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Fig.1 Schematic diagram of experimental device
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Tab.1 Parameters of riser model

ZH Kol AL
HE 1.440 m
Wiz d 0.008 m
42D 0.010 m

B B H 0.900 m
B E 7.15 MPa

FAE ERAVEE o, 1041.8 kg/m’
W B A 0 25.98 )
SN HETPIBY H R (254F)  2.65,3.96 Hz
ST TH AP B B R AR (7S ) 1.35,2.68 Hz
SF- TR PRI P B F R AT R (SR ) 2.25,3.74 Hz
SF-TR AT P B [ R AT R (KA ) 1.21,2.55 Hz
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Fig. 3 The precision examination of post-processing method
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Fig.4 Vibration mode switching partition
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tion of corresponding vibration mode (v,=1.5 m/s,
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2.2.2 BRASHFHE

7 R 2 Sr A RS E T OFN T1 ek (] BEAS PN 1 B
FE I BN 25 A5 Ak AR 2k i 20 A 57 8 S 9 15t 4R B
TR B AE NI IE A B0 . B 7 (a) AT AT, — By
P ah & ALt N R B R AU 2 A
4~54 K EJEH Ky 6.5D~15.6D , B FE Vi 3 4 R 4
HAE 4.28~7.89 Hz, Moo, BEZE i oh Ml % o B %€ 38
B SR ERTRKEZL,

1 7(b) Sy T a) B AR M B 2200 7 48 B AL 1Y
P B R K8 9 0 Bl A8 Ak, A8 PN K TR 2E R TR
— BNt B, T — B W FE R — B e A FE R A



1048 ® s T

%36 &

P FE A, VR FE A 22 1) A B B A e, an il 7(b) i
£,=33.17 s} , K B K 15.6D H1 7.0D F ¥ 2 B 4T H
PAE e S B E L 5 — K E SN 12.0D F
7.0D 19 W ZE R H A 2 R ST A R B R A
X T A [) Bl 458 37 ) A ZE A S SR ME ST A R B % )
X R — RS IREh . WE 7 () fir
7~ 11 B[] B i 2E 1 K B Ry 8.0D~16.0D, &K &
A KT HE I, B 2E U 2h W R BRI, B AR A 3.89~
5.29 Hz, W& 7(d) Frs , b B 45 P B 2 43 11 B
SECRARAE R A B A RE b X R R R B A
BT Bt RS 28 3 I ) D A

10k ot 4 4,

0.6

t/1

0.4

0.2

0.0 L
32.83  33.0 33.2 334
t/s
(a) 1 IR i shin =48 4k

(a) Temporal-spatial variation of flow in tube in period [

33.6 33.68

(b) T ] B Py AR 221

(b) The representative moments in period I

3555 35.60

0.0 L .
3536 3540 3545 3550
t/s
(o) 1L B} IR BB Y sl i 2222 4

(c) Temporal-spatial variation of flow in tube in period Il

(d) ITisf A B Py AR A 220

(d) The representative moments in period 11
7 22 7 R B Y I I 4R B K N Y T B R AE (o, =
1.5m/s,Q:/Q,=2.5)

Fig.7 The instantaneous vibration mode of flexible riser

model and flow characteristics in tube (v,=1.5 m/s,

Q(;/QL:2~ 5)

2.3 EEUIHA2
2.3.1 H®IEHTER
KSHA T v,=2.5m/s, Q./Q.=2.0 i, XMk
ETE 35 s P = J ) B 48R W8 ) 25 0 A B xof I i) =
fr;-: NEAK AP A R N X8 i RV £ N 1 o N B
LRI N Z I BESR AL, H K 9 ¥k s 4 3 &
BLAE T AE— Bt A R BT, R W T AR B HR B
M ERSES . RINBIRYI 3 2R A 7E i PR
B — A 2Z ), a8 fras, 1A [a] B (24.50~
26.30 s) MR Bl — By AL A = =, 0 11 B Al Bt
(20.30~23.60 s) By 42 20 W ¢y o P AR S 5

1 _ ,,QD, 1) A, /ZD
U L |
Sos) U w' t o nw"ul "‘” . W s
ol il .uu.‘ u.uwv\m el i i w.«\ i
3 1520 25 30
|:|M1
. L . . . . oMT
0 5 10 15 20 25 30 35
t/s
P8 MR I 2= 23 A Sk B 4 4 3 48 245 A8 4K (v, =2. 5 m/s,
Q./Q=2.0)
Fig. 8 Temporal-spatial distribution of amplitude and varia-
tion of correspinding vibration mode (v,=2.5 m/s,

Q(;/QLZZ. O)

BOXT LT T i) BE(24.50~26.30 s) Hl T i Ja]
Bz (20.30~23.60 s) i 4iz 3l £ 4% [ A8 1% 2 18] 79 A o
FEE 9 (), W R ) 1) % 306 265 T 52 0 B 0 i) —
W4 2, X I A8 A3 3 A S R B W) TE SR B ik
AL N A S B AN D U A T RE AR K HL
AR R AE — B IR R BT 1T 1] 9 (b) H A iR
Bl AL 4% R 5L P S B AS PR AL (H MBS A AT
% M 7 8 R 1) R o B SRR R 2.02 He, 7E



Bal w7 TR B TR YA 4 2 M S R S 1049

0.38<Ts/1=20.55 Wy v & 3= 5000 R Sk — B i o M %,
FeRIZAR Bh R — B a] AR A VI b A 2o AR 3
ik PRSI B 2 e e S A Th AN IR EE
P AN R T AR ) A 28 1] B B 38 AT G, i 10(b) Jir
IRo M TR aob P AR o B AG s ) B K R shad # v
MRS D)4 1 B R A AR RS S — I RS 22 ]

