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Abstract: Transonic flows have presented an enduring challenge to experimental research due
to their intricate and unsteady flow characteristics. This study investigated the megahertz-
frequency Particle Image Velocimetry (MHz-PIV) technique to enhance the resolution of small
time-scale flows under the transonic flow conditions. During the measurement, five high-speed
cameras alternately and quickly captured images of the same measurement area, and thus
obtained wultra-high time resolution particle image data. By employing image processing
techniques, optical distortion correction and identification of the common area were achieved.
The application of the ensemble correlation algorithm, coupled with spectral analysis of the
compressible turbulent flow field based on the velocity field, contributed to a comprehensive
analysis. The experiment validated the high-frequency sampling capability of MHz-PIV, which

significantly reduces the technology’s dependence on camera performance. This approach offers a
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refined measurement technique with high spatiotemporal resolution for transonic experiments.

Keywords: transonic; particle image velocimetry; spatiotemporal resolution; image processing;

turbulent power spectrum
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Fig. 1 Jet nozzle and tracer particle injection system
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corrected image

Bl i 5 FNSVAL S FrIEER /BR W IER /%
1 1.4910 0.2349 84.25
2 1.6778 0.2204 86.86
3 2.4933 0.2448 90.18
4 0.7828 0.1360 82.63
5 0.3247 0.0545 83.21

£ 5 5K AR E BRI A2 (1 4 1 2R B i
if 80%. FLIRAEA Rl ARAE L 1) R h S R B R4
I IEROCR, 7870 900 1 e (0 10 8 e 1 A P 1
132 AHEKEIRA

£ 2 MHLF I PIV RS0, d T & ML 2L
AL A K25, A SR B X A A R
T B A ML AR B RE 7 B 5O R AN (7] ) 5K B X
o N SEELZ AR ML (UL RS 5 A0 5 0 M, 7 B R
AN [ P 45 1 2 SR AL 37 X3, 9 3 i X3 AR
Hdls BEAT g8 — ROEAR e, LUARAIE [F] — 52 B i 31 [X 35K
FE A [FARBL SR AT ) K P 45 e 0 L il PR B — B

3R A 1.3.1 719 v 58 SCH A b 2008 AR BE 4T
Wo AR 4 RRH « DAL, BIULSS « DAY A
808 L P S s ) BV ] Ay 2208 N

my; (la: _mi)
mie - 9
M; M; .
AV = vi=1.2.3.4.5
e [=m)
Yi M, M,
(6)

e my A ny 20 3 R TR 5 @ D AHHL R R A AR R R
R RS R A KT AR EAR R R A
Xof & AN AL BB TE ) Ay s 5=, B aT 43 3] A
X IR A
AV = AT NAT N AY N AY N AY (D
e AVIE L G — B OR R E MORSCIER 5 6
LA B R OR R My O B BB R R, 12

B ASEX I AP
AY X Mooy = AP (8
5 R T o SR X IOR A 5k I ROR . B 5Ca)
10 21 28 HE 2R 7 TR B P i A JE X 1 5(h) R
THAREUS B A FeA I X . 1% AT DU R )
B K 3R X3, B R AS [ AR LR A5 1 oy B 5 R
A G0 1 BB RO B, AT 3B e A i 5
PIV AH I T 5w R FBOK G B AS [R] 5 3500 o iR 2%

(a) JRIHREG

(b) A J s BRSNS B A 35X I8

B 5 AHREIRFRERNEEIRTE
Fig. 5 Schematic diagram of the effect of the common area
identification and extraction algorithm

1.4 Ensemble correlation #8 % &%

2 S 5 A% PR, AE 5 4 40 3 b 4 ) SA-
X2 5 Mini AX100 /& & LG PR REA [ o 7 I
52 R IR AT () 52 ], R BB R A AE T B T
7T S 8RR DG T B R AR O6E 2Z T8] A
MR ZE . At T NS SO R R AT 0 P

A K ] Ensemble correlation® i i 1 Bl 44 i3k
AT H AR . &R —Fh Gk M OGS, it
THE N A Bk A G BRI ST 3518 15 B A 2 M DG 4
B, T SRAF BN R E B AR QU AE VT AT, 5005 R 38 4
K6 P

AL 2 AT A R IEAE N &
AHOG bR B, RS 2 25 P S MR LG, A RO A DG
M VR 00 RS FE o AH BE 2 48 R RH OQ WA 7 3R AT P 33 1 —
% 77 7%, Ensemble correlation 1 A& &5 EE f 51 N 4%
R I O B, JR/NVER R R BT ORI R 22 . AR, 1%
77 9% RT LAAR B 1 4100 1) G i M P, S TORE 1 R R AR
K11 PIV i 5 a9,

