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Abstract: To address the difficulty in identifying flow structures caused by the high-dimensional
characteristics of the flow field around tandem seal-vibrissa-shaped cylinders at high Reynolds
numbers, a reduced-order modeling approach combining spectral proper orthogonal decomposition
(SPOD) and cluster-based reduced-order modeling (CROM) is employed for reduced-order
analysis of the wake flow field through numerical simulations. Modal decomposition and flow
field reconstruction are performed to obtain simplified flow fields and identify dominant flow

features, with comparisons made against flow fields around tandem circular cylinders and tandem
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elliptical cylinders of identical characteristic lengths. Results demonstrate that both tandem
circular and elliptical cylinder wakes exhibit high-energy Kdrmdn vortex street coherent
structures that dominate wake development and transport. In contrast, the tandem seal-vibrissa-
shaped cylinders exhibit anti-phase vortex shedding structures formed on the upper and lower
saddle surfaces of each cylinder. No large-scale coherent structures emerge in the wakes of
upstream and downstream cylinders, and modal decomposition reveals no dominant high-energy
coherent structures. The vortex shedding appears irregular, with weakened vortex fluctuation
intensity and enhanced wake stability. Unlike the unidirectional circulation loop observed in
tandem circular cylinders, the flow field around tandem seal-vibrissa-shaped cylinders develops
secondary loops diverging from the primary circulation. The vortex shedding between upstream
and downstream cylinders undergoes in-phase and anti-phase transitions, effectively suppressing

wake oscillations. These findings provide insights for engineering applications of tandem seal-

vibrissa-shaped cylinders in aerodynamic drag reduction and noise control.
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Fig. 1 Geometric models of cylinder-like bars

1.2 tEEE

BT BT A0 5 28 T8 A A48 S L R ARG A R B
B FHE € H R Al R 46 Navier-Stokes J7 #2173
AL, SRR EBAT OpenFOAM 3K fif 45 il
D5 F 2 [a) B ) B R B A A L R
3£ F Spalart-Allmaras Jifi it 152 %I 14 ZE 3R 5 525 353 A5
RI(DDES) #F 17 % ¥ B 1200 31 B RS
L.L,L.=29DX16DX7D, LAk 2 B35 550 5
B RE M, A PR R 3 43 R R AR R M R ) I [ R A A
JR B s AL, E 2 (a) Fras, KK 5 R X 38
(15D X 6D X 7D) JIK R4 i % %4 #:47 SPOD #i
CROM 43 A7 LAS /D N AE 15 29 TH 0T . AR 40 0 4%
TG 53 B 35 o I A ) 43 R0 SR N T A
SEF AL ARG R T BRI — 2 AR R
95X 10" m, WY BETAVE 1] & J7 ] LA 1.1 A3 4%
[i] A1 Z0E fifr, i 45 BE 17 o0 5% TG S A9 IR B v <1, PRI
RZEEIRZE N AL BN, . &4 TR
AR AR ECR 2 500 T A4 B’ 2(b) R T A
THAR0 35 P 1 55 ) O s ) 4 D) s o I (B A R 1) - T
LR JE W R S S R A TR G B AR
MR ARSI S) A JEEA H s o R T
F, 775 0B 86 B Ry 05 A A 3R T o T T 7% BE T
Sty ey A Sy ] 0 A0 B 30 A SR A RS AT PR AT AR
11 TG e 5 S it S RN 5 0 T 7 ) >R PR ) ok s S 2% A
Y THE Y 0 MIEEBRE ., REE U, H
30 m/s, WIHECH 610", 2% T BUEUE 1 B A, R
FBFE] 2B 5 X107° s, i fF Courant-Friedrichs-
Lewy $07E 8 1A XSy At 1, 6050 K ok
30 m/s o BRI AE R ER B 8 AT A 7S 2 XU
TR T 1) B2 B0 T B UL A o A 1

