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Fig. 1. Schematic diagram of supersonic wind tunnel system!s),
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Table 1. Supersonic cross flow parameters.

Ma = 2.1 Ma = 2.85
BIR Ty /K 300 300
JME Py /kPa 891 1410
R T/K 159.4 114.3
#HE P/ kPa 97.7 48.1
R [kgm? 2.13 1.47
P /mes! 253 214
B /mest 531 611
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Fig. 2. Schematic diagram of microscopic imaging system.
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Fig. 3. Schematic diagram of microscopic imaging system:

(a) QM1 camera lens; (b) QM1 microscopy camera lens

working characteristic curve.
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Fig. 4. Aerodynamic drag coefficient calculation domain.
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Fig. 5. Grids near the 2D droplet.
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Table 2. Aerodynamic drag coefficients calculated

from different grids.
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Fig. 6. Symmetrical flow velocity distributions.
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Fig. 7. Surface static pressure distributions of 2D droplet.
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Fig. 9. Schematic diagram of model hypothesis (The pink region is the result of large eddy simulation of liquid jet primary breakupt*-22).
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Fig. 10. Schematic diagram of cross-section deformation of
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FESEAT THEIE; 0 A M, SRR 77 a5 AR
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¥ (10) KA (11) ACA (9) X, SRFEE T
= %pgbh[ug cos 2. (12)

B (2) KL (6) XA (12) A (1) X5, 153
WS B

dz d
4 <dt§> + Cy (di) +C3 =04y, (13)

Cy, Cy, C3HC LR N

1
Cy = §pjnab, (14)
Cy = 2mpujab/E?, (15)
—ox E 24-2) 4 &
C’3—U><8 41 —r*a )—I—d}, (16)
1 2
Cy= ipgb(ug cosf)”. (17)

R U 4N U N - G- I PAR LR 21D
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A, A= 20 b4 (11) RAEA (18) X, 73
Fiero = Cpahpg[ug cos 6]%. (19)
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T
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Fig. 11. Schematic diagram of force analysis of liquid mi-

croelements.
1Iz St BT 1 43T, VRS SR I s 1)
R E ORAFIE 2 AN AR I HAG 255 T 00 A S it 1
FE, B, WUATOTTE 2 5 y 7 s sl )

Uy = u,; sinb, (20)

Uy = u; cos b (21)
XTSRRI, AR s T R

Mele®” = Fyero €080 — (Fy — F») cos 6. (22)

1 (20) KXFEF AN #EAT RO R ARA (22) 25,
AT TR 0 B — o I R,
d0  Fiero — Fonear
dt pjmabhu;
K, Fihear BRI BT AR OTHE H T
ST BTY) G ), HERA T
Fipear=F1 — Fo=mabpju;k sin(df) /df =nabyu;x,

(23)

(24)

Ao, s SR ) 2 H i 5
oW -

1+ ()%

¥ (21) XS AT RN (25) K, 24
S ESIESIN)
o u; sin 0d0 _ (26)
[1+ (u; cos0)?]*
SCHR B SR N R e TR O TG s sl
I (AT, RIS S OT B0z S Y

Xup =10+ Xem — bcos, (27)

Zup="Zem + bsin, (28)
K, Xem, Zem BRI CI2 Sl LI XS B Y
x JT 1A AR 2 J7 ) AR,
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3.2 RERTSRIAITESELE

B 3.1 THAMAROTZ J1 3 Al i, SshBE T &
B Cp FIG A T T S B B A2 M YR
SRR AR A RN R XA
R — B A W — b T G A e
B, S Bh L R B R — A e (P2 R
B — 005 BRI AT D) — 2 Z W VR AR S I 7
SN, K SR A T A 4BV, 7E CFD
AR R R 0 S s B R 40, 205
A 1o R A 1 A T TR AR OB BEL T R
Mashayek % 17 R FiX — 5 2018 T 4% 1Y
BN  RZ AL I LA T T SR A S BB )

P& 12 Ry TGt AR T 2 R, 7 I A2 Y
REL 5 76 Y0 1 T B 5 T 80, i ind %) JBE A B 5 A
0.425 mm, X — g 5 5% BLAR B S2IG /3 2] 1 mm
S S TR O A R IR B AT, SR SR Y — 4

6 u/'“foo
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0.7
0.6
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2 —o.

z/d

P12 2 B I O ) R 43 A
Fig. 12. Flow velocity distribution of 2D droplets.
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€
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Fig. 13. Aerodynamic drag coefficient of 2D droplet Cp.

TR T ETE—E R BE E REAS S I S I 32 3 1 <3
RELJ. 88 3 W BT Y g, AT A 31 22
FN WSR2 %L, IR <SR R A
BERR R A2 A2 fE DG R (K] 13).