D R TSR A5 SR A R AR S, FR B IE



%2 3 585 : MHz mik PIV KB HOR T 45
et T4 Twage s Cometion - Beek 4 R A TR s 8 AR P A i
L [T =[] B W20 T o 3l 0 R 20 BT M 07 e

. (] [T =[] K15 5 4 e % B, B I DU A U B 34 47
e T A FET i35, B854 % B s RIATF 19 . %0755 F
+ SCHL, HLREHE— 2D SRS, W] BRAG T T L Al 9 400

R v B i P v T EE A o O A PRI A R Bl K 2 T R

[Ry | = >

B 6 Ensemble correlation ;% Ef##EH Meinhart 62

Fig. 6 Schematic diagram of Ensemble correlation algorithm adapted
from Meinhart et al®?

FAEM St o Btk o Al AN T 24 34 4. ... 104
20, 30......100+ 200+ 300......1000. 2000+ 3000. 4000-
5000 5K B v, 383 v B R e A ST 38 T R R
W B L WS . W 7 BT s (G Lo TR 4
KO, B N A B 100 B, BvE B AU, R
TRAF TR 85 B 7 2 W8, iE N = 500 5k B F k4T
Ja SR

=360

—— X/L =028
X/L =0.53
X/L =078

10! 102 500 10°

Number of ensemble
B 7 AEHNE R MERE S FHEE

Fig. 7 The average velocity of specific points corresponding to
different input image numbers

AL, fEA T OIS 5600 5K KT
B o O AE AT R0 I i AN R R TR fR B R 3
MHz & 2% [ v A40 15 15 5, 256 R A ¥ 3h &7 1925t
KB 7 ot A7 A BE, i 230 B K/ R 500, 25 KON 1.
KR A B 7 T8 0 R T BT 8 e A DR BR BE L
W BRI IE A, (R I e oL 2 RS 3 2 G, B AR B T
W A RS AR B BT, AR S )
S B3 e I 1] 23 % 4 AR MR 75 (R 3 46 2R

2 HBRSH

9 96 E MHz-PIV 1) 5 SUR FE RE 0, A SCiE B

BEAT BRI, & Lh -

U — Umean

(9

u =
Umean

3 R R 0 B AL I 1A K S RN, u R
] RT3 BE 3 5 Wanean N VL 1) BT SF 35) R B2, DL B £F 5
BIAbr g . PR TR MER T E RS20 E .

8 4B TR, Uik 1] 3 B w A 3 ) o P i)
DN Zk % FE Dpg BEAZ A4k o o] DUE 2, A 7R AR
AYE R (2~100 kHz) &4k 2 -1 F K2, M 100 kHz
Fra6 1 -5/3 TR, — B 23] 220 kHz, fi /5
RHEFE— PR, H % &5 1E 350 kHz [t iE B 5
NSt 75 R0 2 A A B 4 JA R T HG V2 IE A AR AT

1953 4F, Tchen®™ $2 H T J0BEHI 45 L —1 & X
2 B T o 3X — T AR PR AE 1 52 i U 7 )
AL AR B T I8 UE T, (B AR 3 T R R R
AEAE W 1) 8 — L2 2017 4F A & A5 21 5256 1 W #f iE
S e WE 2 e S e I NN AP AT
WHIShRE S RERIEL, XEW®RELTREH—1k
Jei > RS RUBE (13 BT A B (0 B0 R 2 R A TR . B
KR I8 o 24 /s ROBE T B, it 3 B 1) 4% 326 2 1% 48
(17, A W 1 e B AT, K ol A 8L 23 2 A5 2 A% Vit 2
RETEA R RE FARFEA F 2 B r A O T
F TULF R TRt 25 51, LR AL S T IR e R Bl RE Ak
3 (I TS S, A 3l e i o 72 56 0E, AN T B
E T DAl i A B Re o MRS W EfR P . BRI
R — b, AT DL e R B I R R 4 SR AN P IE
S it I R Bl e e LU B A% 8 AR o T DA B %
), HE S w TR AR S RS- RER B
Xof JOL R 7K ST 35 4, 1K 3R B A AR B YA L Y AN TR R R
& BB 12 AT N R AU, 51 R B R R MY
HE N —.

