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Table 1 Some quantificational comparisons between the two cylinders
( Cp ) t Clims Sr
tilted 0.865 0.214 0.157
non-tilted ¢} 1.568 0.255 0.190




1138 A ) b & T M %@

FEAR AR IR A 5 P R v 7 A7 AR A — L IR () T PR T Sh A4, A e /N A
JRyH B PR XA O T AR i o R T 4 ST n] s i s A5 A A R2 I, B 3 45 i T i AR A
JE ) PR IR AL (R R R B A 3K B, SEZR R 2 Mach %X Ma, S {HZk . LK KR Ma, >
1 HEERFOR Ma, < LATLAE T3 I REA 00 52 100 i 484 AT 37 22 9 P e 45 1 BA A8 ik
555, VD /N R R TR X 14 Jay S 7 e IX 25 T e 4 i sh 45 A T k.

B3 B AL i R A S A
Fig.3 Instantaneous flow patterns around the tilted cylinder
DA L REA B 8 2RO (R 2 7 3 3 v 4 T T 24 A s 45 ), 2 75 TR R AL 3l AR
WRAE T ALY fRPe L EEIR], AT LS B TAEIE 52 73 (POD) J5 12 %0 PR [BIAT: f) U s A5 285
FIXTEE 3 A T — A4 E R S & f(x,0) ,POD J5 ikl AR E — I IEAC R (%) (= 1,
2,3,-) U £ HERT n A PRECE RIS

Flxat) = flxn) + Z"laju)cbj(x). (4)

BB REC [ R NRIER SO S = 1), BB RI PR L2 2 0, (1) 1036
505 MBS B T AR KRG POD SMBFERAS N, = 500 A~ RobE M Bl A THRAE, ik 40
e 37.5D/U, G j MRS RE SR E, € SCH
E = (la(n)d,x) %), (5)

BCHL 5 m MBS A — A RE R XN B,/ 3 By S 1AV m A B 0 A LA
AUEAK Y, B/ B

Bl 4 251 1T RGBT POD MR [T, SLA R IEH, i 43R S ff, 30 146
LM = 1.5p, U BUE] 1.5p, U I PSE45 RA0T, W74 BEAS 10 B B 5 P 137 A Bl ik 4 B
12099 78% , T BIIA Ay 36 A5 R i R R 0 5 0 2 5 LI 4 oo DU o, B
R TS24 3 B X B R B, 50 5 1R R BRI 1O P J1353 POD 26507,
P OB AT B LA T LG9 5 0 R 5 PR RS 4, SR DA i
SO R B S

(R FT LA BEL SR ML 0 L T 1, A BRI T 9 LT
THE PR 5 P S5 58 3 912 /S B P AR I RVR g 0 U2 T AR FHRE (A 35 FE. 05 )
TR AN ST WO R Vi B A SCRIUR REIE 8, W09 b2 M AR Fm 0012
M AP S BRI 8, 197 LU

v, -0,

8,(x)= (0(ii(x,2))/9z2),,.

(6)



D Ak SHe RN (B A 185 75 3 S8 I A R M 1139

Hor, (a(x,2) ) R BT BT AT 400 ) B2, U, 1 T, 435300 5570 2 g S 0 R o)
r“rbm{ﬁ FE 59 Y2 00 16 A R B B, IS R A B BT D12 LT SRR M 34K . AR R A fr) 34
KR 0.25 , i ARHEIFE A B V12 38K Rk /N B 298 017, 33X -5 40 15 Ak A4 38 ot w4 ) 5.
PR AHE A i 55 V) J2 8 KR/ N F AR IR AR A | 3% 3R 2 i Ak 80 A 1 55 1) 2 b AR D A 15 4 11 85 1)
JEHARE N TR oA b il S BEA L

(a) BEZ51 (b) #2
(a) Mode 1 (b) Mode 2
4 JRIGEETFIA POD B
Fig.4 The first two POD modes of the pressure field