231 H PSD
1.0 — 1.20
i
os ! 1.00
0.80
_ ooy ! 10.60
~ |
kel 1 !
0.4} 1 70.40
10.20
0.2}
| 10
I
0 ! L
-25 0 4 8
f,/Hz
(a) IR JEVEL
(a) Period 1
2.02 Hz 3.43 Hz PSD
1.0 — 0.45
v
0.8f i &
- N 0.35
0.6} .
~ ‘e 1025
?} I 1
0.4} ik
! 10.15
|
02l 5
, Y 10.05
|
0.0 L
=2 0 4 g 0
f,/Hz
(b) IR a) B
(b) Period 1
9 S AE AR A IR (L 265 P B S () 25 18] 43 AT (v, = 2. 5 m /s,
Q(;/QI_:ZA 0)

Fig.9 Instantancous envelope diagram of riser model and
PSD distribution (v,=2.5m/s, Q;/Q,=2.0)

2.3.2 ERARDHFM®

FI10 5 0 17 2 Py BRI AE | A IT i i) B 4
VA1) B ZE T Bl B 2 A8 Ak R 38 1 e 220 1 ST A AR AR Tk
B % Sl AR B A8 P9 0 T 2E A0 A 1 L . &l 10(a) Jir
7N RS B BRAE T Rl BE (24.50~26.30 s) 1Y %
Sl — s 5 N A R SRR XN Y B
FE WL AR R N 11 s 1) B3 e o8 Y B 2E U gh A
% FEAE AR 4.89~8.69 Hz, 4 K T W @ 4§ 4
B BLEHE D[R] BV ZE A B AR
BE L (0 i A ) A X S ST A R — I B S R B0
W 10(h) i 2, 2, B 1B 20, W ZE 4 v o3 A 4 22 M
S B PN T 2 ) 8RN R A — B iR

Bl o BT, M T R Y A R I Ll LD R ) B sk AR
AR 3h = A R IR K, X 2 v g K K HLAE
EDIE LR

K 10Ce) s, 11 A E) Bz (20.30~23.60 s) 45
WL R AR AN K, FEE P AE 7.0D~14.0D {1
BN, R T B 28 I LA K KRN R BB JE i 3
BRI s AR AE 5.71~17.77 Hz 3G B W, Fr B[R] —
Wk B ) 20 B N B AR E L, Al 46
Ao W E 10(d) R, 244 BE A Y 0 W 2E (7] B
UAE 7 AR PN A5 VR PR A RE L R R AR D) A B
TE, By il N A MR P A S S IR B0 .

t 5 t A

1.0
08F
0.6F

~
~
~

0.4+

0.2

il
25 25.05

0.0
245 246 247 248 249
t/s
(a) 1 BB IR shas =284k

(a) Temporal-spatial variation of flow in tube in period [

1,=24.50's
1=24.60 s

24705

CT1=04.76's

t=24.84s
t=24.90s
2, 2505
(b) T H i) B Py AR R A B 22
(b) The representative moments in period |
f ot t, 1 t t,

t/1

20.6 20.8 21.0 21.2 214
t/s

(o) I IR BUE A TSl 22 224k

(c) Temporal-spatial variation of flow in tube in period 1T



1050 Ik

o536 %

1=20.53 s

4,=20.67 s

,=20.76 s

1=20.99 s

~7=21.03s
t=21.18s

200 01425

(d) TDief A B Py AR 220

(d) The representative moments in period 11
10 22 P 7 8 B AL 1Y B ) 31 B K8 9 19 8 3 R AE (0, =
2.5m/s,Q./Q.=2.0)
Fig. 10 The instantaneous vibration mode of flexible riser
model and flow characteristics in tube (v,=2.5 m/s,
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Slug flow-induced vibration of a flexible catenary riser model with
variable gas-liquid flows

GAO Yue', ZHU Hong-jun"*, YAN Zhi-yin', WANG Kenan', HU Jie', XU Bing'
(1.School of Petroleum Engineering, Southwest Petroleum University , Chengdu 610500, China;
2.State Key Laboratory of Hydraulic Engineering Simulation and Safety, Tianjin University, Tianjin 300350, China;
3.Natural Gas Purification Plant, PetroChina Southwest Oil and Gas Field Company, Chongging 400021, China;
4.0Offshore Oil Engineering Co., Ltd., Tianjin 300451, China)

Abstract: Flexible risers are widely used in offshore oil and gas transportation. The internal oil-gas mixed flow contributes to the vi-
bration response of flexible risers due to the temporal-spatial evolution of fluid pressure and density. Experiments were conducted
in an air-water test loop to investigate the vibration response of a flexible catenary riser model excited by internal hydrodynamic slug
flows. A non-intrusive technique of high-speed imaging method was employed to record the vibration displacements of riser model
and the characteristics of two-phase flow in the riser simultaneously. The gas-liquid ratio ranges from 1.0 to 11.0 with a constant
mixture velocity that increases from 0.8 m/s to 3.0 m/s. An in-depth discussion is conducted on the intrinsic link between the spa-
tial-temporal evolution of the response displacements, vibration frequency, mode switching and the slug flow features including the
length of liquid slug, migration velocity, recurrence frequency of slugs. Experimental results indicate that there is mode switching
in time, and three types of mode switching are identified on the basis of the switching characteristics. A partition map of considered
cases in terms of mode switching is proposed. The results show that the mode switching mainly depends on the length, recurrence

frequency and the distribution of slug flow in the riser model.
Key words: flow-induced vibration; hydrodynamic slug flow; flexible riser; mode switching; non-intrusive measurement
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