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Three-dimensional numerical simulation of flow past a catenary riser
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Abstract: A series of three-dimensional numerical simulations are performed to investigate flow past a curved cylinder at different
Reynolds numbers ( 100 < Re <3 900) based on the computational fluid dynamics open source code OpenFOAM. The effects of
Reynolds number on the instantaneous and time-averaged wake flow characteristics, the mean pressure coefficients and vortex shedding
frequencies are investigated. The results show that only spanwise vortices exist in the wake at Re=100, the streamwise vortices appear
and the vorticity intensity gradually increases, while the spanwise vortices become weakened at 300 <Re <3 900. The intensity of vortex
shedding decreases along the spanwise due to the increasing of local curvature. The scale of recirculation zone decreases with the
increase of Reynolds number in the flow direction, but increases along the spanwise of curved cylinder. The absolute values of the front
and rear stagnation pressure coefficients decrease along the spanwise as the depth lowers, and the discrepancy of the time-averaged
pressure coefficients on the cylinder surface decreases. The axial curvature has an effect on the vortex shedding frequency at 300 <<Re<
3 900.
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Fig. 1 Computational domain of flow past single curved cylinder
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Fig. 2 Schematic view of the computational mesh
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Fig. 5 Instantaneous iso-surface of vorticity contours of curved cylinder at different Reynolds numbers
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Fig. 8 Instantaneous spanwise vorticity along the span at Re=3 900
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Fig. 11  Time-averaged streamline topology at different depths



5554 s, 45 B IR = 4R BB 5L 129

e e e = ]
5 100 15 20 25 30

15 20 25
x/D
(d) Re=1 000 (€) Re=1 500 (f) Re=3 900

B 12 RS WECTAE xoz SRR LA D

Fig. 12 Time-averaged streamline topology at xoz plane for different Reynolds numbers

N T RART R AR A AE 8 13 45 1 T AR 2/D &b (u'u’) /U7 F (o'’ ) /U7 HEE R b0 B T
B0 (y/D=10) (53 H . AARflT x5 R 22.5 = (R - D/2) cos®, BIX I 2 7EHE Lk [ AORE AR bR, ML
SEE] (w'uy /U B KRR B 22 18] BRI 1 B 25 IR e 3 I K B38| B 2/D W/, (u'u ) /U7 L (o'’ ) /U7 1
(ELUE/ DN B 1) 368 MO 2 ALK, RIS 1) 9 A% 2, 6 I B D)2 0 & R T IS e, e R T L AR A, I 7 A 8
F147 B o ) 08 B S ke 1 AR 8 AR . 24 Re= 100 I, 7E z/D = 11.0 7 B ALBEA I (u'u’) /U W51, H.
(') /U AN 0, I 7 (e) ATAVEE RN A B9 V)2 AE, TCHER L/ L%, WP 8(e) Fi/R, %Y Re=
3 900, 7F /D= 11.0 {3 B A B V)2 e 7= A BE D95, (u'n')/U° HBLEIE, (o'0') /U KT 0 I i Bl
{8, AELUBAPT S LR LG T A7 B K, RE R RE BIO™ T, RV BT M 746 , (LI S0 ok B2 AT R AR . B T v B 14
K, AT LR BARTE 2/D SEEARE (o'’ /U E3 R, BIVE W00 K 1 5058 B A RE % K, FI&L 5 Fh iR = 2k iR
AR RE AL,

0.12 0.12 0.12
——z/D=11.0

—=-z/D=14.0
0.10 < z/D=17.0

) 0.08 ~-2/D=22.5
59

- z2/D=275

=006

v
0.04
0.02
0.00

0.6

——2z/D=11.0
—+-z/D=14.0
0.5 170 0.3
—e-2/D=22.5
204 Tipars| R4
>03 >03
7 v
02 02
0.1 0.1
f
0.0 0.0 ==

(x-x,)/D (x-x,)/D
(a) Re=100 (b) Re=300 (c) Re=500



130 i3 # T P %39 4%

0.12 e 0.12 0.12
T D=140
010f Ao 0.10 0.10
s —e-z/D=225
50.08 o7 | 5008 £ 0.08
\/\ \/\ \/\
S0.06F =0.06 =0.06
B 7 v
0.04 0.04
0.02/'% 0.02 |/
0.00 0.00
6 0 0
(x-x,)/D
0.6 ——z/D=11.0 0.6
o e 2/D=14.0
0.5 PR 2D-170 0.5
. | LN e z/D=225
204 1N S DT 204
A | R
03
12
0.2
0.1
0.0
(x-x,)/D (x-x,)/D (x-x,)/D
(d) Re=1 000 (e) Re=1500 (f) Re=3 900

