) 32 2 3R Acta Phys. Sin. Vol. 69, No. 3 (2020) 034701

REBEHTHE=Z(ETPRERSE
MR

(PEBRABEI2ERIE, tERABE RS RGO EE AR E, JEat 100190)
(2019 4F 7 H 1 HW#; 2019 4F 10 A 21 HUWEIER)

AR B RG4S A AR 2 N A — R A5 R BERSE U Y e i 2l S o 22 M R AA ) 2 TR AR
Z—. RS i E UL, B X BT A MRS M R T R AR SRR, IR R = R, B R A
R A5 T B A REAE . 38 5T 2 P S B AR A AR A EAE RN 32 B LTI 3l B RE AR, SRR T
NIz T R AT S A X IR R X S AR A, 455 BSR4 IR, o — AP JEGE 1O A
AT ) X P IS B AR 4 A 2 T A B OGBS LR AR R AR A /NI S ARk 0 A R AR Y K T TR
g HURE () T 0 30 A A TR, i JLART HIE 3l DU AR 9 410 3 o7 B, 07 AR B R I B nT DL 40 3 L U s i A & L A
T AT LA A B AR 23 g 3 v ) 2% o R0 A 0 L 3 B, M I A5 A R A R A, S B B — B,

R AR U T B T A R RE A S AL ML Y TR

PACS: 47.32.C-

1 5 =

BUARZER 2 B T4 R TARRL Y, ARk
R IR TR B S A S | SRR
PIAASE AR 4. FER G IR dL R R )~ i 22 i )
2z —. — DB T: e R Sed 45
ZJa, W R S A i PN B R i
JE, BB YIE; ey UlE P g T B —E
Je R AR A L B D) R v B e L SR
BB, XFEEHE A — SRR B A BT s
oo 52 7S A A S A U TP P T A R 45 g [ R
AT, o) kAR IR, R iRl ; HR™
I S B R A IR, NI T T A4
HIBERES R i R i 8l 12, S JL-4Rk, A
FH IR T RE RIS U0 SR I A AL R ) B
BRAHAL  EEB AR NZE /AR RS E oA

DOI: 10.7498/aps.69.20191011

BT DG A A AR 1 R A 3 51 S 441
PEATBARA . AR 4 T ST 10, S A 50—
150 Z [, [RIAESE 00 I B iR 26y — 4k, B
o 1T B Rl U A AE S 1) i (LA R iR w,),
FEE Rl th i 2 B v s, B T T IS
WEEUE T 150—190 B, i sk A =452 Rl i
PRIX. MR IR IR AR TR A R, Rl s It
T R H AR AN N SE AT AR AL, 43 SR R 79
SRR MRS A I B. R E RS 4
B, B — D ARREMERES A MBI AR ESCK
ATE 190, T AFRE R IR A0 4 IR AR,
M4 TR BUE 230260 X2 )5, 8 A AFEENE
S B B, RS R B T A P —
YGRS A (A IR w, ), BIZNRUEE =4
PE. BR T IR PR EAT R = AERRAE A9 i I P 1S
ZAb, AFAE— PR | AR LR B B3R Y 2
TR Ik Bl S A B G 2 R KRR BRI i

o rf E BRGSO SE T TR (S XDB22030101) ¥ B AL

t BIE1EE. E-mail: lmbirthday@163.com
©2020 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

034701-1


http://doi.org/10.7498/aps.69.20191011
mailto:llmbirthday@163.com
mailto:llmbirthday@163.com
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 69, No. 3 (2020) 034701

5.