Ca) H3 97 [ £

|
;
i




11

SIS 4 T ER 90 5 1 25U R D L 3 0 T R I B R 7 3 167

() T 35,

il r\m\\wwl‘ 1 10 AT OO
\ g\mH\‘wm}‘ A

(b 2544 Al 0 4 32 4

O

B2 TR SR B R AR Al R 43

Fig. 2 Computational domain and mesh topology

1.3 FEMEEAE

SPOD F1 CROM Jy ¥ #0] J] T 3R 51 i 3 45 14
FEGE BN FFAE 53 B € W i 2 2% 09 i 315 5.
SPOD J5 v 3 i 1F 42 43 fife 42 O 2 1) £ S, 38
& T3 3h 4 R R AE s CROM J7 ik 0 5 65 A1 81
TR A VA Dy — 28 A AU A I B SR B AR AE R AR AL
U [ G st DR 285 8] 14 7 A8 5
1.3.1 SPOD 7 #

1E 2843 i (POD) J5 ¥ AT 1 08 43 fiff A5 3] i B A
25 ) b HLA IR A 1 L AR R (4 B[] 28 4505 510 mT AL 7
ZABRIL ST . SPOD J7 134 0T &5 40 1 B[] 24 52
AT LR T (B R 2 ) 1 1 5P, DT A5 21 D) B — 5
& % HL 5 Ho Al [ AAUASE 200 22 1 A A e
1.3.2 CROM 7 %

CROM 77k FRifL B 28 R4t o J12¢ 47y, 8
T PR G i A ol g 2 v PR R LA A LR
Y. CROM J5 k43 WAL B8 . 1 5648 F A-means
FEFEIE X P IR IEAT 3 4L K A AL PR BR8] — 4l v
AREABL: SR L o RK CCHE B8 i et . SR i 2R 2840 Tid
25 B R FE (CTMD S [ 0 F £ R — i)
254 MY RRIR SR S 8] N — ARSI

2 SPOD 43#7

Sy T B 3 91 2 (80 A R LI 3 R M R SPOD
F CROM 75 5% £ 51 28 18] A AT 14 1) = 4 2 30 45 44
PEAT R B 43T L 4399t O 1 5 4 v KR 8L S5 A
s Hogh Iy 2 AR ME . SR A 1 000 5K = 4k
R, A% P RS A] [a] PR A 4 X 107" s, SPOD Z3fift i %

zkxb. xjtu. edu. cn

BEIEW AT Ny R 25,3 N, = 0 Bf. SPOD J7 % #%
k. POD 71,

Bl 3 JEIR T 3 Fi AR 41 28 B AT 14 )8 3 o B 37 R
JH POD(N;=0) Fll SPOD(N; = 25) J5 i JE A7 155 25 0 fit
BENYHT 50 NSRRI I TR, 2R RN .
FH RS 1 WA GE 1 AN 2 AMEAH S 1 4
PO RER G AR KA 3220 28 4748 2 MR ik it
A7 FLBRDE, RS 1 SRS R sT e KRR E
T BT B R S R A TAAH L HR S A
[ AE T 700 S BUAH A 5 L (RS DOPRS 1 I 34 37 B
SIS 5 2 XPRLAS XTI ) TR 0 5 5 51 R A A
55 1 XS X I 1 L R 0 BT R SRR AL A T 2
2 MREE AFIEREEE T TR -BSMH L. &5
BASRE R A M e 5], 534, POD 7 ik 49 51 i — X
RS T AN RS B 1 o LU S A S [ 1 SPOD 7
e — XSS v 9 A AR B o LU AR [RD DG G R
B A TR .

