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Numerical simulation of flow characteristics and flow
mechanism of multi-row three-circle cylinders at
subcritical Reynolds number
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Abstract: This paper establishes a three-dimensional turbulence model using the CFD method in
OpenFOAM. It compares and analyzes the effects of spacing ratios (L/D = 1.5~6.0) at Reynolds number Re =
3900 on the wake flow characteristics, force coefficients, Strouhal number, mean pressure coefficient, and
mean velocity distribution together with the flow mechanims, for both the single-row three-cylinder and the
three-row three-cylinder configurations. The research results show that the wake flow patterns are classified
into four types: reattachment flow (reverse flow reattachment), reattachment flow (reverse flow without
reattachment), narrow wake impact, and synchronized detachment. The critical spacing ratio for the three-row
three-cylinder configuration is L/D = 3.5, which is smaller than the critical spacing ratio of L/D = 4.0 for the
single-row three-cylinder configuration. The drag coefficient, Strouhal number, and lift coefficient root-mean-

square values of the three-row three-cylinder are generally higher than those of the single-row three-cylinder
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structure, and a desynchronized Strouhal number phenomenon is observed in the three-row three-cylinder
configuration. The trend of mean pressure coefficient distribution of the single-row three-cylinder is similar to
that of the central column of the three-row three-cylinder. For the outer columns of the three-row three-
cylinder at small spacing ratios, the location of positive pressure is closer to the central column side. The gap
flow mean velocity in the three-row three-cylinder configuration is relatively higher. This study provides a
reference for the hydrodynamic calculation of pile groups in engineering applications.

Key words: wake flow patterns; multiple three-cylinder configuration; average pressure coefficient on

cylinder surfaces; average velocity distribution

0 5]

][l

BESELE LRI TE TR G R 0L, A B AT | BS VSRR | MRdrs k20, FLAE 100 Z4ERTL
F I LB R 2 B GE R I, IR O T B BE T LA RIS S 1 e B v, L B A 45 R R 1 T
B, R ARG SR T B A B

FH LG T BRMEAE 2548, MR 45 48 22 LURERE BT 20 s B, 1717 22 37 AT 205 R A R ) B 835007 B 4, G P s
K AR 8 155 0 52 2, IR RERE B E— B2 B A4 2 M TE . Xu 255 2007 TR [l R Ak
TIFFV B FETE/NEE L L/D = 1.2~2.0 BFASR IR TEAS, 15 78/Nal R LT A2 7R 3 RS, /0l
— T L A% T A AR BT T I A R 45— S8 — 28 B I 7T . Zeng 5™ BFSE T W0 I L VAL Re =
3900 N IFFNLRAEAE B B L L/D = 1.2~4.0 B (3R 8030 7127, & BRAEAR I 08 H B A7 76 8 s B 1 R 42,
HAG IR B I LSRG e VIR G, St . Mok 2 T TR VEECT el #E Hx
FURUGAE T, B RS0, K BT . BHL 7 2 625 18] B LG A3 i s /1N, B 4 TAesE . Qiu 20
3T T TRV XS I 91 00 A TR A ) B4R (A B BEL 7 28 B5ORI I A 3 i s i, 2 BAE R R L L/D =
1.2 B /IN BRI o A IR A ) e e 7 A 25 e R M R A - Zhou 2557 BIFSE T 8 75K Re = 1000 i 351 42
[BIAE 7K B0 3R, 2k I =R s si =X, o 2 BB AR B = 5 B 3 i sl A X N e [ 6 7% it 8
3, Yl AR SR A g8l PR I SR e o5 i IR BN B, kst s 2Bk shBH ) #2507 A=
BRER Y B I sl e 4 L I 7 s shABE=Ct, Bksh ot &4k ksl BH ) R AR 57 06 7R B ik
BRAGN . X5 20 T H 5 SR AL 5837 18] 15 L T e (A 85 U024 B/ B0 . e e e 4™ )
F IVCBC #8757 84878 T HIBESUR AL AR AE % R 228 BRI . Tu 280 898 T 2455 58K Re = 3900 i
T3 AR i 1A D[54 P 50— v (R AR X T D [0 ) 52 ), 25 S 29 BH R /N[ B B Asf 8 o [BR0AE Xof Ji
DO AT S0 S, SN T R W B R . eI BRI RAL E A R DU B AR 3h b, 15
0ok A T AL Z B e K . Gao 251 55T T 161 HE HL AR VB = 445 1 = MRS Y = IR AR
SlREPE ) R RE N, R IAE I AR ILAEAE S RS . Horh, TRIREIRAE 9 - BH ) R 508/ N F HA
SUTKE, _F 3 B AR e AR I T R AS R 0, APl AL RO T R BOEA R IE( . Wang 26 45
€1 BB ARG A6 7 T AT D AT S8 it e B s, 25 RS B, T Ui IR A BEL ) R B X AR,
kBB ) ZBCRIRK S T 2RO X s, Je e b i S Rl m & 67 4% . Wtk 2T 18-
MRT-LBM A0 TG TR W T S i A ' = RS A B S i R, R IR A 3o £ b EL AR
1 2K I I A2 18] B T R . Zhang 261 XS L T AR RISI AT HR A R 0 AR 2 LR A
LETARFPE D, 25 R, 78 ERFRUBIAT: r ] 75 20 = B AT A S 4 il (R A A - 0 2

