T T 1.4 F7 B 1% ]
I'rlm 4,/D o 1.2
—08F| @ A,/D | 1
x 06 o 0.8 a o
~ 0.6 o
< 0.4
o 0.4 5 a L
0.2 o i 0.2 o
o | ' -] o B ‘
2 4 6 8 10 12 14 2 4 6 8 10 4 6 8 10 12 14
0.8 o o :
. o o
— —08 o — 12 “
.06 i L o
204 o o =06 = : o
2 2 S
0.2 0.4 o 0.5
o
0 I I 1 I I 1 I 02 I 1 1 I I 1 I I I 1 I I 1 I
2 4 6 8 10 12 14 2 4 6 8 10 12 14 2 4 6 8 10 12 14
Vil-] Vil-] v
(a) (b) (c)

Figure 7 — Normalized amplitudes and oscillation frequencies, as a function of the reduced velocity.
(a): linear mooring model, =0, 7; (b): nonlinear mooring model, a = 0; (c): nonlinear mooring model, o = .

St =0.078 = resonance peak expected at V. =1/St 212.8

l
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CASE STUDY - A MONOCOLUM PLATFORM (L/D=0.4)

Small
oscillations

Figure 8. Surge, sway and yaw motions. \/=0.56m/s; V,=4.4.
(a): linear mooring model, & =0, 7; (b): nonlinear mooring model, & = 0; (c): nonlinear mooring model, & = 7.

|'

cch DA msp Module 28 - C.P. Pesce 42

EscoLa P
UNIVERSIDADE DE SAO PAULO




CASE STUDY - A MONOCOLUM PLATFORM (L/D=0.4) B

Large
oscillations
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Figure 8. Surge, sway and yaw motions. \V=1.28m/s; V,=10.0.
(a): linear mooring model, & =0, 7; (b): nonlinear mooring model, & = 0; (c): nonlinear mooring model, & = 7.
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CASE STUDY - A MONOCOLUM PLATFORM (L/D=0.4)

oscillations
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Figure 8. Surge, sway and yaw motions. \V=2.0m/s; VV,=15.7.
(a): linear mooring model, & =0, 7; (b): nonlinear mooring model, & = 0; (c): nonlinear mooring model, & = 7.
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MONOBR - TRAJECTORIES AND DYNAMIC RESPONSE B

NONLINEAR DYNAMICS

V =U/(f D)
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MonoBR, Experimental data, /inear mooring lines
Gongalves, R.T., PhD Thesis, 2013
Gongalves et al 2010, J Offshore Mech and Arctic Engineering
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