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Abstract: The flow control effect of Ramp-VG array (ramp vortex generator array, RVGA) on the supersonic mixing layer
was studied via the nano-tracer-based planar laser scattering( NPLS) technique at a convective Mach number of 0.17. By
comparing the NPLS images of the supersonic mixing layer without control and with RVGA control, it is found that the flow
velocity in the mixing layer increases by 5% ~ 15% under the control state, and the mean wavelength of K-H instability vor-
tices decreases by 5% ~30%, while the length of laminar flow increases by 12.8% at location y |, (the tip of the ramp).
The flow development process in the supersonic mixing layer was studied combined with the fractal theory. It is found that
the value of fractal dimension obviously changes with RVGA control, namely that the value increases at location y, ( the tip
of the RVGA’s notch) and decreases at location y | ,,. The experimental results prove that the RVGA can improve the energy
distribution in the supersonic mixing layer, which thereby achieves the goals of delaying transition, altering mixing intensity,
increasing flow velocity and decreasing anisotropy of vortices.
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Table 1  Parameters of supersonic mixing layer

Ma T,/K T./K a/(m-s') U/ (m-s') Ma,

2.6 303 128.8 227.5 591.5 0.17
3.6 303 84.4 184.1 662.8 0.17
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Fig. 6 Schematic diagram of the Ramp-VG array

A T3 M Ramp-VG, AJ LAFE R () I 2
BEHIOE, (AR A R BAE (X — ) AL i R
Verma 25" 4R, TR0 O BRI
FERIER), O T T, KOy BOmR Y & R
A 1T mm(h~8y); [FIEF, FAIH Ramp-VG £iiE
W2, R D BN, i Ramp-VG i b —1K, L
B TR LA TN NG TR 2.

2.3 NPLS &K

NPLS $iARSE— M i ah R HoR, Hiz.o
JE R AR FAE R, B R 2 PR
I EME L. 7 0 NPLS 2GR EKYS, R4 h
HAHL, R EHIS . ceD ML, Bkt B
YRR KA | R R OB Sk 2

YKL KA AR BE RS R T PR L 4 5 i S 1Y
YUK REFRL - [R]20 FEd  H TEAEL . BOE
L AORRL T AR AEGCR R TAERP, H
SRR E A 0.25 ns; WOEBIE A AUE Nd @ YAG ¥
Sers, UK 532 nm, PRPREFEEETE] 6 ns, FAK
MR RERL N 350 m); A SEEG H R ATRY CCD AHAIL

73 B 2 000%2 000, FEAER R K BE S5 N
4 096; S THOCHR L oLEs Sk A T4
T ELUOC AU 45 Ry S0 Pl o 18 R OGRS vp il
FH R e85k A2 50 mm, HREEEZ 1 mm. ©
ARSI LG R R, NPLS £ AR BEUS AR 4 b 75 20
RS UL RO . IR L IR i i i R
JERNR G Z SR AT sh A, S84 R A S h
Xof P R G R I A AR R B oK.

synchronizer beam articulated arm
Y R

nano-particle
selector

Q-swiched
Nd : YAG laser

laser sheet

NS
interline transfer
CCD

Bl7 NPLS RGURER
Fig. 7 Schematic diagram of the NPLS system

computer

[19]

3 ZRERSHMW

SEEG R ARBR R GE LU DA B b (8] B Al S
G Ea, SPAT TR ] H 5 ) Dy Xl AE D 1],
T TRtk Lok 2 fiE 7w, Y s mdEch 8
MhE. RVGA 5 Y Bh-FAT, Ze3ede hia) i b
X =—10 mm 4k, WA 8.

T,=303 K
Ma=3.6
P, =101.0 kPa

flow directi(*

Ma,=2.6
P,=19.2 kPa

B8 SEER AR B AR 2R E X

Fig. 8 Experiment condition and definition of the coordinate system

SCU TR R A JR R T A AR AT A
Ramp-VG 451, 75 1% 22 ol 4 1 1 fr) ] Pf WL 4R
HIREGERIR, HENRGRIERBUEAKFE, Wk
RAZIE SR B, a9 fros. ’ERSE N

190 mmx38 mm.