8 H1-5/3 R BrHI It 1 X, AAXH KR
FEE o 5 4 5 2 e e B DA B AR ARUARE =X /N RBE 0 A
I 2 . FEX AN I A2, i B0 Be 2 BE A I RORE IR Ik
ZIN T 42 B AR 3 980, 3 PR AR AL 1 A A5 X 2 R 4 1)
R PE AR B, A5 A [F) RUBE (1 i &5 44 1A 21 3)) e P
i, BT N—5/3 REZEM TN ZE . FIFE, 7T LLE Fil e



46 S OO S s B 3 http://www.syltlx.com
107! 107! ——
102 E 102 F
107 ¢ 107 F
N )
= 107 E T 10t F
: 2
Q107 F S 100
10° F 10° F
107 107 F
10°5 . . . 105 . . .
10° 10! 102 10° 10! 102
Frequency /kHz Frequency/kHz
(a) 1.20Ma (b) 1.17Ma
107
0°F
10’3 E
@ 10 F
2
£ 100k
100 F
107 F
10-5 . . . 10+ . . .
10° 10! 102 10° 10! 102
Frequency/kHz Frequency/kHz
(¢) 1.15Ma (d) 1.056Ma

8 AREIRTHIHRAEL
Fig. 8 Turbulence spectra under different operating conditions

Pl RH S A B R OW 8% B —2/3 A R AFAE . T3
C(f) 5L Dpg(f) FAEM T K R

C(f) =[x Des(f) (10)
AR b3 X B 5G 2, TSRS R f 4R KA
X T DA A R K 1, Bl 2B -2/3 B IRE . X
RIS v th S L 1 15 Dy R A% — BOH 5 e 3h fie 4
[[TREE VS E S R A S N iR S Y G ey ]
¥ 2l 238 iih 22 W R W, B RO ik — B e, Btk
ROBE o A T AL, RE AR /N RUBE 308 Th B e ey
PN HEFE L.
K 8 A1 9 HR L[] @ be T 1) O AR AR B O —
Bl X RWAEG T b W 0 % ) 2y N 2 A
I3 AT AR R AR AR, U BEAA ) G R AR N A E HL
FLAT B BRI ACLE 5 P 1 4 25 2 0L L AR 0 ) Y
AT, R £ 75 17 L 10 A e 5 F
2 A A% 32 ML) A7 A2 — 52 RE L AR ALLYE o B el T S
SRS AR SN O A RO A AR A R Y, 0K
= FBUS L TR R AR E M, A B
B S 7w, =AU 7 R
LG, DRI I AE AR 1) AT 160 52 21 0 R 4 3 B

K, & o B e B

i T Ensemble correlation 77 2% 4 5 p& £t 1T
TP AL B, A R I [R] I 2 3 B0 4 AR 1S
SR BRIt 75 2 50r L A B2 R AT I . (B AR 0E
B, 44 TO0R i R 1 ER#AE 110 A1 330 kHz
AbAEAE W] R A, B A AE I R B UK R
A RE A — sl s ol S o DRk, NER = 3 0 ) A B
"] LA & 330 kHz i #0408 it FL A

10 B 4E 7 FEMAE 5 190 RER IR, &1 10Ca)
W77 3% 28 id Ensemble correlation 115 j5 3 5 HT B8
i, B 10Ch) A BEHLE: RS . 2 A5 R ok
W B 8 o i E M, X UE B B EAFFAEH LR
2 NJT TSI

D HAHREE . MR FEWHEE &, &L
THEE 85 R bR & F MR . Bl 10Ca)
g5 R R BAH RS E IR I A, B S AOE
S|SCSIDN

) Dy A W R E AR T ) A A,
FEAT S I D 2R3 oF B 4 IR b N B A, 1T 1 10
(b) 45 5 7R e P55 5 11 Dl 3238 R 77 A8 00

AL, ] LA A EAE 5 3 dE TR OGSV BT



% 2

V5. MHz & PIV SR H0R BT 5

47
10*
wl e
I
~ | 0 -2/3
=
S 100k 711—1
Z 0}
1072 . /3
2F o—
———— J'\”\v'\N‘”‘"\f'“'\*"‘WW"“fMV"‘W
3
10° 10! 102
Frequency/kHz
(b) 1.17Ma
10*
3 F‘
1l A
10% AL '"V‘-‘j‘fnwv
0 —
a E -2/3
Q: 10° ¢ T
X =
“— 3 K
102 0 -2/3
" Vv J\ANWw’”w“ﬂ'.vmmﬂw‘w,”.k\m%
10+ : !
10° 10! 10?
Frequency /kHz
(d) 1.05Ma

B9 HEIRFRIGWIE-1BRE
Fig. 9 The pre-multiplication spectrum validating the =1 power-law

10*
v |
102 £ 0 -2/3
8 3
Q100 F oz
X
“ 3
102 0 - f? / 3
NN i
3 il M"‘P‘w
1 L N
10° 10! 102
Frequency/kHz
(a) 1.20Ma
10*
L |
A,
102 ) “ MNW
—~ i 0 -2/3
Qi 10° £ 7
X —
“— 3
1072 ¢ 0 -2/3
10 ! !
10° 10! 10?
Frequency /kHz
(¢) 1.15Ma
103
, WA
b iy
=
2 |
&
101 -
100 : '
10° 10! 102
Frequency/kHz
(a) MR
10!
100 L
® " ”“‘i""‘ *
‘g e :MM\W
< 10! '
)
10 2 b
107 ! !
10° 10! 10?

