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NUMERICA L STUDY OF VORTEX-INDUCED
VIBRATION OF TOP-TENSIONED RISER WITH
INTERNAL FLOW

ABSTRACT

Flexible riser is the key equipment in the offshore oil and gas
development system. In practical engineering, the marine riser is subjected
to complex marine environmental loads such as wind, wave and flow.
Under the continuous action of ocean waves and currents, alternating
vortex is released on both sides of the riser. It is easy to induce
vortex-induced vibration of the riser, which is the main factor causing
structural fatigue damage. The riser is usually used to transport high-
temperature and high-pressure fluids such as oil and natural gas and the
internal flow has a significant influence on the dynamic characteristics of
VIV of the marine riser. However, at present the research on VIV of the
riser mainly focused on no account of internal flow, and internal flow of
the riser is lack of research now. Thus, to explore VIV of the riser under
the action of both external and internal flow is of important theoretical and
practical engineering value.

Based on the solver viv-FOAM-SJTU, this paper firstly expands the
existing solver and introduces the calculation module of internal flow. The
influence of the internal flow is reflected in the vibration equation of the
structure, thus the numerical simulation of VIV of flexible riser under the
combined effect of both external and internal flow is realized. Based on the
modified solver, the standard model test is selected in this paper for
experimental verification. The numerical results are in good agreement
with the experimental results, and the accuracy of the solver is verified.

In this paper, numerical simulations of the riser with different internal
flow velocities are carried out, and the influence of the existing internal



flow on VIV is analyzed from the aspects of vibration displacement,
vibration frequency and vibration modal characteristics. The results show
that internal flow has a great effect on the dynamic response characteristics
of the riser. Compared with the riser without internal flow, the vibration
amplitude of the riser increases to some degree with the static internal flow,
the vibration mode of the riser mainly remains, and the vibration frequency
increases slightly. When internal flow velocity is relatively low, due to the
slightly reduction of natural frequency of the riser, the effect of internal
flow mainly embodied in the change of the amplitude, vibration frequency
of the riser did not change obviously. Especially when natural frequency of
the riser is higher than its vibration frequency, the presence of internal flow
makes more riser units approach the in-lock region, and the vibration
amplitude increases significantly. When the internal flow velocity is
relatively high, the natural frequency of the riser decreases greatly, which
causes the change of vibration frequency of the riser. At this point, modal
transition may occur in the riser, that is, vibration in adjacent higher modes.
In addition, multi-modal resonance and modal transformation may occur in
the riser over time. Therefore, the existence of internal flow has a great
influence on the dynamic response of the riser which should be paid more
attention to, especially when the internal flow velocity in the riser is high.

In this paper, regularities of VIV response of the riser affected both by
top tension and internal flow are further investigated. The results show that
when there exists internal flow in the riser, the effect of top tension on the
dynamic response of the riser is more obvious, which is manifested as the
decrease of the vibration mode of the riser and the decrease of the
amplitude of the riser under the same mode. The increase of top tension
can offset the effect of the internal flow to some extent.

KEY WORDS: Vortex-induced vibration, top tensioned flexible riser,
internal flow velocity, top tension, viv-FOAM-SJTU
solver
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Table 3-1 Parameters related to internal fluid

1 internaldiameter
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scalar
internalfluidDensity(readScalar(mechanicalProperties.lookup(“internalfluidDensit

Yy
scalar
internaldiameter (readScalar(mechanicalProperties.lookup(“internaldiameter’)));
scalar
scalar internalvelocity

(readScalar(mechanicalProperties.lookup(“internalvelocity™)));

“initialize.H”

scalar
massMatrixCoeff=(riserLinearDensity+internalfluidLinearDensity)*elementLengt
h/420.0;
“updateMatrix.H”

scalarVector tensionVector(elementNumber);
for(label i=0;i<elementNumber;i++)