Ko RGIENH-HE0E EE
Fig. 9 Averaged schlieren photography of the mixing layer



52

HAEEE, A FET Ramp-VG MES B R G J2 0 S i S35 53

3.0 ZERSTEFERRESGENRIZLEN

P 10 RIS PR RIS IR A2
il NPLS FE&, RSHh 195 mmx32 mm, F45[E]
B S ps, EMRZSREISMHER N 0.106 mm/pixel, EGA
DA S I, 3 mm, 2 BB 33.6 mm. BEHRE
TE W S A It Sh 25 A VA R AR 254 A, 38 5 i o &
A MIRSENIE RS AS, = 2.63 mm, M3 A
HIIEShEE A 526 m/s. 7 HIR A2 B A Pz o)
MR, SOAE 5 ws IFIEIAIRE Y, R i 4
FRASTEARER i, FURBEAR b MR sh T — B

1, 12.7 mm
; i

33.6 mm W, TP

.

e,

5. AR Al AWLEE B AR B TS Y K-H ASERE i,
WEELHE N TR, PP A = 127 mm. f
J&, K-H AEE i k2 o) T U5 7% sl 0 Z i i, 1R
BIZIEEEARWHEIN, R RN E 4 A

e E AR A, TR RS, JCIE AR
HIRG R, DRI R A 1 58 5 X B A 9 8.
21 A BE B PR ZE AT ARG X, DA 7E 5236 i
SR OEITIRAMEYI L) S35, IR P A7 e —Le R
REFIBEES RIIR. TX LE AN AN S MR 0 T PR &
JZ R MG A A BT, FR .

K10 EHERTF A HR A2 NPLS KR

Fig. 10 NPLS image of the supersonic mixing layer without control

3.2 RVGA XBHEEESENRhEHIE

K11, 12 20 A RVGA 1l 1# m l IR 5 2
Wi NPLS MR, R RS 25 8] 43 HoR A i [a]
P4 5 10 AH .

BI11 2y, DEE T sl il 45 5. MR o 75
K-H RFERAPEEH IR A = 9.1 mm, J2HREBK
J 34.5 mm. PEHLE] AR B I S 04 T sh 25 R A R
FRAES5HY B, @& & B B RS ShIE B AS, =
2.77 mm, MIHE L B Msshi#E g R 554 m/s. 5
TERE T B A EIRS 2 Wi as A, nA
RVGA J& vy, (MR G ZZMB K ERINT 2.7%, If
HIRAE iR aHTEIEEs | ReF Rz sh s b #p
WELT B AR . B, AR R A A R IR
SR AIs S R T 5.3%; HIk, K-H Afae

9.1 mm
|

TASERTIERE, BAZAl rg R AR /N (i K-H AR
FGEIRIE YR/ T 28.3%), IRAZE M
[P 38 s 25 =, R )2 E U B R AR
Babinsky FES AT LISCAN T R v, PIMIAY Ramp-
VG L7 HE T — X ] 0 ST e T, R A e
EN B T Bl A A B R AR )2
(JaCHipR i 2 ), 5H PR ik Bk,
P TR ERE YRR, SR S 8RR S S8 L
PR IR R R R R TR, AT EORSE Y
gl [, SRR SRR G R
R A& e B NS, (B IR A R AR T (R I s 1Y
WS, JFH, XMEhE NSRS 1 ik A
A AR R T R R IR, A TG R A
FEiR, MR 25 W 36,

i il
o i3 B IR VAN L R
| 1

10 mm
Y mm,
g )