TR S X B, B 4 R 5 R T3
Fift R B 2K B AE AT E R 3 % POD #l SPOD #2451y
— N4 B (I model-1,mode2-1,mode3-1), St R
AEXE I B ST 35 %, St = /D /U, Hid f iR, &
GBI FE— By POD #2355 — B SPOD #5225 A1 [] . 4
Ti] 3 B Y A I) T 0 52 B 43 A AR R T I 4 1 AR
BEAS 55 L =B POD B2 B BNV A R 5%
% T sh &5 K XE LA s B 5 = By SPOD #E25 h
RITI B 5 =0 B 40353 51 o — B RS Y
2 f55 3 5. H A R A — By POD £525 il — By
SPOD FA&W FRIR A RIS 5 851 Bl A R




59 5

iy
Ei

*

168

g

.
(=3
=
%/ WA T
"
&
s
=ER
b
\\\\\ °
. m 0
= (=1 —
(= —
%/ WA

100

10

100

10

i

(b)SPOD J5 ¥ 45 %

AP E B TR

() POD J7 ik 25 5

Hi 50

HEAT 1

SEIES

Contribution of the first 50 modal energy of tandem cylinder-like bars

& 3

Fig. 3

mode3-1 Sr=0.027

0.052
=

mode2-1 St

-1 5t=0.184

model

(a) B 51 [

mode3-1 Sr=0.315

mode2-1 Sr=0.289

model-1 Sr=0.309

(b) B 51 A8 4 A2

mode3-1 Sr=0.158

0.192

(o) H B B W A0 AE
B4 BRAIZE A AT POD A5 75 o 5 45 {8 Ifd

Fig. 4 Isosurfaces of modal velocity of tandem cylinder-like bars based on POD

mode2-1 St

0.165

model-1 St

zkxb. xjtu. edu. cn




11

SIS 4 T ER 90 5 1 25U R D L 3 0 T R I B R 7 3 169

mode2-1 Sr=0.368

(a) ER 51 [ A

mode2-1 S1=0.293

(b & 71 4 154

OS2, J3 B B A b L 90 A2 9 5 7 R 5 AH B2, T
BN T A T R AT A 08 I 9 R A A () s 7R e i A
W B R A R R TR A =B
POD 525 76 T ie M 2 4 J5 7 52 300 2 1) 7 I 19 R
A1 SPOD B AR K AR T B9 = W I, 45 % hy
TS 2 A% . X T A JE AR T B AR 1 R 51
(1A 1 e 5000 [ A L 9 3k 2 R A R R 1T R
SER IR O RS SPOD JriE e ® T
RS2 T 1 U TS U 45 L e B R A TR e BRI
W L3 . H B I B A A0 A T R RS R I R S AR
RS FFAE 22 BB K, — B POD SR VT
S TH 1) [ 068 JBE % o i I RS ) T X N BH S L U sl 45
PRSI 5 55— L By SPOD #2540 % b F 8% ifi
B AR B 7%, = B SPOD #2883 b F #% i
[ A B 7% . @8R, A HE POD, SPOD 5 % a] LU
AR L BT RS

mode2-1 Sr=0.158
(o) 5 B VA 59 81 40 A
Bl 5 HRFI B AT SPOD #5525 34 3 4 (6 T

Fig. 5 Isosurfaces of modal velocity of tandem cylinder-like bars based on SPOD

zkxb. xjtu. edu. cn

mode3-1 Sr=0.273

3 MEM

SEHN; S 25 B Y SPOD #8525 %oF 53 %1 25 [ 41
1 U 7 20 A 7 A AR A R 8] [ A R 1) 0 ) 2
SERIAT R b B BRI S R 3 X AR AR R AT
T I E Y 33U MR T SIS AR
7 8 32 A A T 454 T A 2ROk S R
AL IR L WO AT 6 X RIS AT R A, S
2 U HEH .