{

tensionVector[i]=topTension-tensionVaryingRatio*(riserLength-(i+1)*elementLen
gth)-internalfluidLinearDensity*g*(riserLength-(i+1)*elementLength)-internalfluidLin
earDensity*internalvelocity* internalvelocity;

ky

“internalfluidLinearDensity”
scalar
internalfluidLinearDensity=Foam::constant::mathematical::pi:internaldiameter*
internaldiameter* internalfluidDensity/4.0
“tensionVaryingRatio”
tensionVaryingRatio=(riserLinearDensity-fluidLinearDensity)*g

“initialize.H” gyrosMatrix

- 32 -



3.3

3.3.1f Y
Lehn 09
Marintek 9.63m
817N 0.02m 0.0191m
3-2 Lehn
32z L AN 1IWzVQ
Table 3-2 Parameters of riser model in uniform flow experiment
L 9.63 m
El 135.4 N-m?
D 0.02 m
d 0.0191 m
m 2.23
L/D 481.5
T, 817 N
fl 1.79 Hz
f2 3.67 Hz
U=0.2m/s 3-2(a)
20 -20D & 40D
-20D ¢y 20D
0
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Table 3-3 Parameters of riser model in uniform flow experiment

Re=4000 Ar I D A ! D
Lehn(Exp)d 0.103 0.401
Wang [108] 0.125 0.395
Wu [69 20 811000 0.114 0.404
Mesh 1 10 366720 0.102 0.368
Mesh 2 20 399440 0.119 0.393
Mesh 3 20 733440 0.110 0.398
Mesh 4 20 1026000 0.123 0.412
o ~~‘:“*:I = I I I ® l"\r;; . ‘ i EX,P
S Ve e = =« Wang ===+ Wang
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Fig.3-3 Dimensionless RMS displacement in the crossflow and in-line directions
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Fig.3-5 Comparison of the displacement time histories at z/L=0.2 in CF and IL directions

3-6 z/L=0.2
3-6(b)
3-6(a) 1.57Hz
3.12 Hz
4.94 Hz 3.26 Hz
1.73 Hz
2.55 Hz 6.02 Hz

- 37 -



-3
%10 200

6
—
5t CF| | —11
4
S
= a
33 & 100 4
£
!
s
& 0 A - . .
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Frequency (Hz) fi (Hz)
aplo s Lb z1=02f g\ bywlo s Lo z1=02l gN1 ' Q6

J J
a) Experimental results of spectral density at b) Numerical results of spectral density at
z/L=0.2 of CF and IL displacement z/L=0.2 of CF and IL displacement

g 36mlo s  Lb z1=020 NI
Fig.3-6 Spectral density of cross-flow and in-line displacement at z/L.=0.2

viv-FOAM-SJTU

3.3.2 Y

[83, 88]

6.2m
5m 1.2m

3-7 20mm 1.5mm

0.1m/s~1.2 m/s
1-9

- 38 -



*— ) K¥Input Pipe
!__;‘ iWater Surface
iiCurrent

4 #Boundary

M kstill Water

ZV

k¥ output Pipe 4=

%37 W3T Y
Fig.3-7 Schematic diagram of test model
34 5 L ANTWIVQ
Table 3-4 Parameters of riser model in stepped flow experiment

D 0.02 m
d 15 mm
6.2
L1 5
L2 1.2
L/D 310
E 97.79 GPa
m 0.76 kg/m
fl 2.83 Hz
fn2 6.49 Hz
0.25m/s 0mls
3-8
CFD
CFD z/L=0.75 RMS 0.123
0.112 9%
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z/L.=0.25 (Experimental results) (3] z/L.=0.25 (Experimental results) [63]
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V=0m/s V=1m/s
m/s V=5m/s V=10 m/s