Frequency/kHz
(b) FEHLEE

B 10 FESA5INRIIE
Fig. 10  Verification of the source of the main frequency introduction

R E SN, TR B ARG Z Ak CAEAE T
¥ #5155 p . Ensemble correlation [ 3 7%t I
RIEBRZEHUE T %4 WRY, 7£ 330 kHz LL R
it BE B HOHE A2 TS 1 o

3 HFiERE

A3 i # A R B 0F ToAH AL MHz-PIV
FR G0 T AVCR FE e ) 34T SR o 1% 2R G 48 bk e AR
WL L MHz 5726 76 52 I8 8] 9 & 8 BT ANk, 9
FIH 5 & s AL AS B H0 48 B — A ko Bz kL 7
B8, AT 3R B MHz SR AR50 22 T 1) i I 8] 73 3% 28 7
IS . &l AR e A L X 3818 5] A1 Ensemble
correlation 58 HIE A3, BEAE A AL S RAS e L
B AT SE M, AT HY B R T SRR I th B RS A i
REi (5 . 19 20 e i (i 200 T S ae & N
KR PE A% 38 28 /N ROBE IR, I o 2438 3 386 18 #E I
AE &AL 0 A o 38 B 0 0K 4 B, E B AE
330 kHaz Hij (1450 22 36 Bl 4, i 3R B it 7 e 1545 2L #88
AT DABE T A AT, R AR R AE B ek — 2
BE

R R, A ST IR tH ) 2 AHHL MHz-PIV



48

%

http://www.syltlx.com

TR fE 5 S UL MHz Z03 (1 = MO A, & 25§27 1 5K
B R AR B[R] 70 k2R . S5 AR GE A B, iR K
R BEAR T 6T B — ey AR L s 1k A A AR A8, R B B
G I RTAT PERE FIPE o ZBORAE ST (8] 2 B R 5
Wee AR S 36y j A T T B A W AR S JE TR H N
FHI 2 TR P A X S 56 o

&% 30k

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

ASHOK A, BAILEY S C C, HULTMARK M, et al. Hot-
wire spatial resolution effects in measurements of grid-
generated turbulence[J]. Experiments in Fluids, 2012, 53(6):
1713-1722.

doi: 10.1007/s00348-012-1382-5

HUTCHINS N, MONTY J P, HULTMARK M, et al. A
direct measure of the frequency response of hot-wire
anemometers: temporal resolution issues in wall-bounded
turbulence[J]. Experiments in Fluids, 2015, 56(1): 1-18.

doi: 10.1007/s00348-014-1856-8

BENEDICT L H, NOBACH H, TROPEA C. Estimation of
turbulent velocity spectra from laser Doppler data[J].
Measurement Science and Technology, 2000, 11(8): 1089-
1104.

doi: 10.1088/0957-0233/11/8/301

BROERSEN P M T. Practical aspects of the spectral
analysis of irregularly
models[J]. IEEE Transactions
Measurement, 2009, 58(5): 1380-1388.

doi: 10.1109/TIM.2008.2009201

POPE S B. Turbulent flows[J]. Measurement Science and
Technology, 2001, 12(11): 2020-2021.

doi: 10.1088,/0957-0233/12/11/705

WERNET M P. Temporally resolved PIV for space-time
correlations in both cold and hot jet flows[J]. Measurement
Science and Technology, 2007, 18(5): 1387-1403.

doi: 10.1088,/0957-0233/18/5/027

MURPHY M J, ADRIAN R J. PIV space-time resolution of
flow behind blast waves[J]. Experiments in Fluids, 2010,
49(1): 193-202.

doi: 10.1007/s00348-010-0843-y

THUROW B, JIANG N B, LEMPERT W. Review of ultra-

high repetition rate laser diagnostics for fluid dynamic

sampled data with time-series

on Instrumentation and

measurements[J]. Measurement Science and Technology,
2013, 24(1): 012002.

doi: 10.1088,/0957-0233/24,/1/012002

MILLER J D, MICHAEL J B, SLIPCHENKO M N, et al.
Simultaneous high-speed planar imaging of mixture fraction
and velocity using a burst-mode laser[J]. Applied Physics B,
2013, 113(1): 93-97.

doi: 10.1007/s00340-013-5665-1

MILLER J D, JIJANG N B, SLIPCHENKO M N, et al.
Spatiotemporal analysis of turbulent jets enabled by 100-
kHz, 100-ms
Experiments in Fluids, 2016, 57(12): 1-17.

doi: 10.1007/s00348-016-2279-5

WAGNER J L, BERESH S J, DEMAURO E P, et al

burst-mode particle image velocimetry[J].