B ) S 2 SR S, SR T I Bk A
PR R B R A A A AR R
A R B, IR AT B 4t SR A 25 ) B K ) i 25
[l 14(a) 24 18 SR HIEOCSOE 480 3 A A
S — U SR IR 14 (a) ThTT RLUKHL, 64
PR AR, WA T A — B Ry
A e AR REEE B AT ¢ =l L Va4
R UH S A ANTE 14(c) B, AR SO IXGE 5 B
PO AT AR — B O AR R R R, B TR
TR i A e R SRR AR S PR 5 R O S T Y
B, JF 3T I B kT TR IE. Qi 15
JIE7R , PR S A R i e L A T O )
HEAT AR, Ferb I “n” ORI 1Y I B4,
0 RN LT

BERAELYT M 0 BT A

Ma?sin® — 1
[Ma% (% - sin26> + 1} tgﬁ,

i, May FonRHR AT i SR 6 B s

tgd = (29)

Oblique
shock

Spray

e —— e ——
Jr 7 7 7Ty T gr T

(a) (b) ()

K14 RHEGH R R 2
Fig. 14. Simplified schematic diagram of oblique shock.

Oblique shock

P15 R BT /i8S U 2 i A
Fig. 15. Schematic diagram of velocity decomposition of ob-
lique shock wave front/back wave.
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AR R R S AL Mg
2

Ma?+ —=—
At
o

mM(I%Sin2ﬁ -1

Ma3cos®8
k—1

Ma3 = + .
Ma3sin®3 + 1
(30)
P8 B U AR M AT B P i
B va, K 02 W AKCF T ] (CFAT T 01 D5 18)) 64T 50
itk BRI S 0 AT 7 S PR g
Ug = V2 COSJ.

(31)

3.3 BERTHRERKITE

5 UTVRE A XV AR S8 It — U B 0 S RS i 5K
A TEREE T BGE B, WIRSHRA & & A5
T e 1290, 7 R I — LA B e T 1A 8, R 5
YIJTRERTR , KA 080 M S A W I 4231
B9, WA B A R 22 4 18] Mazallon
LG BB T 280 TR WA S 1 B D
AR, JRR I TR AR A, YRR AR
M1~ ANEOR T IR AAE, WA SR & A= 55 Y
.

Welocal = W et (32)
K Weroea I HEFAHEL; Ween M Il FEF AL,
AW i FIEHR 100.

2
2
Welocal = pgug a' (33)
WAROTH BT R By

3 3
Mshed = Z(Rd) 2

N, tar W NGRETBRETT B0 BT 223 AN I]S ¢+
ENRFIER ],

tstar
P %GHugRMtstam (34)

e dov/pi/pe

234702
1 1
3 3
()G e
P; 1
8
H = J
e (37)
3h
Ry = T’ (38)

Ranger 1 Nicholls®? L) } Chryssaki fil Ni-
cholls B3 X% T (34) kAT T IIRIBIE. 55— &
TEBAT ¢/ FH T4 0 A ) 2 o 3 i ) 0 3
REE IR B S B A R AR B
BIEAE ST i b Ry, Rw AR TEOT I B 5
R AR T HUE . AN SR Chryssakils! &
TEJ5 i Rk X, 8 S AR e I A 3RS
T UL TR AN [ Ak ) VR 1) T, IR B
TR BT AR S R, RS T T e Y
SR,

FLTFRSCHES:, FIFH MATLAB #0537
A S I 230 R A AT AR T R D o A R A - SR B
Jrdekeg (13) 2. (20) AL (21) AR (23) 2, B
R HF 1076 s, Hor, (13) 2T TR it e e oA
HIATZAR (a, b); (20) 2R (21) A TR ROT
Bz S (23) X TR L ff . B THA
TR R TSR 3, EEFRINS
S DA Ma = 2.85/2.1, BHHEERE 1 MPa/
1.5 MPa/2 MPa, Bi{#§ E 2 0.5 mm/1.0 mm, H
Case 1(d = 0.5 mm) T A SCIENE T,