P13 [ B U 0T A [ Ji o 37 Ak 4 B VA TE NV
Fig. 13 The normal Reynolds stress of the streamwise along the centreline of the wake at different depths
2.3 WHENRY
P 14~ 15 i 249 0 7 2 8500 (5 J AR 1) (8 oA v 20, e P SCRITSE OB PR A B AL 6= 00, 71 [ Jo st st
N IE,

—z/D=12.0 —-z/D=12.0 —-z/D=12.0
—~z/D=175 —~2/D=175 —~z/D=175
1 ~zID=225 1k —zID=225 ! —~2/D=225
- 2ID=275 \ - 2/D=273 «zID=275

. +z/D=27.5

0 80 160 240 320 0 80 160 240 320 0 80 160 240 320
010) 01C) 0/C)
(a) Re=100 (b) Re=300 (c) Re=500
2 2 2
——z/D=12.0 —=-2z/D=12.0 ——2z/D=12.0
——z/D=17.5 —-z/D=17.5 ——z/D=17.5
1 —z/D=225 14 ——z/D=225 1 —z/D=22.5
+z/ID=217.5 7 Q +z/ID=27.5

U0 o0 U0
-1 f -1 ‘ [ e teertt -1 L 4,
et Y Py u p’ N gttt
2 -2 -2
80 160 240 320 0 80 160 240 320 0 80 160 240 320
0/0) 01C) 0/()
(d) Re=1 000 (€) Re=1500 () Re=3 900

K14 AR RCT B R s 34 1 ) 22 %

Fig. 14 Time-averaged pressure coefficients along cylinder surface for different Reynolds numbers
W 14 FR, AREREAER C T 0=180° (JF3E ) XFR, 1E 2/D=27.5 M 22.5 (i B4 €

(ER/MER B . RS B LY 2/D=17.5 4b, C AR He 8 ELBOA Bl (R AR R 3447 5 15 B B ft i —
B AE 2/D=12.0 SEJRFRIARER IRALH € TE 6= 00 B /N T H b R 15 0 25 ) f, ¥ 190 A 22 1 1 12



%55 T B9, 45 B A A = e S BB AU 131

FARIIE/N . Zhao %5 HETAFI R 15 7R 1 R B IS 25 5L 32 1 | [ ) C 2z BRI/, F
FER I B SR TR TEE I AR M EURR Y 100 < Re <500 I}, 4355 5 6~85°,24 1 000<Re <3 900 I}, 4355
/N A 0=75°

T
|
s :
|
ﬁ 1&%&3‘3&{*}&
Lﬂ; l Yre,
*;\ 0 Bk | ik ey "
j==1 P 2
i L ; .ro—co""".. ;'
B bevenememeneer e g
! pee
=-1 i;"‘ﬁ. tﬁimiii”
!
r | *~Re=100 —+Re=300 —< Re=500
5 Cpb | —+— Re=1000 > Re=1 500 Re=3 900
-5 0 5 10 15 20

s/D
& 15 R[RIEREECT B34 R 07 R A R ) 43 A0 1 1

Fig. 15 Variation of time-averaged pressure coefficients along the span of the curved cylinder for different Reynolds numbers

MBS T LI B AR TR IRECT , S BB AT AU R ) RS € BEAR AN 2 B e ) o7 P T e 2%
C U B Hi N, 7 A T ) 22 S B0 ) R AR AR Al DR N P A A B DX I 2 IR A A 2
o A ELA R AU X TR T R K, TR R SE N S TR R B C IR g W, C | B X R
TP RN 350, 45 i BE L3 (0°<<d5) Y € /NF R (45°<P<90°) , DU 45 15 Ji i 1
DX PN A1) e Ty 220800 , B 17 4 3 B A 7 ) 2 | e 2 S5 oK A Il S ASAT o i B s BT 34 ) R i
BRI B SSHE4b (s/D = 19.6) — F M4 %A B AL B R S RACE 200 -0.1, 5 Miliou 25" Gallardo
O B B e S A — 5L
2.4 HERAEEIRER