1.0

—— thettilted cylinder
08 the non-tilted cylinder (el
0.6

do, /dx=0.17
~0.25 02 04 0. 0.8 1.0
x/D
B 5 iR S, W UIEmMAE L B 6 IR [ 43t (14 R 45 (i T 1
Fig.5 Variation of vorticity thickness 8, Fig.6 Instantaneous isosurface of the spanwise
along the shear layer component of the baroclinic term

Prasad F1 Williamson" " ZEAF 5 AE (i Ak KL (4 AS W] i 28 30 st & B, i 2 s ol 1 s 2L 2%
AT AR 55 U2 R0 e i I S AR BV RSP A T IR S AR S AR S R TS A, I BRI S A8 AT LA
PRI BY )2 09 e A A 5 VD2 R0 46 & B B, A ARk (R4S 125 75 3 3 3 v i 55 D02 T i Y5 182
R PATIES S ARABRTE TR M A A0 & A T AR, 3 Je 15 B R 5 B (R 5 U1 )2 i 3
SRS RS S KA AL KL, A BT R ARHE AL BT )2 A4 3 s I VS .

R TR WM R EE BT U1 2 AL Sl R BB B | T B L A PR Bl 25 A A T R R AE T
iz R BRI 57 (Vp x Vp) J& T IR IR T 285 B U2 DX 04 % R B 7 [l R
BREE T WA AT, 5T V)2 X 25 0 B R B R R 3005341 AL Ik, ] AR FH AR 20 1% i [ 3 o
FE MM S BTE B V120006 R R B B A s, iRl 6 Bty a] LA S i Y | fh R AT 5 D)2
FH R R T R ) R IR O s, X 3R B I R AR S = R 2 BT U2 AR E AR T R R i sl b, Y
FHEAES £ 5 8 V12 AT E MR, 7 U0)2 th g sl 3l S g il A e, sY U1 2 R 4R 50



1140 A ) b & T M %@

AR A 2 2 S i e I A B D)2 LAl A I A 5 U A 5 10 T 2D A,

Zeman " YERFSE T FEAR B V)24t B VD)2 A4 g 5 59 DD )2 vh A I B 58
BALHIA N T O8I UIE A RE  sSepL ] i L 3 BE (4 iz 05 FE it AT T B U A
Ay R B BB IR RSl RE s 75 R T LS AN T eI

D(@i/2)  9(-pi, + 7/ Re) .

p = +pS,, — F,S./Re + 0(SGS) , (7)

Dt 0x; vy

Horbr, 0(SGS) JEH 75 R v Hh BRI 5~ RUBE I, 3000 Bl BB Hi iz 1Y 5Tk n] LA 20 07 1
(7) AT 1 TA AT I, 27 L R[] P i AR P 6 B o R AR ), 1208 term 15 265
2 T T 3 -FR TR I0T, 37 B I T P s g 308 3k e P 580 o B7 B i AR 20, 320 term2;
55 3 TR PERE BRI, 2R d RS PR S BN ShBEFEHICR , 1C0 term3 b P E HICR T i 1o 18 2578
el LU pn MK

. L 4 (0@, o1, -,

7;5;/Re =pw,@,/Re + ?/.Lskk/Re + Z,u[ax]axl - Skkj/Re. (8)
2 (8) ATl AR PRI O W, B R T 803 T 050 1 T3 i JLIR RE 5 LR Y S RE R 1R A8
R B 3 SC By T AE A 1) /N JOBE R 5 RS O MR AR IR 149 2 TR i ik 0,
SR B SRR TERETCR , B BP0 K AR RICR , IR0 A A 2 J3E THUE AL RIS A X B BE AR A
PEABRGEAE ™ e — TR i PR AR S0 R 5 DS RO Sh BE R PEFERLR , Zeid i (8] 72,
PIUE R 01 SE AL [IRAIHT, 7T LAE HURSHEFERICRIN term3 ~ 4@,/ Re .