AR E R

Pl 16 Sy AN [T B AT S DA RS AR T AV T 3R )
THREER. NIEL 16 AT LU, SR S b A - s
TE TR R A AN AR I, I AR 0N St e A T A

3.4

= (35)
Ue [5]3R5t P T B AR/, SR L i
#3 HRIHESH
Table 3.  Theoretical calculation parameters.
& 1< (T, = 300 K) IR (FERE: 998 kg-m ®)
i A
Ma Py/kPa pg/kgm? u;/m-s ! d/mm AP /MPa q
Case 1 2.85 1410 1.47 44.7 0.5/1.0 1.0 3.323
Case 2 2.85 1410 1.47 54.8 0.5/1.0 1.5 4.985
Case 3 2.85 1410 1.47 63.2 0.5/1.0 2.0 6.647
Case 4 2.1 891 2.13 44.7 0.5/1.0 1.0 3.637
Case 5 2.1 891 2.13 54.8 0.5/1.0 1.5 5.456
Case 6 2.1 891 2.13 63.2 0.5/1.0 2.0 7.274
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P8/ NGBS SR RN S 5 ) A2 A < B
(RS, R AT AR T SR B AR | AR SR
AR AR TR A R, e S e A B S e TR
HORN S L /N, SN B — B E (X (AR
B C AT B S PR AT W 240 2 352 AR IR SC S
Y4 AU o/ d = 2.0 ALEAVE AW TH T %
LU R AT AR TN, AR A A R SR
Fb6 e A WAE R [RIIRE, 2 SCHRAEAT RACAS TR i (1]
toatia(bvatia = t/07), FoHr ¢ DRy 38 3k 52 4 ) £ 45 3 1Y
AR RS E] ¢ R B AR AR ], 38 2 15, AR
TIIITE tyaiq = 0.7 BT A AR AR R B, H TN
E teana = 0.7 HEESLRAE ST LS.

R T TR 1B U AR T SRR A 4 A A
B ZmR, (& 17 SR AT B I > = AR $h 22
fRIBOL. H (31) T, BARRR AL 5 F

1.0F

0.9

0.8

0.7

v 0.6

0.5

0.4

0.3F —®— Ma=2.85,d=1.0 mm

—a— Ma =2.85,d=0.5 mm

0.2}, . . .
0 0.2 0.4 0.6
t/t"

Pl 16 VA Tl oT RS T A [ e 1 S 4 2R
Fig. 16. Calculation results of eccentricity of liquid mi-

croelement cross section.
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6000

5000

Weiocal
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17 BAAROT S i B A BT R AR
Fig. 17. Schematic diagram of cross-section deformation of

liquid microelements.

W R A T — N, (HHIKF o3 3 BEAT IR AL
R, X YT AR R, AR TOTY G BT
PR B DB R I8N . R] 18 Ay 3 T o o 5 Vi
PRTEOT IR T 1 11 LU AR RV A7 3808 T8 I 8] f) 78
fEAF L. ML 18 T LI Y, B kAR, Wi
F18) ] 5 RIS 2 R R SRR A, JREVE LR WA
T A B o A 32% (R IR R 2.8 mg/s)
A

0.30

—— Ma=285d=10mm /

----Ma=2.85,d=05mm
0.25 e

Miocal/ Morig
o
=
t
AN

0 0.2 0.4 0.6 0.8
t/t"
18 R By B I A 2R
Fig. 18. Schematic diagram of cross-section deformation of

liquid microelements.
3.5 ELBEEE

P 19 SRR T CLC A5 XoF 5 o T 300 3500 45 31
f14) 3 SR RRE 45 A8, L = 2 s (] B 4 40 A3 S R A
4 WEM LB, THEAS B0 % Sk SR h
5 5T A 30 3k S92 6 O D0 ke 516475 0 = A 2 1Y
SHRAETERS; BUAN, THRAR B 1% 3% L2 MO 78 30T 5
BB A EEA RS B BRI A, HLBEE Ui i B 5
ARG N, S8 SR VI T [ () R I 8 A5 A R e
7, X — i HE W WL R S8 Si—T7
T, H AR R v 2200 T S A 3 XL A
TR, THIAAS 2 (434 S A i XU, X
— 15 S PR S R v i SR RO I R TR AR A A
2259, NI ik — 25 56 SO T 1 B X R R )
BUN.

H 4 IR S
Table 4. 3D continuous liquid column model para-

meters.

2551 z/d y/d z/d
ik 0—1.92 0—4.17  -1.03—1.03
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&l 19 CLC RS AT 2 0 LA S50 (a) MIALIAT
(b) IEFLE

Fig. 19. Continuous liquid column structure predicted by
CLC model: (a) Side view; (b) front view.
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Fig. 20. Superposition result of jet trajectory.

Pl 21 (=) Ay 7 SRR i) 0 RIS S A 1Y
ORGSR, B T 1 BRHET A B A2 2 B 1
HRLZ R, SRR B S Sk 53 sh 3y b
FHEUIN, TS A A B i i AR, 36
TR 2 FRANEH Wi, VAR R A e, AL St
WAEDCHE, BIEI R A X3 B G S i — 20 28 i 1
TR, S sh 7 52 i S 35 B i YRR (1430 DR T T
UG A SRR Z5 A, WA iR & AR S AR, ik
o725 MR X, B B X BEE Rk
PFRFEERE N (& 21(b)), WRAEBT 2L R R Wt
HE— A5 i A AR S /INI T, LA SR AR 2 T e X
B, B C k. HA E A o 9 B USR5 45
25 FRAE T ARSI — i e v e e i (55
VIWERE) | VAR ) e A s AR 5 R AR Y, R
TR 2 A A T A DX 3 5 0 8 AR B DX, T R i
R A S TR X sk R B ] 22 SR T
R SR HMRA SR I S 0 25 AR . T L =
AN RS, ARSI AR AR B S (o
VR DX | 2 ph RO DX 3 R R 2 YR B DX i e
Rk A B R A VR AR LR R B R, R BRsh =
BT, W 1157 B P SR R L B, 3 SRR Y
o105 0 A [ O e s R <5 NI
A0 XTI B R R AE RUBE A BTt/