R 53 AT UL Y v A G5 R B I () R e A O AR, R
T 5230 2 B A AT TT 100 A8 2 ¢ Chg e Pl BE S
— 2D 1 R Q HEWL R = I 1] b (1) ik
Wi (w.) ST, 53 50 (8 A o 4 235 SR RS2 B i
PR AL B K A AN R Q A3 il B 1.0 X 10,
5.0 10° ™%, H3 5 H A 200 A H A 45 SR R S B I
Y QAFMEL 3.0 X 10°.5.0 X 107 72 B 2843 il o
TR EHE 40 il o 22 B A 2 B L X6 o7 %) B ] A 3R B
a(t) B[] 2R 0T 51 o 08 0% J5 1 FH 5 JE B RRAE 43 fift
ST A5 B FRAE 1) f AT S Bt g A A5 2 R R A B TE] AT




170 [ ]

PN S

%59 %

58 B S DTk ] 6 o T R A B AR AT 3 XA S R K
i FsF ) £ 386 Ak AT DA R BEER 1 % A A R B (E 1
fo T A PR ALAS, R ITER 1 X BSAER AR TTR
SitTEm A R B EREA K 7 R T 12,21,
30,38 /NH ZI 52 51 B K Ui 3 1 EE AL 45 R RN 37 4
oty sttty AP TES 12.21,30,38 A [A] PR
Mot ~ o JBR TR A% WA A L A T i
T B LE A U BETT ] N R R TE X — R
ol R BT B NV GG AR FRR . B E A4S
FHLG, PR & TR 2 /N R B i R 451 .

Fl6  HRFEFHT 3 MRS R AL
Fig. 6 Mode coefficients of first three modes from tandem

circular cylinders

(b) BRI

&l 7

R B B AL AT 3 %A% A AL

Fig. 7 Mode reconstruction of first three modes from tandem circular cylinders

Ef 371V 5 200 A 5 AL 1R B 6 S B2, 4 0l %
55 6.17.34.40.64 5 70 A-Bf AP, W&l 8 BT .
AT LR A B B2 R B0 {8 2% 5 /N s A A AE R 8
A 285 R b 8 1 RS R BOIE (A W] b KT A S
11500 . U 37 E KL 5 SR NG IO B S B U 3 45 4 4 Sl
&9 Jir 7R o AH B H B B4, 5 500 5950 2500 1Y) B2 3l
SERAL T PR 25, AH A 25 1) A7 AE 1 8 U 2 0 — 4
PRtk o 76 ¢ W20, 0T LR B0 L i i S A0 1 T
T J5 75 T BUAR A AH B 16 303 B 7% i ) Z0 565 2 X A A
Jb TR, RS 2 XPREASARER Y b L T S A i
JIR V% 5 A R B R ey ~ ¢y BSF 2RI, SR AT VP O o
104 B[] AF S T 728 AN [ AR AL 1] R Ui 7% 30 280 R Ui
FEAE G e s 1R 5 7E — RS U U ) & % ooy P20 565 1 X
B AL FUEAE , R L i B 20 R B 5 — B B A A
SR AL B R T A 200 b T T [ B AR I

zkxb. xjtu. edu. cn

W oes W2 B AT R G O7 T8 USRI I K L 20 T
W AT I 18T 72 DA TR) AR L v 108 () 2 1) )5 7 A% 3 o B
Z0 RV R RS L T B T AR 3 AR TR A
JBi 7% .

— model

mode2

- mode3

- mode4

2 mode3
mode6

LN A
g \/ A \/ xS

N s ;
_1’» ARV Vi
I
1 10 20 30 40 519 60 70 80 90

B8 HRBIHE SIS HT 6 XS R L

Fig. 8 Mode coefficients of first six modes from tandem

1

¥

a(t)

1
Y/

100

seal-vibrissa-shaped cylinders




11

SIS 4 T ER 90 5 1 25U R D L 3 0 T R I B R 7 3 171

(b) LRI %
B9 BRI AU T 6 XA d A

Fig. 9 Mode reconstruction of first six modes from tandem seal-vibrissa-shaped cylinders