BT gzl y, Ab AR A E IR 2 NPLS KR

Fig. 11 NPLS image of the supersonic mixing layer at location ¥, with control



54 Sk

2022 4F 7 &

B 12 Ry, PEE sl Zs . A s
K-H ARSI R A = 12.1 mm, EHEBHK
J& 37.9 mm. 3EHRE AR B IR 0 Sh 25 FAE A R
fESERY ¢, @R A B C A SR A AS, =
2.99 mm, MIMTEH C Bz E N 598 m/s. 5
THERE T A HIRGZ WSS, A
RVGA )5 v, ARG 2 W2 B B N T 12.8%,
ISR ER T T 13.7%. [FRFE, v, 4009 K-H R
RO IRPERTRLRE, a5 H I RS P/ (e K-H
AR IR KN T4.7%) , IRETERI4 1 [F]
PRSI, REZIEE IR, A
¥, Y12 GONER| Ramp-VG A2 AH 30 B2 Ak sh iR

WA, SAdmRT &S ERET S BIE, (il
RIZEER TR AR5, L BIRMFKT L Ramp-
VG JG% (A5 F—A> 90°F B J5 15 B ) S B 28] B Al
KA, BCABEARZ; B, R AE—Xm
B S ) e A i, A A5 00 SR J2 PR P AR A A I e I
M REmI Y S, SRR G )R s, FEURG
ZIEFEH SR, 5y, A, v, AR S HE
TSR BIRACE T &, Fatkil 52 r Re e 2 ek
5, [REZ )2 B K BT B — 2P e, R
(3 BIEE BE TR, K-H ASRSURE R 14 5 AR S o i i
IFH, XA ARV B T IR R A A R Tl
FIZMERE.

B 12 JtEndEslet y, A R A HIR A E NPLS B

Fig. 12 NPLS image of the supersonic mixing layer at location y, ,with control

AT, AR W R AR L SR B RE R A
ot — R FUCEIR G RN, A F T 9 o
SRR | Ul NI AR A 1 S | R R O Sl T R A A
IRFARSE H Y.

3.3 RS

SPIE G 5 i i 45 A AT &9 2
FEWAE 2 @ A R 48 (fractal dimension )
A 7 Tt AR 0 A BRI R P TR 5 22 v [ i
AR R AL, LA R I RUEE s 45 R /N RUBE 16
g5k, AHRARERRE; HIHBEAOR 5 iR e 2 A
AR, SR TE eI ST I LRI 2 22 —.

SHICAER I O R G I 2w
EMCEE TS Kb, e TR AR

AR PR FETTE, RO R o AR A, AL B
it L 8 Rk 2 — 2 H R AUy
lnNs(Si)
d, == lim

«0  lne

Kb, S, FRE i MBS, N(S) &S
AT A GHIE T E PR (R 2R) B H, & ZRA%HY
TERE.

&1 13 J& FH Canny 37125 K6 0 55438 442 3] 0% 1 75
BURAZ M, A TSR s i i At 72, A
x =18 mm JFURB KR Y50 12 B, BERK N
15 mm, &R BRI 4L, RS R mE
14 fli7s.

16 -
L 512 R S ta DYE "'ﬁﬂ@m’?
£ = R AN TS
L == 3 = A (’@‘\\75 g)éh e i \3}) N
£ b e A D IR S
16 i i
3 18 33 48 63 78 93 108 123 138 153 168 183 198

x/ mm

(a) Without control



%5210 HFEgE, A BT Ramp-VG MRS S SR G J2 T sh 5 I L i o 55
16
g - D N B ST Y
E o0 L s B RN DN Xm@%@ \Q»%‘%%@@k{
= | ) N A
—16 | 1 1 1 1 1 1 | 1 1 1
3 18 33 48 63 78 93 108 123 138 153 168 183 198
X/ mm
(b) With control, at location y,
16
= i K 0 Sla e\ S ﬁ@\'i %
E ot 4\@%§m@@@%%%w%@§w
S - : .
—16 1 1 1 1 1 | 1 1 | 1 |
3 18 33 48 63 78 93 108 123 138 153 168 183 198
X/ mm
(¢) With control, at location y, ,,
13 A RS 2 G R Koy X
Fig. 13 Edge detection image and partition of the supersonic mixing layer