SR AAR A A AN [ JR 16047 A P4 TR 08 O 5 41 23R, S B B A5 A 2R 5 T 5D o7 B A 1 B st R R 1) 3ok
Frpu i B AR S JT SR AT, 18] 16 2275 100 <Re <3 900 Ft 8 B | A8 AL b Sy 02 44 4 iR i A%
DN AL AR AF I 1Y Fe R W (A A T TC PR R AL 3, SRV R AN [ ) 67 B AL #0211 300 W) el A 5 0 {1, 12 B
F 2/D WIS, XN AR RE HER WA . 24 Re=300.,500 A1 1 000 B, A5 i 06 (B A5 R A7 BE 2/D AU/ N i AR
B, 1 3 BH VR ) Je S A 184 A 3 0 0 5 5 0, ) T T e iR ) S S | R HE BRE L, R IR I LG
FFSEGEIERILEY K, 24 Re=1 500 F1 3 900 W} i TR i =445t % 18 vh AR 7R 8 22 IRk

B 17 S E T R RI B A ARE R 25 R AN [ [ 7 B Ak (%) TC AR KT AR St , ] L 2 A5 45V J 1) A1) St
AR5, Y Re=100 I, 7 z/D=27.5 22.5 F1 17.5 Ab1) St AHZE 444 0.167 ,1E 2/D =12.0 Kb St W& A 5
/N, Miliou" ™ FEZFEECT WLELE) T 2B, RV B 1k I JE8 16 8080, (5 3 AT R AR5 AR 2 L 2 300 <
Re<<3 900 I}, JEE[h] St By AL B g ARL, BEDA 2/D=12.0 3] 17.5 ZAL B WG K ,  2/D=17.5 §] 27.5 (i B
Qb St BTN, E 2/D=27.5 REAY St TR ELAF IR St (AR R — B, 25 il BEAK S B A7 76 X 88 15 B B
SIS /N Norberg' ™ i 45 T RIFE St 5 Re MG R BT, XY Re<<300 B, Re (AR {EXT St 1Y
SRS, T 24 Re>300 B, 7E G SIS R A, Re X St (RS2 ES . Qi 17 7R, 24 100 < Re <300 Hif, 2545
St FIFE R 0.166~0.203, 24 1 000 <Re<3 900 A, 545 1) St FEATE 0.21 L4y, Ut PATE & T T BGE RN, St %)
Re WAL FF AR, BT Re=300 IEHFALTE St Fl Re 55 Z2 I F 5, HOB 1) Se A9 AR AL A X HoA 55 1 B0 1k
WK,



132 i ped T s 539 %

LOf AD=275 | LO] ' D215 |
0.5 1 05! |
10"
2ID=225 D225 2ID=225

s - )L
:)g]n:
1o | e \10

0.2

z/D=217.5

e

= J
] !
zID=117.5 -E 0 z/D=17.5 zID=117.5
ol | .J{»» |
1.0 acctlmpe :
0 z/D=12.0 z/D=12.0 z/D=12.0
5 1 0.5!
A __,.k el At
00 02 04 06 08 10 00 02 04 06 08 1.0 06 08 1.0
£DIU £DIU fD/U
(a) Re=100 (b) Re=300 (¢) Re=500
Lor 2ID=27.5 | LOr 2ID=275 D=275 |
0.5: 1 0.5} ‘
1.0? o 1 1.0 - Pt 5 i
z/D=22.5 z/D=22.5 z/D=22.5
0.5 0.5 ‘
He \ H
E“l 0r A— 1 K1.0 : v vl “] .0¢ v 1
z/D=117.5 z/D=17.5 z/D=117.5
05 JAA s )'L
1.0 L 1.0 art e 1.0 pruatie et
z/D=12.0 z/D=12.0 z/D=12.0
0.5+ i 0.5 0. |
ML MAMMM
02 04 06 08 10 00 02 04 06 08 1.0 00 02 04 06 08 10
£DIU £DIU £DIU
(d) Re=1 000 (€) Re=1 500 () Re=3 900
16 AN[RIER AT A ) Ja o o7 Ak F) 3 o AR i
Fig. 16 Power spectrum of velocity at different depths for different Reynolds numbers
0.26 - - .
—o—Re=100 ——Re=300 —<—Re=500
—+—Re=1000 —»—Re=1 500 Re=3900
0.22}
s
— <
5]
0.18 /\‘\‘
-
0.14 - .
10 15 20 25 30
z/D
BT R [R)ER T AN TR) Je ) o7 AR 1) St
Fig.17  Variation of St at different depths for different Reynolds numbers
3 45 1B