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

Pulse-burst PIV measurements of transient phenomena in a
shock tube[C]//Proceedings of the 54th AIAA Aerospace
Sciences Meeting. 2016.

doi: 10.2514/6.2016-0791.

DEMAURO E P, WAGNER J L, BERESH S J, et al
Unsteady drag following shock wave impingement on a
dense particle curtain measured using pulse-burst PIV[J].
Physical Review Fluids, 2017, 2(6): 064301.

doi: 10.1103/physrevfluids.2.064301

BERESH S J, WAGNER J L, CASPER K M, et al. Spatial
distribution of resonance in the velocity field for transonic
flow over a rectangular cavity[J]. AIAA Journal, 2017,
55(12): 4203-4218.

doi: 10.2514/1.j056106

WAGNER J L, BERESH S J, CASPER K M, et al
Relationship between transonic cavity tones and flowfield
dynamics using pulse-burst PIV[C]//Proceedings of the 54th
ATAA Aerospace Sciences Meeting. 2016.

doi: 10.2514/6.2016-1345.

VANSTONE L, SALEEM M, SECKIN S, et al. Role of
boundary-layer on unsteadiness on a Mach 2 swept-ramp
shock/boundary-layer interaction using 50 kHz PIV[C]//
Proceedings of the 55th AIAA Aerospace Sciences Meeting.
2017.

doi: 10.2514/6.2017-0757.

BERESH S J, HENFLING J, SPILLERS R. Pulse-burst
PIV of the supersonic wake of a wall-mounted hemisphere
[C]//Proc of the Proceedings of the 47th AIAA Fluid
Dynamics Conference. 2017.

doi: 10.2514/6.2017-3119.

BROCK B, HAYNES R H, THUROW B S, et al. An
examination of MHz rate PIV in a heated supersonic jet
[C]//Proceedings of the 52nd Aerospace Sciences Meeting.
2014.

doi: 10.2514/6.2014-1102.

BERESH S, KEARNEY S, WAGNER J, et al. Pulse-burst
PIV in a high-speed wind tunnel[J]. Measurement Science
and Technology, 2015, 26(9): 095305.

doi: 10.1088/0957-0233,/26/9/095305

BERESH S J, HENFLING J F, SPILLERS R W, et al
‘Postage-stamp PIV’: small velocity fields at 400 kHz for
turbulence spectra measurements[J]. Measurement Science
and Technology, 2018, 29(3): 034011.

doi: 10.1088/1361-6501 /aa9f79

BERESH S J, SPILLERS R, SOEHNEL M, et al. Extending
the frequency limits of “ postage-stamp PIV” to MHz
rates[C]//Proceedings of the AIAA Scitech 2020 Forum.
2020.

doi: 10.2514/6.2020-1018.

Bl /NEE, GALAN, AR, S5, AR BOR S AF S iR
FHZETRESLIRFI T[], BB MBS Ji% RICAE, 2020,
50(10): 61-72.

LU X G, YI S H, NIU H B, et al. Experimental study on
shock and turbulent boundary layer interactions under
different incident shock waves[J]. Scientia Sinica (Physica,
Mechanica & Astronomica), 2020, 50(10): 61-72.