——without control

21.69

- -+ --with control, at y,
1.65 ....s...with control, at Vin

—
n
W

fractal dimension

1.50F

1.45 1 1 1 1 1 1 1 1 1 1 1
18 33 48 63 78 93 108123 138 153 168 183 198

x/ mm
14 W R AR 4E RO

Fig. 14  Distribution of the fractal dimension along the stream

o, WTLEH, EEIET, SR d
HETERR T BT, IR ETE—ME 4, Mk
THEARASHT d, =1.58, A RVGA #&HilJ5 y, &b d, =
1.62, y,, &b d, = 1.55. LR AR fb#a % 5 NPLS
EUR BRI G R & I R —2, IRG 2B
ZHEWYI IR, NEWRE, SO IE 480
K, MERERE N Tifzsh, R 54 7F
SEARGERR, WEREERmM, KIBE /N
W, TRGZB MR IR RARAS, T sl 15 4E 4L
TREFTE 1.6 A4

HWR, SIAFER SR A R 8738 4E 808 K iR e
RRBUE. y, - IE 4ERIR B I, ¥, KB 5E
AEEIRAE I/ X AR UL, RVGA Al 7
MU Ty AEF Kb 1 P SRS J2 1 i T 2 Jre R
B, yo AR I R SRAR B T INGR, y,, AL R UARE] T

4 ZEig

ASCHIRAFSE T RVGA (BRI XH#R 75 IR &
Z RS RIE A, 3T NPLS HoARIHE T sl
FEHPRAS T IR G 2 B4, i i 45 i sh ik
STREENEREKE, Zahdl i | el R
FIERS, UUKAIESHT, f4H T RVGA Xt IR
HEMEEHIALEE: 8 B R k) Rl
e Imxt, SRR AR 1 A2 A A R iR B
R, REkmich fZraes, JEm RS 20 6e
WO LA, RBIHER AR | SR IR
P v i 2 R RN i S5 A A ) RS H Y,
2 S WA | b o3 W R W b e 233 IV L e e
PO SCHE. AR SO S A T, IRA 2 8
R T 5% ~15%, v, MW EREKERMT
12.8%, K-H AN F w3 KT
5% ~30%.

B B A A A A 4 (11832018,
12102463 ), # & 4 8 R A ¥ A &
(2021]J40652) . B By F3 K 5 #8531+ %) 3 B
(ZR21-19) R BB HAEA KR FERAFFR
HEAAERAEARLRB T

2 2% X HK ( References)

[1] Yanta W], Spring W C III, Lafferty J F, et al. Near-and
far field measurements of aero-optical effects due to prop-
agation through hypersonic flows[ R]. ATAA 2000-2357,
2000.



56

AR

2022 4F 7 &

[2]

[5]

L6]

[9]

[10]

[11]

A

AR, BUUR. RGO RO L] =8
Ji2EsdR, 2019, 37(2): 186-192.

Shi K T, Ma H D. Progress in computaional aero-optics
[J]. Acta Aerodynamica Sinica, 2019, 37(2): 186-192
(in Chinese).

Yi S H, Tian L F, Zhao Y X, et al. Aero-optical aberra-
tion measuring method based on NPLS and its applica-
tion[ J]. Chinese Science Bulletin, 2010, 55(31): 3545-
3549.

G, BOYR. mE S iSOt ROV TS 5
R[] BRI EEAR, 2003, 31(3): 13-18, 36.
Han Z P, Yin X L. Overview of study methods for aero-
optic effect of hypersonic missiles[ J]. Modern Defence
Technology, 2003, 31(3): 13-18, 36(in Chinese).
TR, B LA Ok B S O W St
JELJ]. AARYrEE, 2020, 5(3): 1-29.

Ding H L, Yi S H. Research advance in aero-optical
effect of high-speed optical dome[J]. Physics of Gases,
2020, 5(3): 1-29(in Chinese).