4 CROM 7 #fr

DA 3 Fof B 8 28 (80 A A 24 ) 8 o 4 a0 A T
TAAE IE 5853 i F4 BT I A AS R AL a0 B« £ k-
means F IR IEAT o 7 L 0 A5 5% 18] H00HE A 22 0] A B
e K T F PBCHE A 22 1) 9 BE B e /N . 8 80 [
£ 510 [ A% 5% AT Y POD #5825 2 %0, i1 T POD
7 15 FH T HR 20 1 50 T 2R A S R R R R A 2L A
B3 595 5 R T SPOD #8525 22 8 k4740 35 L DL 3k
BUR A A5 B . 5 BB TR 45 FVE(E RS B 79 ) T
HZ L BUSO A K =10, BEE BFiR 1 000 kP B8 K1) 43
k10 A5 B BE SR A 2 2 # ) 1Y) % e ad AR L BB T

zkxb. xjtu. edu. cn

TR IT AR . RS R L Voronoi Bl &8,
W 10 FrR . BB 00 4052 28 X 7 B0 30 38 28 3145 1
Voronoi HIGH1 F, B0 K S0 2 78 AH N 7R 19 i
L B Aa /N 5 R A ) Voronoi BT P EUHE &S, &
R B2 R A A 72 0 A S IR )T 28, v e 9 [
HEr 10 AR IR HE S B 58T 1 — 4> 1 & 8T 18] L 4%
B sy, BRI LA 1 AR OP S
k=1, Hifx 9 M (k=2.3,4,5,6,7,8,9, 10 MK HE
G EIRIEAE O AL H 50 I A A AR S B A
PIER 3 A1, AP IR G L N ER R N 3R 3 R (k=38
9,10) AN 7 #E(k=1,2,3,4,5,6,7),




172 W % o M

PN S

%59 %

-1.0 -0.5 0 0.5 1.0
a,

Co) Ef 51 1t 550 25 4
10 R 4# Voronoi

Fig. 10 Voronoi diagram of the clustered wake data

R B S A AT 1 R T e R B I BT 11 TR . B
B MER I Py 45 B AE — B ) 45 Kb 00 A MOk
BC, BHHEIFT—REC, BWHER., 206K E
TR 2 K R A A e 1 AT RE MR A . X T AR B T
B B R W3 LT 1 40 A7 7 7% 46 36 B =2 F 1 46 N
WO F R 1 R BB 5 7E R — I 2] BB 45 B 7R Y
HIR B W & WE g 7 ml A% 8l 21 5 HAH S8 N — %
. IR AL T RERT EX AL, WY
15 P 7E 7 V9 R R BB0HE A A 1) T 1) A 4 B 4
H A5 8 — R A e ik 4% . € > C, - C, - C,
> C; > Cy > C, > Cy > Cy > Cy > C,, BT
B 1B KE 5 H3 586 B A A 4 46 R I 10 080 A5 Hh B T O
LR RETE L HAE R A/ AR S 4T RE M KD

zkxb. xjtu. edu. cn

Al LA B — K Rk 2. C, > C, > C, > C5 —
Ci>Cr—>Cy—>Cy—>Ciy—>C, B, C IS C 5
IR AR RSk, C, 5 C, i8] Al L A5 4, (2
E AR L =3 51 59 A 2004 TE W 1 PR 4% DD B B 46 I
& BB R R 1.C, > C, > C, > C, > C; > C; —
C, — C, HEERPRLL 2.C, > C; > C, — Cyp —> Gy,

0 0 OO

0 0.01 0.10 1.00
ij

Cj.
© 0 NN U AW =

—_
(=}

1 234567 8910
c,

(a) 5 3 B #:
oo
2|10
3 om
4
5
6
7
8
9
10
1 2345678910
C,
(b)) & 57 4[5 A
! O
2
3 l®) O
4
Ot O O
6 o o
7 O
s|@
of @
10 ol@
12345678 910
Ck
Co) B3 4 1 B A0

BT R B IR R AT 1 5 5 o
Fig. 11 Cluster transition matrix for tandem cylinder-

like cases

AR Fh 482 e f5 R I o5 0 B BT A5 B A T RE Y B 4
B R T AL 5 28 AT R BE R s, i 12 Fros , 1




11

SIS 4 T ER 90 5 1 25U R D L 3 0 T R I B R 7 3 173

T Sk R R B T ), ER A (B R R Bk B — T 9] )
FI 08 PR X T ] S0 Y T I v . R A A B A
SN AHG=DMBHE=2,3,4,5,6,7,8,9,
10),BHWNIE WL T m g2, 5 51 v 50 6 204