Kl 23 Hegg T CLC AR T A5 2] i) 1R 569 i
BB L5 R 5 AR LRSS F, WE 23 thal LA H
8 R J5, CLC BAY T A5 2] 5 it Pk 25
T 5 IS5 R AR & BT, S IR AR 1S
JE [0 T B AR AR A B /N 3902 FH I DA T SR Y
MR B8 5, VRRE ZE MBS ) b A T T AR AR /DN
TS TS B AR /DN, S a2 XU T e VAR /DN AT
e WA A N € ] €L B L
B Pl T AR AR R R 5 e S 0 T AR I | i
PRI DL, BRIIL, T 3L ) 45007 B AL AR e B 2 1)
TALE F /N, X AR R AR AE B 7 1] b 1) B
JIN, BRI, TS 2 8 SR T 5 S B 2 S MR /.

PR SR ARG, AR AR — e
W . [ 24 45 T AR AT 89 B G Y
P R YRR A S VA R P DA 1) 6 B o, AR S
SERL RSO TOUR, SHR AR B o) =
1.0d—2.0d, B S /INT 0 75 Sl 0 AR S0 9 Y0 A A 1
B R RS AR A R T 2 Bl
WA R R L A TS R RN AL ]
O, [ TR 3 0 e 2 vk, AR R 5
TAECT, WA 7 4 1 — 5 Y N R BT A8 ke

234702-11


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. 23 (2020)

234702
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Fig. 21. Jet microscopic imaging results at the nozzle outlet (basic condition).
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Fig. 22. Microscopic images of jets with different injection pressure drops: (a) Ap = 0.97 MPa; (b) Ap = 1.49 MPa; (¢) Ap

2.05 MPa.
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Fig. 23. Jet trajectory results and experimental results pre-
dicted by the CLC model (basic condition).
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Fig. 24. Comparison of the broken position of liquid column

in supersonic cross-flow with literature results.
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Fig. 25. Calculations for different momentum ratios and dif-
fent nozzle diameters in comparison with experiments: (a) d =
0.5 mm; (b) ¢ = 3.32.
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Prediction of liquid jet trajectory in supersonic crossflow and
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Abstract

The trajectory of the spray is studied theoretically and experimentally when a round liquid jet is injected
into a supersonic crossflow vertically. A solid model of continuous liquid column is established in three-
dimensional space. The cross-section deformation equation of the continuous liquid column along the injection
direction is established using a method of micro-element analysis. The stress analysis of cross section is
simplified into a two-dimensional droplet. The shape of the cross section is considered to continuously change
from circular to elliptical shape. And the bow shock wave in front of the jet column is simplified into an oblique
shock wave with a known shock angle. Based on this, the calculation of aerodynamic force is greatly simplified.
A dimensionless parameter named effective deformation time of liquid column (the logogram is tyaiq ) is defined
and used to judge the end point of the liquid column quantitatively. The liquid jet trajectory and cross-section
deformation can be calculated using MATLAB software. The instantaneous images of continuous liquid columns
in supersonic crossflow are captured using high-spatial-resolution microscopic imaging methods. The microscopic
imaging system is composed of a double pulse solid-state laser, computer, CCD camera, synchronous controller,
microscope lens and laser diffuser. After passing through the laser diffuser, a plane background light with
uniform distribution is formed on the scattering plate. The mean filtering method is used to filter the original
image. After filtering, the range of gray distribution in the background area is obviously reduced. The
distribution of gray value is more concentrated, and the background of the image is more uniform. Then the
image edge detection function is used to obtain the near-field jet trajectory. The parameter variables studied
include liquid injection pressure drop (1-2 MPa), liquid nozzle diameter (0.5 mm/1.0 mm), and liquid gas
momentum ratio (3.32-7.27). The results show that the continuous liquid column model can better predict the
jet trajectory on the center plane and the shape of the liquid column in three-dimensional space. It is indicated
that the predictive result matches well with the experimental result. This study is of great significance for

establishing the solid-particle coupling model of liquid jet in supersonic crossflows.

Keywords: supersonic crossflow, continuous liquid column, jet trajectory, microscopic imaging
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