Ding H L, Yi S H, Zhao X H, et al. Experimental inves-
tigation on aero-optical mitigation of hypersonic optical
dome using microvortex generators[ J|. AIAA Journal,
2019, 57(6): 2653-2658.

Spencer A, Moore W. Design trade-offs for homing
missiles[ R]. ATAA 92-2755, 1992.

Wang L, Luo Z B, Xia Z X, et al. Review of actuators
for high speed active flow control[ J]. Science China
Technological Sciences, 2012, 55(8): 2225-2240.
Schreyer A M, Sahoo D, Williams O J, et al. Influence of
a microramp array on a hypersonic shock-wave/turbulent
boundary-layer interaction[ J]. ATAA Journal, 2021, 59
(5): 1924-1939.

PAIERE, TEOITE, BEHT, S5, T RO i A A A
AR R R B S AT 5T [T ). HEEER, 2016, 37
(5): 801-806.

Zhao Y H, Liang J H, Zhao Y X, et al. Research on
passive control of jet in supersonic crossflow based on mi-
cro-vortex generator[ J|. Journal of Propulsion Technolo-
gy, 2016, 37(5): 801-806(in Chinese).

Verma S B, Chidambaranathan M. Transition control of
Mach to regular reflection induced interaction using an ar-
ray of micro ramp vane-type vortex generators[ J].
Physics of Fluids, 2015, 27(10): 107102.

Schubauer G B, Spangenberg W G. Forced mixing in
boundary layers[ J]. Journal of Fluid Mechanics, 1960,
8(1): 10-32.

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

Lin J C, Howarda F G, Bushnell D M, et al. Investigation
of several passive and active methods for turbulent flow
separation control[ R]. ATAA 90-1598, 1990.

Anderson B H, Tinapple J, Surber L. Optimal control of
shock wave turbulent boundary layer interactions using
micro-array actuation| R]. ATAA 2006-3197, 2006.
Blinde P I, Humble R A, van Oudheusden B W, et al.
Effects of micro-ramps on a shock wave/turbulent boun-
dary layer interaction[ J]. Shock Waves, 2009, 19(6):
507-520.

Ford C P, Babinsky H. Micro-ramp control for oblique
shock wave/boundarylayer interactions[ R]. ATAA 2007-
4115, 2007.

Babinsky H, Li Y, Ford C W. Microramp control of su-
personic  oblique shock-wave/boundary-layer interac-
tions[ J]. AIAA Journal, 2009, 47(3): 668-675.
REH. MR HEIRS RN E MM EmAFR[D]. K
U EFIRAROR K, 2008,

Zhao Y X. Experimental investigation of spatiotemporal
structures of supersonic mixing layer[ D]. Changsha: Na-
tional University of Defense, 2008(in Chinese).

Prasad R R, Sreenivasan K R. Scalar interfaces in digital
images of turbulent flows[]J]. Experiments in Fluids,
1989, 7(4): 259-264.

Sreenivasan K R. Fractals and multifractals in fluid
turbulence[ J]. Annual Review of Fluid Mechanics,
1991, 23(1): 539-604.

BEH, G, B, & OBE R RIR G 2%
BB HEERE[T]. hERE G YR
R, 2008, 38(5): 562-571.

Zhao Y X, Yi S H, Tian L F, et al. Fractal dimension of
experimental images of supersonic turbulent mixing layer
[J]. Science in China (Series G), Physics, Mechanics
and Astronomy, 2008, 38(5): 562-571(in Chinese).
PECHE. i B AR AR [J]. S eE R, 2000, 30
(4): 581-596.

Huang Z L. Fractal nature in turbulence[ J]. Advances in
Mechanics, 2000, 30(4): 581-596(in Chinese).
JRAA, A, 20, A R T =MBURR AR
R LU 7 K AN A5 A B IR RR R (D], W B R,
2017, 66(10): 104702.

Zhang D D, Tan J G, Li H, et al. Fine flow structure
and mixing characteristic in supersonic flow induced by a
lobed mixer[ J]. Acta Physica Sinica, 2017, 66(10):
104702 (in Chinese).