P 7 g5 by 1 22 3k ik 1) R JR Ji) - 24 A 31 10 AR ) T Crerm1 ) P45 40 B T g -fiK TR 30
(term?2 ) FISP-42 40 P FPRE PEFE LTI Cterm3 ) W BT VN2 B9 730 A5, 0] LU 735 V12 B00 46 4 Jig
BB, ik B (19 Cterm 1) R Cerm2 ) L3295 GE, LR (ELR T3 O A8 B A, 3o 38 1 O A9 A 7 i
g N 3# BTU) 2 A TR A S RE R, IS TR T AP, BRI BTU))Z A R PR R AL AY
(term3) fEJL-FHRZA 0, RIS A i sl , iR PERES R i) 3 BE R I LT AT L

0.6 i

: - — - tilted, (terml)

N L tilted, (term2)
4L tilted, (term
E 04 ilted, (term3)
g - - non- tilted, (term1)
2 B - non- tilted, {term2)
5 O I
£ [
5 I
~  0p
£ 02
~0.4k : ' I I
0 0.2 0.4 0.6 0.8 10
x/D

B 7 shfeinsuin iy vz m oA

Fig.7 Distributions of the kinetic-energy transport terms along the shear layer
+ >\
3 45 e

AR LES J5 EBUEMTSE T R Mach $0CH 0.75  Reynolds R 2x10° A}~ 30°f¢)
Ak [ AE 1 7 T 28 07 1) AL ot 5 2 B A O A B A B 7 R S8 i %t U 20, 3045 T IR iy — Lk

458



ARk R B 257 S8 I 4 52 1141

1) ARk Ae L B Ay i e 153 A A I BELASOR, , S5 AR RATE AH L, BT 08/ N i s 459% , 3
Pt A A B D)2 A K

2) AR A B A — 2 B 4% 57 T 85CR , SR T AR A S B A AR B A 5 R i 3l
Pl T BRI

3) AR T RE S I8 T A 0] T 1 H0 A /NI A s DX Sy oS Pk DX 1 B
T 0 A AR R PR U Bl BB

4) AR RENS I3d 57012 B0 AR S RE TR , I i HE P A Sl i B TS 25 R TS
RS S A i AR B A 1) 5 D102 U Al AR R A 1 5 0102 SRR

3% 3k ( References)

(1]

(2]

(3]

(4]

[5]

(7]

[11]

[12]

[13]

[14]

Macha J M. Drag of circular cylinders a transonic Mach numbers[ J ]. Journal of Aircraft,
1977, 14(6) : 605-607.

Murthy V S, Rose W C. Detailed measurements on a circular cylinder in cross flow[ J]. AIAA
Journal, 1978, 16(6) : 549-550.

Rodriguez O. The circular cylinder in subsonic and transonic flow[ J|. AIAA Journal, 1984,
22(12): 1713-1718.

Xu CY, Chen L W, Lu X Y. Effect of Mach number on transonic flow past a circular cylinder
[J]. Chinese Science Bulletin, 2009, 54(11) . 1886-1893.

Xu CY, Chen L W, Lu X Y. Numerical simulation of shock wave and turbulence interaction o-
ver a circular cylinder[ J]. Modern Physics Letters B, 2009, 23(3) . 233-236.

VR, O, ENEE, PVERLL. B TG SRR R R AL P S SR AR T [ ] s
2012, 33(11): 1984-1992. (XU Chang-yue, ZHAO Li-qing, WANG Cong-lei, SUN Jian-hong.
Characteristics analysis of the transonic flow past a circular cylinder towards the critical Mach
number|[ J]. Acta Aeronautica et Astronautica Sinica, 2012, 33 (11) . 1984-1992. (in Chi-
nese) )

VREBL, NG, INVELL. [BAERS 75 S8 AR/ i AR LA E IR [ I ). =33l
22245, 2012, 30( 1) 22-27. (XU Chang-yue, WANG Cong-lei, SUN Jian-hong. Large eddy
simulation of shock-wave/turbulence interaction in the transonic flow over a circular cylinder
[J]. Acta Aerodynamica Sinica, 2012, 30(1) . 22-27.(in Chinese) )

Vlachos P P, Telionis D P. The effect of free surface on the vortex shedding from inclined cir-
cular cylinder[ J]. Journal of Fluid Engineering, 2008, 130(2) . 021103.