A 25 R ARG eI R ABURIAT: . = A A B = B KOy T A 5 (B A A5 2 A0 1 /D B3 BT
SR SRy, W B AR 2RSSR S AR D . AR SCHET OpenFOAM AR RS, $ BB 5 1
$4 Re =3900 F[HJFE LK L/D = 1.5~6.0 551 = [FFEF1 =51 = R FEMESE AR, AR 8 T HER



w

34 A WA E T 25 SRS 401

A FHBET R SRR IR, PR ROV AP, R TR R BRI AR
1 BERB T A GIE

1.1 =757
ARG = 2 OpenFOAM F(EAR Y, 1 FH ot B s =, SR RIRREL LES iy 2 U A% 1
kAR R, IRl SGS R 2 B B R S P e Y, e i I PR A B R T
AN AT JE4E Navier-Stokes J7 R Ul T
o%,
Fr

()

du, Oww;  Fu, 19p

" ox; V@xjéxj p 0x; @
AP % O x; Jr I IEBR AV oy b, pO PRI TS, p MR L, v i iAE SR, ¢ 2
i, 4 wt; = wt; + s i), WAS R RENT, = ;- AT AR (2) /5

Ou;  Owu;  Pu, 19p 07,

— = ——— 3
ot " Ox; V&xjaxj pox; Ox; ®)
K Smagorinsky-Lilly #7, BRIz (4) i 7772 (3) £ 14
_ 1 =
Tij— §Tkk0-ij =-2vS; C))

= 1(0w; Ou; — — .
A MR RS RER S = 5 (a—fj_ + g) 8 R v, = 12 [S, 1, F T UG R (3R
K, |
B BRI T ) 2O i PR % (9 T 0 250, B TAT TRy 1, T+ T B T i
1], By 2k Bk

HJ[2m 27
2 ou Ov
_ 2 - _ _ — — —|q
Cy=2F,/(oU*DH) = Oij Cpeos 66— — Oj( 5 ax)smede} dz )
H[ 2 2 27 au av
=2F,/(pU*DH) = — ingdo— — [[—=-=
C, =2F,/(pU*DH) Oj[of C, sin6dg - — Oj( 5 ax)cos Hdﬁ]dz (6)

b Fy BRI, Fy oSBT, HOSIRAE R BE, D R BIAE B4R, C, AR R - E ), Re TR
B, 0 A FEE S SRR SIS R BOR A R R R L B R O AN S, 1l R T ) R AT FET B As g n]
15 R B, HrRE 57 I R B0 IR

fD

St=
U

(7

e St HTREST IR IRER, £ R
1.2 BEHEFSRREEEBIGIE

ARSC R R SR A AR AR FH AT FRAARFRVL AR A o 1 ) PISO B33k, B A 1153 384 6l ok 20D
300D, ZEA AR 43 A 1 s . BEE LG EE A B 3 Fab 10D, BB O3 Rk 20D, BE R R
b 10D A TTAEREE ) U= 0.39 m/s, TRIEECH Re = pUD/w =3900, Hirft, D=0.01 m, p Jiiiks e
1000 kg/m’, o HHRAKEEE 2250 13107 Pass, ZEMA D R B (B A1, A H 0 R B 8 (300 S 41
AR B, BRI AR R, [BAY R TE R R RS, AR AR S ) R 45



402 AT WA 5530 55 3

XTFRIBSE
Vi 10D 20D

U=0.39 m/s fRsFin

i3
FEAE

POE7SULTS

1 BRBAE R T S (B m)
Fig.1 Computation domain arrangement of single cylinder
B TSI AR, Al 2T B B A S i BRI . B SR A SORES R 58
FRASSR A5 2 45 SR H, R0 0 2 sk R 2 X B B AT A, SR 5 B AR L S
B AT EG, X OSSR L 1, PRI T LU R A A ABOGH R R R R T
O, X e T BALBIAE B ) ZBORIT RS 55 15 KB AR, 5 BB T B AR B IR, AR SCRR A X Case2 105
LT G B

&1 RESK.EATARIARERESEX TN REF TS50 R R0
Tab.1 Effect of time step, circumferential node and first layer height on mean drag coefficient and

Strouhal number

X1 Re U/ (ms") s BAT A AREEE S/ mm Cy St
Casel 3900 0.39 0.050 200 0.031 82 1052 0217
Case2 3900 0.39 0.005 200 0.031 82 1.040 0217
Case3 3900 0.39 0.001 200 0.031 82 1.025 0212
Case4 3900 0.39 0.005 160 0.031 82 1110 0.209
Case5 3900 0.39 0.005 240 0.031 82 1.035 0211
Case6 3900 0.39 0.005 200 0.063 64 0.920  0.230
Case7 3900 0.39 0.005 200 0.01591 1.080  0.219
SCHR[200* 3900 0.990
SCHR[217* 3900 0.325 0.208
SCHR[171* 3900 0.390 1.04 0.210
SCHR[7] 3900 10.00 1.00 0.217
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Fig.4 Instantaneous spanwise vorticity diagram of a single-row three-cylinder (plane view)
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Fig.8 Variation of drag coefficient, Strouhal number and pulsating lift coefficient of three-row three-circle cylinders
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Fig.11 Distribution of the average pressure coefficient on the surfaces of three-row three-circle cylinders
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