BT _Lah =4k H ARG ARG AR v s B = 4 R
TN, A AT LA A 5 LA UG sl w5 85
B = AR AR 030 SR Sl A R e T T A F
FE 110 Rk b, A —SERFSY 202 KB
HA = HERAE IR D T5 S Hh BAE Rl v, Han2s
IR A M BB, DS LT & 3k
WHREZS . U4 2s il oy A i s v, (A AT
BRI, METEECN 100 B a8 Ml
R A, JRA SR T 0 R T IR I A T 8 7 Ml
R ) AR SR B T AR T, L 2 B R T TR
SE45Z BN

SR, R LR, JLPH RO
[ i B IAE 1) TR F 7 — 2 R 30 o — A TR I YA AR S P
B Ve, HEnBE = A Hp gt g 308 7 A 1 g B AR
VEIBETE, DAL R 1T 0% 52 2040 i
L.

R AR 2 (L S, T R o Ry R K ) i
[ W e SR 7/ N R S 1B N b
] I T w, AR IR i w, A1, I AFTE S b — N iR
gy, BRIE MR w, . AREEHZIR A e R T TR
7552 BN 0 P O PEARAIE ST 24, K PR 1 3R 40
I w, 15 A SCHEVE . T AE T A A2
TR e i ad A b BRI B A v R RE R B
(]I 43w, X FESTE I ) A B AR R AR
ZLAEH 9,

Wk— b, S AT LSS AR
WA RS TG 3 R 20 RELT — /A
IS IR R 3 MR 2 AP e 2
A S &, BIZFS A i B 0, XA 23|
JUMTHE BN 5 iR A5 AR ) T UEBH P71, [R]R, X
L5 TV AR R A 114 2 D R 0 2 A Ao e v 1) T S T8
RIERIA (B A A1 B) #EATiREr, AR & B
X —FRIR A5 28, i T R B iR A S A
T A 9 — BT IR sl 1A F 98 N 2, TR
DI v B = B 22 B A SIS B )

ARG EHEEUEAL, IFL2EA T 2 AR5
AR SE A, Toie e BRI 252 2 T L 3
R, AR = g Rl b = AR Z R E R,
Jr BT 2 A I A B AR SE I = 4 R 3 I
508 JF AR B h S uE I 55
TN 45 Fh Bl A 48 1) F = 248 R 30 v IR TR 45 i 22 1)
MIIREOC R JTFRIZAT 5 HE I HAT (1 4 2900 L.

2 ERA

2.1 $SEEJLASHARSE

R T L i R 4 45 S Bl AR = 4k R 3
B MR AT 5 R, T, Y BRI ZE R 4y
RS, GnE 1 R, — 2RI AR AR,
REAE A AR AR Sl 1) AS )07 Ak A A T V1 o
PRA IR ZARFEARNAS | i AR R AR R L.
— R EaR EAR R Y Z B LR B 5 A AR
ARAFACAYREIAR, HARAR B sl R AR 17 &
A P R AR T VR A Al [ i AR Ak, SR A AR
AP L, e 2 A Ak,

SR, TT LA =4k B30 1) £ Bk 4B >4 mir i A
YR EEAL A . i IAR Y B RS B
A G ZHELEARAE T A AR ] T, R
) = ARt 2R T R A KA F AR
BT R B =R AR S . X LT 5
FEAR, B TS5 A B 2T = 4ERRE, R e e
VLAY Bk — T EA = 4R SRR Y Rl RE i
S5 THL R BRFIR, FEUF A B AR
) kR R (TERRAY BT ED) S B = 4ERAE.

FEFEAS ) EAE AR — 2 X o 2 . f G 1
TEARIEAT TSR, X ARG AR TR 53 312 [RDE R
Dy TR, X5 R A BT AR S S an 1 1(a) ATEL 1(b)
JIT 7 ) B IR AN

AU SRR AR 5 =FF O, 1) U
e TV A AR ) e 2B AR AL AR ARG 2 TSR
JEE L eAb, ST RIE B N AR A AR
[i] 43 ) S VS U T A < A JE AR Ak Xof g A R A4 3 A
ZE AT R BHER:, A3l 1(c) A 1(d) BF
7. 2) RE AR A A R & AR AR Ak, UYL
SR S M2 AR 1L, e, AT A T E
TR A AR Z A BOPAT, R/NANAS, T A ARl
RIS IIE AL AR R 2 4 il oy A,
Kl 1(e) Frzs. 3) AR 8 v 6 A Al ) 4 2E
A4k, FLAERSIZE 2 th AR ML, BUR, X FhZHe
T E 2R AR EFA R RS E IRt LT 4t 3h 4
FATE XA AT R ZEAE) 5 T 56 =P 7R o 30 A 9
TAEH.