Hogan J D, Hall J W. Experimental study of pressure fluctuations from yawed circular cylin-
der[ J]. AIAA Journal, 2011, 49(11) . 2349-2356.

Meunier P. Stratified wake of a tilted cylinder—part 1. suppression of a von Karman vortex
street[ J |. Journal of Fluid Mechanics, 2012, 699. 174-197.

Moin P, Mahesh K. Direct numerical simulation: a tool in turbulence research[J]. Annual
Review of Fluid Mechanics, 1998, 30. 539-578.

Xu CY, Zhao L Q, Sun J H. Large-eddy simulation of the compressible flow past a tabbed cyl-
inder[ J]. Chinese Science Bulletin, 2012, 57(24) . 3203-3210.

Xu CY, Chen L W, Lu X Y. Large-eddy simulation of the compressible flow past a wavy cylin-
der[J]. Journal of Fluid Mechanics, 2010, 665 238-273.

Chen L W, Lu X Y, Xu C Y. Numerical investigation of the compressible flow past an aerofoil
[J]. Journal of Fluid Mechanics, 2010, 643 97-126.



1142

oW b W N &

[15]

[16]

[17]

Chen LW, LuXY, Xu CY. Large-eddy simulation of opposing-jet-perturbed supersonic flows
past a hemispherical nose[ J|. Modern Physics Letters B, 2010, 24(13) . 1287-1290.

Berkooz G, Holmes P, Lumley J L. The proper orthogonal decomposition in the analysis of
turbulent flows[ J]. Annual Review of Fluid Mechanics, 1993, 25. 539-575.

Prasad A, Williamson C H K. The instability of the shear layer separating from a bluff body
[J]. Journal of Fluid Mechanics, 1997, 333 375-402.

Zeman O. Dilatation dissipation:the concept and application in modeling compressible mixing
layers| J|. Physics of Fluids A, 1990, 2. 178-188.

Andreopoulos Y, Agui J H, Briassulis G. Shock wave-turbulence interactions| J |. Annual Re-

view of Fluid Mechanics, 2000, 32, 309-345.

Effects of Tilted Free-Stream on the Transonic
Flow Past a Circular Cylinder

XU Chang-yue, SUN Zhi, WANG Cong-lei
( College of Aerospace Engineering, Nanjing University of Aeronautics and Astronautics,
Nanging 210016, P.R.China)

Abstract: The transonic flow past a tilted cylinder at an angle of 60° was investigated numeri-
cally with the large eddy simulation technique. Based on the previous experimental results and
computational researches on transonic flow past the non-tilted cylinder, the free-stream Mach
number was chosen as 0.75 and Reynolds number as 2x10°. Compared with the transonic flow
past a corresponding non-tilted cylinder, effects of the tilted free-stream on the force and flow
characteristics of the tilted cylinder were analyzed. Because of flow control of the tilted free-
stream, the mean drag coefficient of the tilted cylinder is less than that of the non-tilted cylin-
der with a drag reduction up to 45% , while less suppression of the fluctuating force is obtained.
Fluid compressibility in the tilted cylinder flow is weakened due to elimination of shocks and
shocklets, however, no change occurs in the whole flow modes. Owing to the tilted free-
stream, the shear layer shed from the tilted cylinder is more stable, which leads to a higher
base-pressure distribution. Two main mechanisms are associated with the more stable shear lay-
er behind the tilted cylinder, i.e., the oblique vortex-shedding mode and faster kinetic-energy

damping in the initial stage of shear layer developement.

Key words: circular cylinder; tilted cylinder; compressible turbulence; large eddy simulation;
flow control
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