) 32 Z 3R Acta Phys. Sin. Vol. 69, No. 2 (2020) 024701

il TRl [E 4855 1 E H Kelvin-Helmholtz
2R B ) Bz 5 14

KAL

EAE KT

(EIBFRHE R, Sl R R AN ARE S, KV 410073)

(2019 4E 5 A 6 FULE]; 2019 4F 10 A 30 AU EIMEHH)

i 3 BUE SR f# Navier-Stokes J B2, BF5% T AWl T T 45 59 D) )2 th Kelvin-Helmbholtz (KH) % 2%
A P W) IO R 45 2R T AT St R 7R T KL 38 1 2 R T A 3. T U 0 T A BRI | SR T TR A DG A3 T 3R A
T I G5k (4 23 (8] RUF R 2 R £ 43 A0 . 38 ok 23 7 AS 5D SR 90% T iR 45 4 1 sl A R, 38R T AU T
AR 48 55 V)2 b KH 5 45 04 00 Ry e AL BLBE. B 5E 25 SRR T, AR A TR IR (f = 5 kHz) T KH 8 R e
X3k B AN G 2 BUBOTUIRAS, KH iR R EREE 12—14 mm Z[0; 5 8t 58 V)2 ik 45/ 8 53 B x4 9089
D5 2 IR A LA [ AEOMBE A S 8000 T 5 U0 J2 14 e Jre 2 i ek () 365 A2 0 A A 7 e KCHL A I 7 e 1) —
£ AR LN S5 A R ST AR AL Ak, XS RIIERN (f = 20 kHz) N BB YIZ BN, WS T I 45 H R A AT
W S TR A8 EOE R, R BI5) 40 A W 45 K 1 JUST S0 L 45 T X 3 S B 5 A R A S 2 L

KA "RAASTUIZE, AU, Kelvin-Helmholtz i, A K FeME

PACS: 47.27.ek, 47.20.Pc, 47.40.x, 47.15.St

1 5 =

AT AR Bt A A o I 2 S ILBEAR L b iy i
SRR S BOR B KR, R AR B V)2 i sh A 3] 1
Tz B S TE IR EE AW AT 5T 12, AR e I e 3
PUA FR AR 2 R A, 7 2 S R B D0 TR
B B[] RUBE SRy 22 R0 B G, A A e L B P Iy 552
Pz TR S8R A B H R o ) —
UIPS % NE N PO NN SR 5 % N
L SRR AT, HOG A g JE R A
FEE A BIDEAO, EA H ARG B WAL | £
S ARSI 33X H AP o T B S Sl BASNE IRe FH Y
VTR R 5 A B R S B AT 4 B VIR T 4
a7 A R BIDEARON  — A EE BRI L —F 51
AR HI L B 7 SR A A5 ] 46 59 VIR R 45 Y

DOI: 10.7498/aps.69.20190681

WA Y. FEREENE T, B YRR
AAEE £ 05, Hi% 519 Kelvin-Helmholtz (KH)
AFE WA B T g v AR R —— KH i
HERL, KH 5 & A1 2 55 U1 2 Se K rY
FEJ A b, BT YRR Z RET T4, S5 AT
faj 5 IR A Ko KH iS5 H i AH B %
A F A KRR A W2 R B R
Hria.

Brown Fll Roshkold F 1974 4F 15 I #E 84 ] )2
TR I KH ANRUE 5 T )P 454, Haxseshfy
FREWVEW e RS K sh ATl WEe
Ortwerth F1 Shinel 38 3 52 55 % AL Al FE 4 IR A
TEUIE T AR S RRE KH #U7 R4, 3
ST R BN P AF AR AT KH 458 134 K 32 5]
WAL SR T s A PR BT )2 Y 5
Papamoschou I Roshkol® JEF KR KH k%54

* ER ARRIERES (IHES: 11272351, 91441121) AR A FFEARMFEIRIE (JitdiS: CX2016B001) BB IR

t BIE1E#E. E-mail: jlanguotan@nudt.edu.cn
©2020 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

024701-1


http://doi.org/10.7498/aps.69.20190681
mailto:jianguotan@nudt.edu.cn
mailto:jianguotan@nudt.edu.cn
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 Z 3R Acta Phys. Sin. Vol. 69, No. 2 (2020) 024701