R AMHGE=1,2,3,4,5,6,7).BH(£k=7,8,9,
TOAN T H(e=7), A B W45 B W41 PG 35 L R
WX 4R LR C L T AInT 9 AB 4l
Z )i 3

(a) EH B 5] A

(b) ER 51 8 154 A2

P12 3 Al RE A9 fA7 A B S 2R AT K i

Fig. 12 Simplified Markov chain for three cases

e B T 0 2 R T 3 M JR T G B A RS R
e rp T A P BR A ST S 3 b ER 8 28 IR RE AT 10
AN B U W R ) B RE VSR {E I AN 1 13~ 15 B,
R A B R 45 70 205 K 2R B Ry R 10 i 1 RRAIE L T8 25 4 A

'4681012 4631012

_202

Bl 13 H 50 [ A A% 5 o0 i o R S5 M 1T (V /U, =
Fig. 13 Isosurfaces of transverse velocity of cluster centroids

0.

40. 1)

for tandem circular cylinders (V/U, =

zkxb. xjtu. edu. cn

(o) 11 5 ) 23 A
Tl OE A HES . A5 5K 245 R R i I v 4 )

FAOG | V7 % B A2 AR B 0 AR 1) A8 Ak 78 38 AL fe i
T Hp L i [ A R Vi [ A T8 B AH 7 AR A B .
FIRGEIAE A 40 B A 2B S22 AR B S5, A 4
AR TR R JS 5 R Bk R O 8 T R — I —
B A AE o Bl WA, T AR R A D0 A B i 4
5 B 4 rp 45 50 i 5 5 4 5 H A R A AR, e B
Sk R A A0 A R B I R ) B Y & Bl OE fR 5
BB bR LR R R R Y . BR A0S
I R 3 WA A H(F=1,2,3,4,5,6,7)F
Ui A1 8 30 3 22 B0 Ry b LT T 1) S A I B % L O
IERDRSE ATTROR Y I S T d R Lol 1 R . e
) K5 S M O R T 5 40 s B2 4% 95 0 U 3 T 45
ANE B i R T A ME D A M B
] — R PR L C B C o ik BRI SAE T
B LA RPN Co 2 C, B R T 4R
HH LB 75 5

CROM F3tr 45 R 3R B . 5 53 51 [ AT B — T o) 1)
A8 A [l % AN [R] , H3 510 0 55 200 A A = [l B v 2R
I ET R G ml . B B A8 [ R R 370 1 540 A 2004
AT RS 8 3 DX Sk ) E I I Y LA 1) BjbE L B
AR Y A ER A B A A R B AR 5 A sh S IR
%5 SPOD — B2 7R 1Y 5 11 iR AH VL, £ 51 1
FIGIZAE A 2098 24 [0 % 5 SPOD 3R 3] (14 #% 1 S A
AL VE RS AT . R B0 1R A A 41 ER 510 54
TAZIAE B 43 A A 76 SPOD AT AT — X 4 2
BV . W ] s g O O R A A CROM.
DL R, P % 7 ¥R AT DL A 43 B 3K 3% 3 5 ()
BRI BEBLAT Sy 00 B AR




174 [N I NI S 55 59 %

12 4
81012 ) 50 LD

P14 E B ARG B AL 2% SO B 1 B AR(ELTAT (V/U = 0. 07)

Fig. 14 TIsosurfaces of transverse velocity of cluster centroids for tandem elliptical cylinders (V/U,==0.07)

P15 A B IEE S0W Z0RE 45 7 e B 1) RS 4 (TR (V /U = =£0..03)