FER b, 3 28 285 44 1) TUART S 80t A5 e DXl
mE 1 s, Hd, B R BN R E AR (R
1) B K (5 #m ) D AR [ KR RUBE X i L]
Peohkbtk, BT ERBA LS E4N, d8n T —

034701-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y 1B ¥ R Acta Phys. Sin.

Vol. 69, No. 3 (2020) 034701

(a)

1 U2 TB A B S BR AL (a) BT A 1 04T ; (b) 77 2 #0049 B 7 AL (o) B AU Y 3B AL (d) RE 8

THT B B HEAE 5 () J7 10 0w A 22 75 il D5

Fig. 1. Schematics of a flow past a bluff body with different geometry: (a) The straight cylinder with circular cross-section; (b) the

straight cylinder with square cross-section; (c) the harmonic cylinder with circular cross-section; (d) the conic cylinder with circular

cross-section; (e) the wholly wavy cylinder with square cross-section.
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Table 1.  Summary of computational domain and
the nearest-wall grid used in a flow past a bluff body
with different geometry.
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Fig. 2. At Re = 200, iso-surfaces of w in the wake of a straight circular cylinder, and contours of w on cylinder surfaces, where red
and blue colors denote positive and negative values, respectively: (a) Iso-surfaces of wz = £0.4; (b) iso-surfaces of wy = +0.2;
(c) iso-surfaces of w, = £0.8; (d) contours of wz; (e) contours of wy; (f) contours of w. Note that the cylinder is denoted by the

grey translucent surface in iso-surfaces and the flow is from left to right.
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Fig. 3. At Re = 300, iso-surfaces of w in the wake of a straight circular cylinder, and contours of w on cylinder surfaces, where red
and blue colors denote positive and negative values, respectively, and green color in contours denotes |wz| or |wy| less than 0.001:
(a) Iso-surfaces of wy = £0.2; (b) iso-surfaces of wy = £0.2; (c) iso-surfaces of w, = £1; (d) contours of wz; () contours of wy;
(f) contours of w,. Note that the cylinder is denoted by the grey translucent surface in iso-surfaces and the flow is from left to

right.
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Fig. 4. In the wake of a square cylinder at Re = 180: (a) Iso-surfaces of w, = +0.8 (yellow/green) and w, = 1 (red/blue), where
the background is colorful contours of w, at z =0; (b) colorful contours of w, at z = A/4; (c) colorful contours of wy at
z=M/4.In Fig. 4, red and blue colors, as well as solid and dashed lines in contours of w,, denote positive and negative values, re-

spectively.
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Fig. 5. In the wake of a square cylinder at Re = 250: (a) Iso-surfaces of w; = +0.8 (yellow/green) and w, = %1 (red/blue), where
the background is colorful contours of w, at z=0; (b) colorful contours of w; at z = A/4; (c) colorful contours of w, at
z=MA/4.In Fig. 5, red and blue colors, as well as solid and dashed lines in contours of w, denote positive and negative values, re-

spectively.
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Fig. 6. At Re = 100, W/XA = 0.1 and X =8, iso-surfaces of three components of vorticity in the wake of a harmonic cylinder:
(a) wz; (b) wy; (c) ws. In Fig. 6, red and blue colors denote positive and negative values, respectively, and the background is the

colorful contour of w, at 2z =0.
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Fig. 7. At Re = 100, W /A =0.1 and X\ =4, iso-surfaces of three components of vorticity in the wake of a harmonic cylinder:
(a) wz; (b) wy; (c) ws. In Fig. 7, red and blue colors denote positive and negative values, respectively, and the background is the

colorful contour of w, at 2z =0.
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Kl 8  Re=100, W/XA=0.1H X\ =8 W EIHEH: b =4 53 5 S5 18 181 (R P 40 6 Rl 43 S o IEE R, 2 =0
b w, MEELRAE) (a) we; (b) wy; (¢) ws
Fig. 8. At Re = 100, W /XA = 0.1 and X\ = 8, iso-surfaces of three components of vorticity in the wake of a conic cylinder: (a) wg;