Cis

4.1

Lehn

4-1M thY N T
Table 4-1 Oncoming flow velocity parameters in different cases

U Re
Ul 0.2 m/s 4000
U2 0.28 m/s 5600
U3 0.36 m/s 7200

42 thYy N T
Table 4-2 Internal fluid flow velocity parameters in different cases

\%

V

VO

V1 0m/s
V2 1m/s
V3 2mls
\Z! 5m/s
V5 10 m/s

Ul=0.2m/s U2=0.28 m/s  U3=0.36 m/s
U1=0.2m/s U2=0.28 m/s  U3=0.36 m/s
4-1 4-2
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VO V1=0m/s V2=1 m/s V3=2 m/s V4=5 m/s

V5=10 m/s V1=0m/s
V0
18
4-3 V0 V1l V3 V4
16.8%
16.3% 16.2% 16.0%
“ ” fS fn
[114]
f,© (0.9~14)f, 4-1

4-3j a g LL § y1pEd @
Table 4-3 Eigenfrequencies of the riser with different internal fluid-conveying velocity

VO Hz V1 Hz V3 Hz V4 Hz
1 1.79 1.49 1.45 1.40
2 3.67 3.07 3.04 2.94
3 573 4.80 4.78 4.72
4 8.04 6.75 6.72 6.65
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Fig.4-1 Dimensionless RMS of crossflow displacement without internal flow(V0) and with
static internal fluid(V1) in different external uniform flow, respectively

4-4wlb yNz AL WE3 AMZ Gy J

Table 4-4 The maximum of crossflow RMS displacement and its corresponding location

A1 D(V0) Amme ! D (V1) Z/IL(V0) Z/IL(V1)
U1l 0.398 0.432 0.524 0.406
u2 0.253 0.346 0.249 0.740
U3 0.173 0.307 0.226 0.245
4-2
4-2(a) 4-2(d) Ul

-0.391 ¢y/D @391

0576 t&y/D @573

-0.545 ¢&y/D @600
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Fig.4-2 Overlay of instantaneous crossflow vibration profile in different conditions

4-3
4-3(a) U1VO0 1.73Hz
1.79Hz
4-3(d)
4-7(b) U2V0
2.96Hz 4-3 VO
3.67Hz
2.74Hz 4-3

- 46 -



V1 3.07Hz 2.74Hz
u2vi u2vo
4-3(c) uU3vo U=0.36m/s
3.15Hz
u2vo 3.67Hz
4-3(f)
1.48Hz
I 55:58.0 R A e
fi tHz) 1 (H2) 7' (Hz)
aT  U1V0 b)T~ U2V0 )T ™ U3V0
a) The case U1V0 b) The case U2V0 c¢) The case U3V0

1

F4

=

g g
2 &
T ]
o o

=
g )
&
& 5
a 5

Mode 5

=z
’ 2
5
o

r"n-«‘ 8 10 £o 2 1 r';‘m(’z) 8 10 ooz
dT™ uUlvi e)T~ Uu2vi T’
d) The case U1V1 e) The case U2V1

g 43 2T i v1Tmlo gy wd
Fig.4-3 Modal weight power spectral densities of CF displacements in different conditions
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Fig.4-4 Dimensionless RMS of in-line displacement without internal flow(V0) and with static
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Fig.4-17 Time history curve of modal weights of CF displacement in different conditions when
external flow velocity U3=0.36 m/s
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U3=0.36 m/s

4.4.3 4
U2vo U2vl U2Vv4 uU2vs
4-19

u2v4  U2V5
“28”

- 62 -



- o‘ 2Oivorticityz s cmom .= 207v0rticityZ

- - - ~ E & - = E
e weo™ - F - = °. c
e, —10 e 3
e @‘Cb.o - o F ©‘© - - ém

Ne\, = -~ E - T E
a™e™ Q-_ 0 -~ e - 0
.—@'.g - A TS S @2)‘ &
Q’ - - -0 d o-
Sk : soan T :
2 =" e e -
Q.(§> ~ -20- ”@2‘32-56 =~ -20-
. e .
.Z',',‘. ?@f’@ ~e
- T ::n . éns?@. o~
e '3 T
L4
aT™ U2Vvo b)T*~ U2Vl
a) The case U2V0 b) The case U2V1