doi: 10.1360/SSPMA-2020-0055

ZHU Y D, YUAN H J, LEE C B. Ultrafast tomographic


https://doi.org/10.1007/s00348-012-1382-5
https://doi.org/10.1007/s00348-012-1382-5
https://doi.org/10.1007/s00348-012-1382-5
https://doi.org/10.1007/s00348-012-1382-5
https://doi.org/10.1007/s00348-012-1382-5
https://doi.org/10.1007/s00348-012-1382-5
https://doi.org/10.1007/s00348-012-1382-5
https://doi.org/10.1007/s00348-012-1382-5
https://doi.org/10.1007/s00348-014-1856-8
https://doi.org/10.1007/s00348-014-1856-8
https://doi.org/10.1007/s00348-014-1856-8
https://doi.org/10.1007/s00348-014-1856-8
https://doi.org/10.1007/s00348-014-1856-8
https://doi.org/10.1007/s00348-014-1856-8
https://doi.org/10.1007/s00348-014-1856-8
https://doi.org/10.1007/s00348-014-1856-8
https://doi.org/10.1088/0957-0233/11/8/301
https://doi.org/10.1088/0957-0233/11/8/301
https://doi.org/10.1088/0957-0233/11/8/301
https://doi.org/10.1088/0957-0233/11/8/301
https://doi.org/10.1109/TIM.2008.2009201
https://doi.org/10.1109/TIM.2008.2009201
https://doi.org/10.1109/TIM.2008.2009201
https://doi.org/10.1088/0957-0233/12/11/705
https://doi.org/10.1088/0957-0233/12/11/705
https://doi.org/10.1088/0957-0233/12/11/705
https://doi.org/10.1088/0957-0233/12/11/705
https://doi.org/10.1088/0957-0233/12/11/705
https://doi.org/10.1088/0957-0233/18/5/027
https://doi.org/10.1088/0957-0233/18/5/027
https://doi.org/10.1088/0957-0233/18/5/027
https://doi.org/10.1088/0957-0233/18/5/027
https://doi.org/10.1088/0957-0233/18/5/027
https://doi.org/10.1007/s00348-010-0843-y
https://doi.org/10.1007/s00348-010-0843-y
https://doi.org/10.1007/s00348-010-0843-y
https://doi.org/10.1007/s00348-010-0843-y
https://doi.org/10.1007/s00348-010-0843-y
https://doi.org/10.1007/s00348-010-0843-y
https://doi.org/10.1007/s00348-010-0843-y
https://doi.org/10.1007/s00348-010-0843-y
https://doi.org/10.1088/0957-0233/24/1/012002
https://doi.org/10.1088/0957-0233/24/1/012002
https://doi.org/10.1088/0957-0233/24/1/012002
https://doi.org/10.1088/0957-0233/24/1/012002
https://doi.org/10.1007/s00340-013-5665-1
https://doi.org/10.1007/s00340-013-5665-1
https://doi.org/10.1007/s00340-013-5665-1
https://doi.org/10.1007/s00340-013-5665-1
https://doi.org/10.1007/s00340-013-5665-1
https://doi.org/10.1007/s00340-013-5665-1
https://doi.org/10.1007/s00340-013-5665-1
https://doi.org/10.1007/s00340-013-5665-1
https://doi.org/10.1007/s00348-016-2279-5
https://doi.org/10.1007/s00348-016-2279-5
https://doi.org/10.1007/s00348-016-2279-5
https://doi.org/10.1007/s00348-016-2279-5
https://doi.org/10.1007/s00348-016-2279-5
https://doi.org/10.1007/s00348-016-2279-5
https://doi.org/10.1007/s00348-016-2279-5
https://doi.org/10.1007/s00348-016-2279-5
https://doi.org/10.2514/6.2016-0791
https://doi.org/10.2514/6.2016-0791
https://doi.org/10.2514/6.2016-0791
https://doi.org/10.1103/physrevfluids.2.064301
https://doi.org/10.1103/physrevfluids.2.064301
https://doi.org/10.2514/1.j056106
https://doi.org/10.2514/1.j056106
https://doi.org/10.2514/6.2016-1345
https://doi.org/10.2514/6.2016-1345
https://doi.org/10.2514/6.2016-1345
https://doi.org/10.2514/6.2017-0757
https://doi.org/10.2514/6.2017-0757
https://doi.org/10.2514/6.2017-0757
https://doi.org/10.2514/6.2017-3119
https://doi.org/10.2514/6.2017-3119
https://doi.org/10.2514/6.2017-3119
https://doi.org/10.2514/6.2014-1102
https://doi.org/10.2514/6.2014-1102
https://doi.org/10.2514/6.2014-1102
https://doi.org/10.1088/0957-0233/26/9/095305
https://doi.org/10.1088/0957-0233/26/9/095305
https://doi.org/10.1088/0957-0233/26/9/095305
https://doi.org/10.1088/0957-0233/26/9/095305
https://doi.org/10.1088/0957-0233/26/9/095305
https://doi.org/10.1088/1361-6501/aa9f79
https://doi.org/10.1088/1361-6501/aa9f79
https://doi.org/10.1088/1361-6501/aa9f79
https://doi.org/10.1088/1361-6501/aa9f79
https://doi.org/10.1088/1361-6501/aa9f79
https://doi.org/10.2514/6.2020-1018
https://doi.org/10.2514/6.2020-1018
https://doi.org/10.2514/6.2020-1018
https://doi.org/10.1360/SSPMA-2020-0055
https://doi.org/10.1360/SSPMA-2020-0055
https://doi.org/10.1360/SSPMA-2020-0055
https://doi.org/10.1360/SSPMA-2020-0055
https://doi.org/10.1360/SSPMA-2020-0055

2 1

EEWES: MHz &3 PIV S2I8 8RB 5% 49

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

particle image velocimetry investigation on hypersonic
boundary layers[J]. Physics of Fluids, 2020, 32(9): 094103.
doi: 10.1063/5.0014168

HAN J H, HE L, WU Z B. Experimental investigation on
evolution characteristics of high- and low-speed streaks in
supersonic turbulent boundary layer[J]. AIP Advances,
2022, 12(11): 115204.

doi: 10.1063/5.0121259

M, S, K, 4. A SRS Z MHz 208 s sl i
LR T). SAARYIEE, 2022, 7(6): 33-41.