BEIRIEH T XS (convective Mach number,
Me) IS, X—Jom it 5k B B N Ab2e 3 T
Jr AT R 45 55 U )2 AeE Mo, TR 35 DL AR B
il 5 R A 2S5k

B xE 8 U1 )2 3 B s A5, R
Ho #1 Huang® 7EAR# 3T UIZ PR A THLh B J7
KA T KH iS5 ()38 1 2 55 812 ()38
KA, HbF 5 R AN T8 a] LASE
IR EE R 4R RS McLaughlin 55 10 76 7]
FEARSYUIZE b | AL KAEER), i i K AETE N
A A 7= A g A BE P 3y, SOk g R R R
B KH iRk, IImsEsl 7 n] =468 544 R 55 V12
s, (HIE 32 B 5L A A R BRI, AR5 R
JF A WL EN N TR0 i 5 RS 4 4544 DL &
KH im g5+ ) K 20 Guo 45 W L TR 324
WS 50, RIS :0E 98 1 Dk iinl & 7T
FE4a 8T 12 AL HLEE, A0 B T iAo B PR
J7is, X iR 254 0 2 8] RUST R A X6 3k
HIBASREEA T T BT, Freeman il Catrakis!'
SR A B AR 1 7 =00 B U1 J2 W8 45 4 i AL R
PEHEAT THIFSE, 25 R R I BEAG S 10 55 B R
W AT LAAT R e 2544 B A AR S I TR
EEHIT SR A, Yu 55 0 s R AL AT
YLzl T AT R 45 5 U1 J2 p 3R] LU R 2—3 £
SR Feng™ >R FH RIS M98 R W], A0A
TR 5 U)JZ A s S B el K, S
FITRIIG R AR

HHUGAT DL, AR [ N A3 6 B U2 T o
SIS DN B4 7 s = W S = | I | S = Nl o S S
i N TR R i KH U7 s 258 1) & .
FESFIAMER N TR T, IRES A MR 2 S B Bt
FEA R, TS e a7 1) A R e A 7 2. 4K
Tk 25 B 9% 5 22 A& 6 N TRl T v e 46 55 1)
2= KH iS58 HE 47 Rl A4k 43 A 120 A G 19 5
ST ANESH 23 (B RT, G50 Ff1 50 A S A = TR AT
5, SEMMEAR T AN T3 KH s Z5 1454 1 e
DR KALEE L S = A AIAIR. LAk, XL
Yu % 3R Feng!™ 58 v LU & B, 7EA 34U
S BY V)2 IR T, BTN RIBFO T 55 1)) ry 3
KRR 5 AR TS R,

BT, ASCOE SR A I R E B i =X
X AT R4 55 V)2 U I T8y, 38 i B K A
A JE 4% Navier-Stokes 772, {5 BT KH 4 &5

I3, 23 AR AL AT SIS T T B AR T 59
D2 B KH P 2S5 i i 23 i R, 45
A o3 A HEAT S8 EEWFSE. 8 ST AS IR URAR A
RS R SIS AL R, FEAT T KH W4
HALRHE M AT S B Z B E =R R, 78 T
AR B alR4R ST VIR KH 251 4 i AL LB
AR A AR

2 WHEFEfmEA
21 HEWHEAZE

A AR A% FT a4 Navier-Stokes 12
AT BN BRI, B RE bz 3, A
AR 1Y A FR I 25 (5 L, 456 AT AL A OGS
A FR T AR AR A AR I K R AR TR
) EAE BEEE TR s AR AT &, BA
FR R, o PR AR E YRR R, C A eI
AR S AT S B T — RGN H] 190 fR TR
W, 3% FLAOO A% XA A T AR TR 22 40 0T ] s 4
Navier-Stokes 77 #2, X Wk HEA 5 ks B A%
WENO (weighted essentially non-oscillatory) #%
= 17 3K i, WENO #% =X fig 4% 7 3¢ ilk ENO
(essentially non-oscillatory) #& =72k B & AR 2
R 28 T 22 1 Bk B 11 [ B PR R e 1) 15 M
FURE 2. ZEVETIR HT 6 ok FE rho 22 5048 U8
I TE) HE B2k FH = kS B2 BT TVD SRERE Y
Runge-Kutta J7 ¥, IR 8L (CFL) %4 0.1. AH
K Y B 3 J7 AT LAZ: WL BT

200 mm

2H

L > L =600 mm ‘l

1 HREERRER

Fig. 1. Schematic of computational model.
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Table 1.  Inflow parameters of numerical simulation.
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Table 2.

layer experiments conducted by Goebel and Dutton.