Fig. 15 Isosurfaces of transverse velocity of cluster centroids for tandem seal-vibrissa-shaped cylinders(V /U, = =£0. 03)

zkxb. xjtu. edu. cn



11 FEWKHE 55 1T R 510 5 50T R 308 U 3 43 A 1 R B A 2R Ty 12 175
R L6 HBL, BRo#A, BRI, S5, H3 30 BUIRIAE I 249 0 37 e

| e 5907 1], “URHIEL. 2021, 6G5): 62-66.

e T 3 IR A0 B I R R R[] A B R R A SHAO Shan, CHEN Shaosong, WEI Kai, et al. Charac-
i%fﬁ(ﬂfl 610" Bt H 51 5 549 B8 400 AL 4T 1 B2 55 05 1 4% teristic of the mean wake field of two tandem circular
W 315 H 8 RE L% £R 510 A66 [ K BT 0 2] BB o 9 3 cylinders [J]. Physics of Gases, 2021, 6(5): 62-66.
e ke G
g SR PR 5 Jy 5 AL R A - 387 U 5l A e BLAR vitulina) [JJ. Science, 2001, 293(5527): 102-104.
EREeT . [8] ZHU Jianyue, LU Yanhong, JIA Qing, et al. Investi-

(L) H3 81 [5 A: 0ER 500 A [50  J ls v 4 A7 A R T gation on the behavior of flow and aerodynamic noise
WERUF 250, B 5 L s . E R RS R kR generated around the tandem seal-vibrissa-shaped cyl-
iz . op AR BT B 108 o 7 56k R A 58 5 9 B0 W 20T AE &4 inder [J]. Physics of Fluids, 2023, 35(11): 117124,
P IR e TE A M 3 TR R BRI IE R, [9] KAISER E. NOACK B R, CORDIER L., et al. Cluster-
TIN5 & AN HL I 5 28 21 v 0 B A A R b T AN A AE based reduced-order modelling of a mixing layer [J].
W SR A, S AR b ), Journal of Fluid Mechanics, 2014, 754: 365-414.

(2) 38 3 8 A5 1iE TF 20 43 i AR T 25+ R 5 4 5 [10] OSTH J. KAISER E. KRAJNOVICS, et al. Cluster-
TR ) U S R 1 L e T S AR G v based reduced-order modelling of the flow in the wake
GEG LR — e TR [T T 6 59 8 R B of a high sp.eed train [J]. -Journal of Wind Engineering
4 ) . and Industrial Aerodynamics, 2015, 145: 327-338.
SR Ty AT AR T ) kS [11] WEI Zheng, YANG Zhigang, XIA Chao, et al. Clus-

(3BT RASTHT E’\]F%M*ﬁﬁgﬁ{f A2 2 R 4 ter-based reduced-order modelling of the wake stabili-
J54 +E An '% B 14 154 A 2 58 EP fé%ﬂjﬁ % MR 2?_]: *@ 5 zation mechanism behind a twisted cylinder [J]. Jour-
BB B T S A A A 3 R T B T A T 8] HR R O Ok nal of Wind Engineering and Industrial Aerodynamics,
(U] B, 4 FF A 22 1) 168 3t 9% A7 A6 5] AR 55 52 A8 19 2017, 171 288-303.

FH W, [12] ZHAO Yueying, YANG Zhigang, LI Qiliang, et al.

Analysis of the near-field and far-field sound pressure
52Tk, generated by high-speed trains pantograph system [J].
CUT KU, . e 5000 B g0 1 S (e, 0. Applied Acoustics, 2020, 169 107506.

BB 2000, 17(3) s 260-266. [13] SIEBER M. OLIVER PASCHEREIT C, OBERLE-

LIU Song. FU Song. Numerical simulation of flow ITHNER K. Spectral proper orthogonal decomposi-

past two eylinders in tandem arrangement [ 1. Chinese tion [J]. Journal of Fluid Mechanics, 2016, 792 798-

Journal of Computational Mechanics, 2000, 17 (3): 828.