GANG D D, YI S H, MI Q, et al. Experiment on flow
layer at MHz-level
superhigh frequency[J]. Physics of Gases, 2022, 7(6): 33-41.
doi: 10.19527/j.cnki.2096-1642.0989

WILLERT C E, GHARIB M. Digital particle
velocimetry[J]. Experiments in Fluids, 1991, 10(4): 181-193.
doi: 10.1007/BF00190388

PEDERSEN M, BENGTSON S H, GADE R, et al. Camera
calibration for underwater 3D reconstruction based on ray
tracing using Snell’s law[C]//Proc of the 2018 IEEE/CVF
Conference on Computer Vision and Pattern Recognition
Workshops (CVPRW). 2018: 1491-14917.

doi: 10.1109/CVPRW.2018.00190.

BERESH S J. Denoising 400-kHz * postage-stamp PIV”
using uncertainty quantification[C]//Proceedings of the 2018
ATAA Aerospace Sciences Meeting. 2018.

doi: 10.2514/6.2018-2034.

GAMBA M, CLEMENS N. Requirements, capabilities and
accuracy of time-resolved PIV
flows[C]//Proceedings of the 49th ATAA Aerospace Sciences
Meeting including the New Horizons Forum and Aerospace
Exposition. 2011.

doi: 10.2514/6.2011-362.

OXLADE A R, VALENTE P C, GANAPATHISUB-
RAMANI B, et al. Denoising of time-resolved PIV for

accurate measurement of turbulence spectra and reduced

visualization of supersonic mixing

image

in turbulent reacting

error in derivatives[J]. Experiments in Fluids, 2012, 53(5):
1561-1575.

doi: 10.1007/s00348-012-1375-4

VETEL J, GARON A, PELLETIER D. Denoising methods
for time-resolved PIV measurements[J].
Fluids, 2011, 51(4): 893-916.

doi: 10.1007/s00348-011-1096-0
WIENEKE B. PIV anisotropic denoising using uncertainty

Experiments in

[32]

[33]

[34]

[35]

[36]

[37]

[38]

fi
£

=
Al

quantification[J]. Experiments in Fluids, 2017, 58(8): 1-10.
doi: 10.1007/s00348-017-2376-0

MEINHART C D, WERELEY S T, SANTIAGO J G. A
PIV algorithm for estimating time-averaged velocity fields
[J]. Journal of Fluids Engineering, 2000, 122(2): 285-289.
doi: 10.1115/1.483256

DELNOILJ E, WESTERWEEL J, DEEN N G,
Ensemble correlation PIV applied to bubble plumes rising in

et al.

a bubble column[J]. Chemical Engineering Science, 1999,
54(21): 5159-5171.

doi: 10.1016/S0009-2509(99)00233-X

OZAWA Y, IBUKI T, NONOMURA T, et al. Single-pixel
resolution velocity/convection velocity field of a supersonic
jet measured by particle/schlieren image velocimetry[J].
Experiments in Fluids, 2020, 61(6): 1-18.

doi: 10.1007/s00348-020-02963-1

WESTERWEEL J, GEELHOED P F, LINDKEN R. Single-
pixel micro-PIV
applications[J]. Experiments in Fluids, 2004, 37(3): 375-384.
doi: 10.1007/s00348-004-0826-y

TCHEN C M. On the spectrum of energy in turbulent shear

resolution ensemble correlation for

flow[J]. Journal of Research of the National Bureau of
Standards, 1953, 50(1): 51-62.

doi: 10.6028/jres.050.009

BULL M K. Wall-pressure fluctuations beneath turbulent
boundary
research[J]. Journal of Sound and Vibration, 1996, 190(3):
299-315.

doi: 10.1006/jsvi.1996.0066

BERESH S J, HENFLING J, SPILLERS R. ‘Postage-stamp
PIV’: small velocity fields at 400 kHz for turbulence spectra
measurements|[C]//Proceedings of the 55th AIAA Aerospace
Sciences Meeting. 2017.

doi: 10.2514/6.2017-0024.