Inflow parameters of supersonic mixing
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Fig. 2. Comparison between numerical and experimental

results: (a) Mean velocity; (b) turbulent intensity.
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Fig. 3. Vorticity thickness variations versus stream wise

direction for different mesh distributions.
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Fig. 4. Distribution of input continuous signal.
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Fig. 5. Distribution of vortex structures of free shear layers.
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Fig. 6. Vortex structures distribution under inlet forcing
with high frequency (f = 20 kHz).
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Fig. 7. Pressure distribution between the vortex core in the
flow field.
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Fig. 8. Frequency spectrum distribution under inlet forcing
with high frequency (f = 20 kHz): (a) X/H = 1; (b) X/H = 4.
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Fig. 9. Vortex structures distribution under inlet forcing
with low frequency (f = 5 kHz).
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Fig. 10. Frequency spectrum distribution under inlet for-
cing with low frequency (f=5 kHz): (a) X/H=1; (b) X/H=4.
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Fig. 13. Spatial correlation distributions of free shear layers in different streamwise positions: (a) (1.5, 0.6); (b) (2.4, 0.6); (c) (3.5,

0.6); (d) (5.1, 0.6).
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Response characteristics of inflow-stimulated
Kelvin-Helmholtz vortex in compressible shear layer”

Zhang Dong-Dong  Tan Jian-Guo’ Yao Xiao

(Science and Technology on Scramgjet Laboratory, National University of Defense Technology, Changsha 410073, China)
( Received 6 May 2019; revised manuscript received 30 October 2019 )

Abstract

By numerically solving the Navier-Stokes equations, the response characteristics of inflow-stimulated
Kelvin-Helmholtz vortex in compressible shear layer arestudied. The mixing characteristics and the unique
growth mechanism of the vortex structure are clearly revealed. By employing the index of vorticity thickness,
the mixing properties are quantitatively analyzed. Based on the flow visualization results, the spatial size and
the structure angle of the flow coherent structure are investigated by utilizing spatial correlation analysis. The
evolution mechanism of the vortex structure in supersonic mixing layer induced by inlet forcing is revealed by
analyzing the dynamical performances of the flow structure under different frequency disturbances. The
numerical results show that with low forcing frequency at f = 5 kHz, the mixing efficiency is remarkably
increased in the near-field of the flow. Whereas, in the far-field downstream the flow, the size of the structure
reaches saturation state and the vortex passage frequency is locked, which causes the vorticity thickness to
stabilize from 12mm to 14mm. Meanwhile, in a free mixing layer, the pairing and merging process occur in the
flow field to promote the growth of the vortex structure, while in mixing layer with inlet forcing, the growth
mechanism is that the vortex core engulfs a string of vortices induced by Kelvin-Helmholtz instability. The
process of engulfment contributes much to the growth of the vortex structure. The analysis of spatial correlation
distribution shows that in the area where engulfment occurs, the contour line shows the property of long and
narrow ellipse instead of full ellipse and the structure in the area possesses the characteristics of intense rotation
and inclination. Besides, with high inlet forcing frequency at f= 20 kHz, the size of the vortices becomes full in
the near-field, and the vorticity thickness stabilizes between 3mm and 4 mm downstream the flow field.
Meanwhile, the size of the vortex in controlled supersonic mixing layer is dominated by the imposed high-
frequency forcing. An equation describing the quantitative relationship between the vortex characteristics and
the imposed forcing frequency is derived, that is, the size of the uniform distribution vortex is approximately

equal to the ratio of the value of convective velocity to inlet forcing frequency.

Keywords: compressible shear layer, inlet forcing, Kelvin-Helmholtz vortex, growth characteristics
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