(b) wy; (¢) wz.In Fig. 8, red and blue colors denote positive and negative values, respectively, and the background is the colorful

contour of w, at 2z =0.
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x
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b w, FFEELREARE)  (a) we; (b) wy; (¢) ws

Fig. 9. At Re = 100, W /A =0.2 and A =4, iso-surfaces of three components of vorticity in the wake of a harmonic cylinder:

(a) wa; (b) wy; (€) w. In Fig. 9, red and blue colors denote positive and negative values, respectively, and the background is the

colorful contour of w, at 2z =0.
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Fig. 10. Typical distributions of surface vorticity on the

wholly wavy cylinder with a square cross-section (Re = 100,
A=5.6 and W/XA=0.025): (a) wa; (b) wy; (¢) ws.
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Fig. 11. At Re = 100, A = 5.6 and W /X = 0.025, iso-sur-
faces of w in the wake of the wholly wavy cylinder with a
square corss-section: (a) w, = +1 (red/blue); (b) wz =
+0.25 (yellow/green) and wy, = £0.5 (red/blue).
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Fig. 12. At Re = 100, A =5.6 and W /X = 0.167, iso-sur-
faces of w in the wake of the wholly wavy cylinder with a
square corss-section: (a) w, = %1 (red/blue) and w, = £0.25
(yellow/green); (b) wy = £0.25 (yellow/green) and wy =
+0.5 (red/blue).
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Vorticity sign law in three-dimensional wake of
bluff body at low Reynolds number”
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Abstract

Bluff bodies possess many engineering applications. The flow past a bluff body is a classical issue in fluid
mechanics. In most of previous studies, the role of streamwise vorticity is mainly stressed in three-dimensional
wake flow, such as in the physical origin of streamwise vortices in the mode A, and the complete suppression of
alternatively shedding Karman vortices under the effect of geometric disturbances introduced in the bluff body.
However, through the careful investigation of two examples above, the vertical vorticity actually plays a key
role. Furthermore, there is a physical phenomenon, special relationship among dominant vorticity components
with specific signs or vorticity sign law, occurring in the wake of a bluff body with geometric disturbances. In
the present paper, through direct numerical simulations at low Reynolds numbers, such a phenomenon is
summarized in two kinds of cylinders, i.e. basic straight cylinder and geometrically disturbed cylinder. Two
typical cross-sections are examined, including the circular and square sections. Three sub-regimes (front
surfaces, shear layers and wake) are mainly investigated. The numerical results show that two generalized
vorticity sign laws exist in the wake of a bluff body. For example, the first sign law shows that the sign of
streamwise vorticity is always the same as that of vertical vorticity in the upper shear layer, but opposite in the
lower shear layer. The second sign law shows that the sign combination of three components of vorticity is
always negative in the shear layers and wake. As for the physical mechanism of sign laws appearing in the
present two kinds of cylinders, the main difference between the small perturbance which induces the natural
three-dimensional instability and the geometric disturbance leads to the evolution of generated surface vorticity
under the effect of inertial forces. These generalized sign laws have been already verified theoretically in the
previous work recently. Moreover, sign laws also indicate that the different vortex-shedding patterns in the
wake of different bluff bodies are inherently identical from the point of vorticity sign. Considering the physical
fact that the wall is the only source of new vorticity in the present vortex dynamics, the theoretical results also
indicate that the II-type vortex with specific groups of vorticity components is a basic vortex pattern generated

on the walls, once the three-dimensional wake first appears in the wake at low Reynolds number.
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