260-266. [14] SIEBER M. OLIVER PASCHEREIT C, OBERLE-
[2] PAPAIOANNOU G V. YUE D K P, TRIANTAFYL- ITHNER K. Advanced identification of coherent

LOU M S, et al. Three-dimensionality effects in flow structures in swirl-stabilized combustors [J]. Journal

around two tandem cylinders [J]. Journal of Fluid Me- of Engineering for Gas Turbines and Power, 2017,

chanics, 2006, 558: 387-413. 139(2): 021503.

[3] KITAGAWA T, OHTA H. Numerical investigation [15] =6l , H, fgit R, %, KIEH 285 8 %t 5 5]

on flow around circular cylinders in tandem arrange- IR AR W BB (1], =8 W,

ment at a subcritical Reynolds number [J]. Journal of 2022, 40(2): 94-104.

Fluids and Structures, 2008, 24(5): 680-699. GUO Ting, XIA Chao, CHU Shijun, et al. Impact of
[4] CARMO B S, MENEGHINI J] R, SHERWIN S J. different bogie configurations on slipstream and un-

Secondary instabilities in the flow around two circular steady wake of a high-speed train [J]. Acta Aerody-
cylinders in tandem [J]. Journal of Fluid Mechanics, namica Sinica, 2022, 40(2) . 94-104.
2010, 644: 395-431. (16 FRmER . Ah2ni, REIE. & 510U A S8 0 0 B 25 4

[5] ALAM M M, ELHIMER M, WANG Longjun, et al.
Vortex shedding from tandem cylinders [J]. Experi-
ments in Fluids, 2018, 59(3): 60.

zkxb. xjtu. edu. cn

fE XA [J]. W RE Tolk K22, 2022, 54
(10): 49-57.
DU Xiaoqing, LIN Zhigiang, WU Gefei. Mode charac-




176 W % x W K ¥ ¥ ¥ 59 %
teristics and reconstruction of flow field around two 2015.

[17]

[18]

[19]

[20]

tandem circular cylinders [J]. Journal of Harbin Insti-
tute of Technology, 2022, 54(10): 49-57.

HANKE W, WITTE M, MIERSCH L, et al. Harbor
seal vibrissa morphology suppresses vortex-induced vi-
brations [ J]. Journal of Experimental Biology, 2010,
213(15): 2665-2672.

CHU Shijun, XIA Chao, WANG Hanfeng, et al.
Three-dimensional spectral proper orthogonal decom-
position analyses of the turbulent flow around a seal-vi-
brissa-shaped cylinder [J]. Physics of Fluids, 2021,
33(2): 025106.

ZHU Jianyue, HU Zhiwei, THOMPSON D J. Flow
behaviour and aeroacoustic characteristics of a simpli-
fied high-speed train bogie [J]. Proceedings of the In-
stitution of Mechanical Engineers: Part F  Journal of
Rail and Rapid Transit, 2016, 230(7) . 1642-1658.
ZHU Jianyue. Aerodynamic noise of high-speed train

bogies [D]. Southampton: University of Southampton,

[21]

[22]

[23]

[24]

[25]

zkxb. xjtu. edu. cn

SPALART P R, ALLMARAS S R. A one-equation
turbulence model for aerodynamic flows [ C]//30th
Aerospace Sciences Meeting and Exhibit. Reston,
VA, USA: ATAA, 1992. ATAA 1992-439.
SPALART P R, DECK S, SHUR M L, et al. A new
version of detached-eddy simulation, resistant to am-
biguous grid densities [J]. Theoretical and Computa-
tional Fluid Dynamics, 2006, 20(3): 181-195.
SPALART P R. Detached-eddy simulation [J]. Annu-
al Review of Fluid Mechanics, 2009, 41: 181-202.
ZHU Jianyue, YUAN Yongyi, HU Zhiwei, et al.
Flow-induced noise from a seal-vibrissa-shaped
cylinder [J]. Journal of Sound and Vibration, 2024,
570: 118135,

SCHMIDT O T, TOWNE A. RIGAS G. et al. Spec-
tral analysis of jet turbulence [J]. Journal of Fluid Me-
chanics, 2018, 855: 953-982.

(mi Kiio)




	未标题