> - - e e . 20_vorti::ify Z emaWav .- 7vorticity z
Q‘@‘ a* . E Q\@‘ ®N . 2 E
saesweN,” E XA T A TN F
S heRueN « —10 remeBeY “10
L X0 TN T B -t aW a® T B
cew@B e X TS YO8 S E
»aw®®,% 0 L3 1) T XN 0
LY TS L T3 YOS I
« 09807 o " ew@W? "
Q‘@'Q - 10 sea™ ® O.' [ Y -10
o an)®., eea%a® o
%'), LSS ;{p\@\‘e .
gﬁ© > > 20~ ™ .© Q?QQ‘ 20
oCBELY . e ey o
ﬂo\@'; ~o08®g 0 ,
e WAV - .‘O&Q
ool Yy eveNs” -
TN eestet.
o7 U2v4 AT U2v5
c) The case U2V4 d) The case U2V5

G 419MAT AN T b @ HPLD
Fig.4-19 Instantaneous vortex shedding along riser span in the four conditions

4-20 4-23
U2v0o U2Vl UuU2v4  U2V5

0.05s
u2vo

- 63 -



“28” u2vi

u2v4  U2V5

“28)’

g 4-20A Al @ HL g e T U2v0L
Fig.4-20 Instantaneous vorticity plot of middle strip in a vibration period (The case U2V0)
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Fig.4-21 Instantaneous vorticity plot of middle strip in a vibration period (The case U2V1)
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Fig.4-22 Instantaneous vorticity plot of middle strip in a vibration period (The case U2V4)
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Fig.4-1 Instantaneous vorticity plot of middle strip in a vibration period (The case U2V5)
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4-5R T°

Table 4-5 Vibration frequency and mode of the riser in different conditions

ANT 0O !

=}

L ¥o

Hz Hz
u1ivo 1.73 1 2.55 2 4
ulvi 1.7 1 2.29 2 4
ulvz2 1.68 1 2.29 2 4
ulvs 1.68 1 2.28 2 4
ulv4 2.67 2 5.14 4
Ulvs 2.54 2 4.98 4
u2vo 2.73 2 6.71 4
u2vi 2.74 2 5.94 4
u2v2 2.71 2 5.97 4
u2vs 2.60 2 6.10 4
u2v4 3.06 31 6.10 4
u2vs 3.07 3 21 7.78 5 4
u3vo 3.21 2 9.05 5 4
u3vi 3.16 2 1 8.41 5 4
u3v2 3.14 2 8.40 5 4
u3vs 3.17 2 8.45 5 4
u3v4 2.82 2 31 7.37 5
u3vs 4.10 3 21 7.29 5 6

4.5
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51 5 L ANVIWIVQ
Table 5-1 Parameters of riser model in stepped flow experiment

L 13.12
D 0.028
d 0.026
El 29.88 Nm?
L/D 469
T 405 N
m’ 3

52M VYR N T
Table 5-2 Numerical calculation conditions in Chapter 5

N m/s m/s
1 405 0.16
2 605 0.16
3 805 0.16
4 405 5 0.16
5 605 5 0.16
6 805 5 0.16
7 405 10 0.16
8 605 10 0.16
9 805 10 0.16
5.2 FF Y N
405N 605N 805N
5-2
5-2
0.249

0.205 0.114
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Table 5-3 Natural frequency of the riser with different top tension
T.(N) 1 (H2) 17 (H2) (7 (Ho)
405 0.566 1.138 1.725
605 0.691 1.387 2.095
805 0.796 1.598 2410
gl Fod] fod]
R o R I T R
a) b) c)
a) Case 1 b) Case 2 c) Case 3

g 56ja &TiNTmwlb gy
Fig.5-6 Graphs of spectral power density of CF displacement with different top tension T,
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Fig.5-9 Time history curve of modal weights of CF displacement with different top tension T,
when internal flow velocity V=5 m/s
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Fig.5-11 Dimensionless RMS displacement in crossflow direction with different top tension
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