layers: some reflections on forty years of

EE B
E&iBE(1999—), B, il Kk N, BEWFR
5 . WIS SRR T

—
A s

E-mail: luxtzju@163.com

(gﬁiﬁ Zrt?ﬂil)


https://doi.org/10.1063/5.0014168
https://doi.org/10.1063/5.0014168
https://doi.org/10.1063/5.0121259
https://doi.org/10.1063/5.0121259
https://doi.org/10.19527/j.cnki.2096-1642.0989
https://doi.org/10.19527/j.cnki.2096-1642.0989
https://doi.org/10.19527/j.cnki.2096-1642.0989
https://doi.org/10.19527/j.cnki.2096-1642.0989
https://doi.org/10.19527/j.cnki.2096-1642.0989
https://doi.org/10.1007/BF00190388
https://doi.org/10.1007/BF00190388
https://doi.org/10.1109/CVPRW.2018.00190
https://doi.org/10.2514/6.2018-2034
https://doi.org/10.2514/6.2018-2034
https://doi.org/10.2514/6.2018-2034
https://doi.org/10.2514/6.2011-362
https://doi.org/10.2514/6.2011-362
https://doi.org/10.2514/6.2011-362
https://doi.org/10.1007/s00348-012-1375-4
https://doi.org/10.1007/s00348-012-1375-4
https://doi.org/10.1007/s00348-012-1375-4
https://doi.org/10.1007/s00348-012-1375-4
https://doi.org/10.1007/s00348-012-1375-4
https://doi.org/10.1007/s00348-012-1375-4
https://doi.org/10.1007/s00348-012-1375-4
https://doi.org/10.1007/s00348-012-1375-4
https://doi.org/10.1007/s00348-011-1096-0
https://doi.org/10.1007/s00348-011-1096-0
https://doi.org/10.1007/s00348-011-1096-0
https://doi.org/10.1007/s00348-011-1096-0
https://doi.org/10.1007/s00348-011-1096-0
https://doi.org/10.1007/s00348-011-1096-0
https://doi.org/10.1007/s00348-011-1096-0
https://doi.org/10.1007/s00348-011-1096-0
https://doi.org/10.1007/s00348-011-1096-0
https://doi.org/10.1007/s00348-017-2376-0
https://doi.org/10.1007/s00348-017-2376-0
https://doi.org/10.1007/s00348-017-2376-0
https://doi.org/10.1007/s00348-017-2376-0
https://doi.org/10.1007/s00348-017-2376-0
https://doi.org/10.1007/s00348-017-2376-0
https://doi.org/10.1007/s00348-017-2376-0
https://doi.org/10.1007/s00348-017-2376-0
https://doi.org/10.1115/1.483256
https://doi.org/10.1115/1.483256
https://doi.org/10.1016/S0009-2509(99)00233-X
https://doi.org/10.1016/S0009-2509(99)00233-X
https://doi.org/10.1016/S0009-2509(99)00233-X
https://doi.org/10.1016/S0009-2509(99)00233-X
https://doi.org/10.1016/S0009-2509(99)00233-X
https://doi.org/10.1016/S0009-2509(99)00233-X
https://doi.org/10.1007/s00348-020-02963-1
https://doi.org/10.1007/s00348-020-02963-1
https://doi.org/10.1007/s00348-020-02963-1
https://doi.org/10.1007/s00348-020-02963-1
https://doi.org/10.1007/s00348-020-02963-1
https://doi.org/10.1007/s00348-020-02963-1
https://doi.org/10.1007/s00348-020-02963-1
https://doi.org/10.1007/s00348-020-02963-1
https://doi.org/10.1007/s00348-004-0826-y
https://doi.org/10.1007/s00348-004-0826-y
https://doi.org/10.1007/s00348-004-0826-y
https://doi.org/10.1007/s00348-004-0826-y
https://doi.org/10.1007/s00348-004-0826-y
https://doi.org/10.1007/s00348-004-0826-y
https://doi.org/10.1007/s00348-004-0826-y
https://doi.org/10.1007/s00348-004-0826-y
https://doi.org/10.6028/jres.050.009
https://doi.org/10.6028/jres.050.009
https://doi.org/10.6028/jres.050.009
https://doi.org/10.1006/jsvi.1996.0066
https://doi.org/10.1006/jsvi.1996.0066
https://doi.org/10.2514/6.2017-0024
https://doi.org/10.2514/6.2017-0024
https://doi.org/10.2514/6.2017-0024
mailto:luxtzju@163.com

	0 引　言
	1 实验平台及处理方法
	1.1 跨声速射流平台
	1.2 MHz–PIV系统
	1.3 图像处理
	1.3.1 畸变校准
	1.3.2 公共区域识别

	1.4 Ensemble correlation相关算法

	2 结果分析
	3 结论与展望
	参考文献