FEF GRS AT EACHS OpenFOAM JFJ& T A [E TR L (100 <Re<3 900) T, ™A B L L —
?’E/}?ﬁ%%r%m GYHTT S A RIS RIS Y5 AR B 2 e T 2R BEORIE I8 50 7 A R 0 5 A R 1) ) AR R O
@Jﬂ[ﬂ: nlb
1) BHEJE RS TAR GBI AR AT, W AR I 24 Fe 7 28 550RN 1138 X3 B AS 23 7 J8 1)
A R FE IR A BT IS B, S M B A T AR AR , e 5 AT, R 1 [0 3 DX PRl sk L B4 T R
AR
2) M Re=100 B}, BIIE &R _4ERE KT BAEAEST U2 B AU i & . Bl T 808 n =
300 <Re<<500 Hif , Vi [i] #1145 390, Jo [ il A S YUK, KSF- B2 i L5 VT2 RS R o > Re=1 000 B, 88 TE
RE BB IEALEEE AT, 20 R )R I R AH , 7K SF- B BT 1 B JC P 286, — AR S B 42
3) B T E RGO, A I 5 I X/ S B a5 2 ) R B A XA TR 2 il B o, 5 30



%55 T B9, 45 B A A = e S BB AU 133

T IR R AR, RS B 349 R 07 R 5000 70 A s 3 10 8 1) A el /s o A L TR s i 3 e ) &
B, 5 B s A R ) R B B T A AR AL T A UK,

4) ARERHTEL Re =100 B3 B2 i AT R 188 B Bt KB BEAR— 2, 24 300 < Re<<3 900 Hif , 2545 &% [m] 54
BB — 2 25 57 VRS il B I3 e A, AR, 25 7 6 LB A R I A 5 A ) B 1A 45 T % LI
(ERIVEEE (LS

SE Lk

[1] WILLIAMSON C H K. The existence of two stages in the transition to three-dimensionality of a cylinder wake[ J]. Physics of
Fluids, 1988, 31. 3165-3168.

[2] WILLIAMSON C H K. The natural and forced formation of spot-like ‘ vortex dislocations’ in the transition of a wake[ J]. Journal
of Fluid Mechanics, 1992, 243(1) . 393-441.

[3] WILLIAMSON C H K. Vortex dynamics in the cylinder wake[ J ]. Annual Review of Fluid Mechanics, 1996, 28(1) : 477-539.

[4] KARNIADAKIS G E, TRIANTAFYLLOU G S. Three-dimensional dynamics and transition to turbulence in the wake of bluff
objects[ J]. Journal of Fluid Mechanics, 1992, 238(238) ; 1-30.

[5] MITTAL R, BALACHANDAR S. Effect of three-dimensionality on the lift and drag of nominally two-dimensional cylinders[ J].
Physics of Fluids, 1995, 7(8) . 1841-1865.

[6] BEHARA S, MITTAL S. Wake transition in flow past a circular cylinder[ J]. Physics of Fluids, 2010, 22(11): 114104.

[7] SHLRAKASHI M, HASEGAWA A, WAKIYA S, et al. Effect of the secondary flow on karman vortex shedding from a yawed
cylinder[ J]. JSME International Journal Series B-fluids and Thermal Engineering, 1986, 29(250) ; 1124-1128.

[8] MATSUZAKI K, SHINGAI M, HARAMOTO Y, et al. Visualization of three-dimensional flow structures in the wake of an
inclined circular cylinder[ J]. Journal of Visualization, 2004, 7(4) : 309-316.

[9] RAZALISF M, ZHOU T, RINOSHIKA A, et al. Wavelet analysis of the turbulent wake generated by an inclined circular
cylinder[ J]. Journal of Turbulence, 2010, 11; 1-25.

[10] ZHOU T, WANG H, RAZALI S F, et al. Three-dimensional vorticity measurements in the wake of a yawed circular cylinder
[J]. Physics of Fluids, 2010, 22(1) ; 015108.

[11] ZHAO M, CHENG L, ZHOU T. Direct numerical simulation of three-dimensional flow past a yawed circular cylinder of infinite
length[ J]. Journal of Fluids and Structures, 2009, 25(5) : 831-847.

[12] WANG H F, RAZALI S F M, ZHOU T, et al. Streamwise evolution of an inclined cylinder wake[ J]. Experiments in Fluids,
2011, 51 553-570.

[13] MILIOU A, DE VECCHI A, SHERWIN S J, et al. Wake dynamics of external flow past a curved circular cylinder with the free
stream aligned with the plane of curvature[ J]. Journal of Fluid Mechanics, 2007, 592 89-115.

[14] GALLARDO J P, PETTERSEN B, ANDERSSON H I. Dynamics in the turbulent wake of a curved circular cylinder[ J ]. Journal
of Physics Conference, 2011, 318(6) : 062008.

[15] ASSI G R, SRINIL N, FREIRE C M, et al. Experimental investigation of the flow-induced vibration of a curved cylinder in
convex and concave configurations[ J ]. Journal of Fluids and Structures, 2014; 52-66.

[16] GALLARDO J P, PETTERSEN B, ANDERSSON H I. Coherence and Reynolds stresses in the turbulent wake behind a curved
circular cylinder[ J]. Journal of Turbulence, 2014, 15(12) ; 883-904.

[17] GALLARDO J P, PETTERSEN B, ANDERSSON H I. Effects of free-slip boundary conditions on the flow around a curved
circular cylinder[ J]. Computers & Fluids, 2013, 86; 389-394.

[18] JIANG F J, PETTERSEN B, ANDERSSON H I, et al. Wake behind a concave curved cylinder[ J]. Physical Review Fluids,
2018, 3(9) : 094804.

[19] TONG F F, CHENG L, ZHAO M, et al. The vortex shedding around four circular cylinders in an in-line square configuration
[J]. Physics of Fluids, 2014, 26(2) : 024112.

[20] THAPA J, ZHAO M, CHENG L, et al. Three-dimensional simulations of flow past two circular cylinders in side-by-side
arrangements at right and oblique attacks[ J]. Journal of Fluids Structure, 2015, 55. 64-83.

[21] BATCHO P, KARNIADAKIS G E. Chaotic transport in two- and three-dimensional flow past a cylinder[ J]. Physics of Fluids
A3, 1991: 1051-1062.

[22] LYSENKO D A, ERTESVAG I S, RIAN K E. Large-eddy simulation of the flow over a circular cylinder at Reynolds number
3 900 using the OpenFOAM toolbox[ J]. Flow, Turbulence and Combustion, 2012, 89(4) : 491-518.



134

i3 # T 2 9539 %

(23]

(24]

(25]

[26]

[27]

(28]

(29]

[30]

[31]

[32]

[33]

BECK A D, BOLEMANN T, FLAD D, et al. High-order discontinuous Galerkin spectral element methods for transitional and
turbulent flow simulations[ J]. International Journal for Numerical Methods in Fluids, 2014, 76(8) : 522-548.

FERRER E. An interior penalty stabilised incompressible discontinuous Galerkin-Fourier solver for implicit large eddy
simulations[ J |. Journal of Computational Physics, 2017, 348, 754-775.

FROHLICH J, RODI W, KESSLER P H, et al. Large Eddy Simulation of flow around circular cylinders on structured and
unstructured grids[ J]. Notes on Numerical Fluid Mechanics, 1998, 66: 319-338.

ALESSANDRO V D, MONTELPARE S, RICCI R. Detached-eddy simulations of the flow over a cylinder at Re=3 900 using
OpenFOAM[ J]. Computers and Fluids, 2016, 136 152-169.

FRANZINI G R, GONCALVES R T, MENEGHINI J R, et al. Experimental investigation into the flow around a stationary and
yawed cylinder under asymmetrical end conditions[ J]. International Journal of Offshore and Polar Engineering, 2014, 24(2) .
90-97.

CANABES P G. Direct numerical simulation of the flow past a curved circular cylinder[ D]. Norwegian; Norwegian University of
Science and Technology, 2010.

HUNT J C R, WRAY A A, MOIN P. Eddies, stream and convergence zones in turbulent flows[ R]. Center for Turbulence
Research Report CTR-S88, 1988.

GALLARDO J P, ANDERSSON H I, PETTERSEN B. Turbulent wake behind a curved circular cylinder[ J]. Journal of Fluid
Mechanics, 2014, 742.192-229.

JIANG F, PETTERSEN B, ANDERSSON H I, et al. Turbulent wake behind a concave curved cylinder[ J]. Journal of Fluid
Mechanics, 2019, 878. 663-699.

TR, SR, KR, AF. R SRR ORI AR e — ARSI (1], P TR, 2020, 38(1) : 86-100. (GAO
Yangyang, ZHANG Yanming, LIU Cai, et al. Three-dimensional numerical simulation on flow past an inclined circular cylinder
at different Reynolds numbers[ J]. The Ocean Engineering, 2020, 38( 1) ; 86-100.(in Chinese) )

NORBERG C. Fluctuating lift on a circular cylinder; Review and new measurements [ J]. Journal of Fluids and Structures,

2003, 17(1): 57-96.



