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Penetration characteristics and optimization of transverse jet

on condition of vortex generator

ZHAO Yan-hui, LIANG Jian-han, YAN Tian-tian

(Science and Technology of Scramjet Laboratory,
College of Aerospace Science and Engineering,

National University of Defense Technology, Changsha 410073, China)

Abstract: Vortex generator (VG) was placed at the upstream of jet orifice. Nano-parti-
cle plane laser scattering system (NPLS) and particle image velocimetry (PIV) technology
were employed to observe the flow field of transverse jet on condition of VG with five differ-
ent configurations. Penetration depth of transverse jet was extracted and compared. Penetra-
tion depth was enhanced 30% — 60% higher by placing VG at the upstream of jet orifice.
Sensitivity analysis of VG configuration parameters, jet to mainstream momentum ratio and
distance between VG and jet orifice was proceeded. It turns out that jet to mainstream mo-
mentum ratio plays a dominate role in jet penetration depth. Those parameters were opti-
mized based on target function. It is revealed that the top value of dimensionless jet penetra-
tion depth is 12. 68 while VG half cone angle is 36°, VG gradient angle is 6°, dimensionless
distance between VG trailing edge and jet orifice is 38. 8 and jet to mainstream momentum ra-

tio reaches 10. 6.
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penetration depth; optimization design
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Table 1 Mainstream parameters generated by

supersonic injection wind tunnel

S8 B
B/ Pa 101325
#E /Pa 2758
SR /K 300
#il /K 107
b 3
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Fig. 2 Top view of VG and jet orifice
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Fig. 3 Scheme map of experimental observation
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Table 2 VG geometrical configurations

VG %8 0/ B/ h/mm
VG1 36 6 3
VG2 24 6 3
VG3 18 6 3
VG4 24 9 3
VG5 24 15 3
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Table 3 Designed experiments of transverse jet induced

by VG
T8 6/ B/ () L/D J P/D
1 24 9 40 2.12 6. 822
2 24 9 40 6. 38 9. 909
3 24 9 40 10.64 11.932
4 24 9 10 6. 38 8. 341
5 24 9 20 6.38 8.818
6 24 9 30 6. 38 9. 654
7 36 6 40 6.38 11.000
8 24 6 40 6.38 10.323
9 18 6 40 6. 38 9. 936
10 24 15 40 6. 38  8.949
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Table 4 Fitting parameters of jet penetration

depth formula
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K7 P g T S50 KOs R IO 27 s i B RIS,
P LA L%y 5 36 B30 UL 5 1 B0 1) 20 38 00 0 T 46 I
IRl s LBy S 2 0 AR B TR L X TN D SR
AR T R A O R R A 1
U AR N Ay T[] R )
PANRY NI 875 7 S S8 2 o o8 e e AN S B e



804 it

¥

3

DA LRI

AR T AMRAE SCHER L7 T 8y 2835 R B 0 2R B 21 1Y
A TF] 3l FE L 25 1 T 400 il 2k X6 L & BRAE AR 3l
JE G 79 40 G 4t R 22 BOK L (H B B 3l T &
W TE v o UL SR A VR R AR v L A UL R
T 22 32 Wi/, M S R AR = B T, B B E LA
ML EA. o TS VG X SR AIE SEH .
WAL BUELE B VGO 5 3 AT W R
[F) A Dy 2 4 OS2 38 100 A, O AR i 52 1 A 1 40
BHEBNRML . NE 8 iR, B 8 hRIHAFFS
TR T ELBARBUN I VG I E i R EUs 15
PSR T2 VG i B AEBE L _F i 40D
R SUR S W 2 0 b WA G 7 S U R
WAL L MBI VG J5 5B R A
XFECIR I VG HT G 09 5 0 28 1B 1 5L, vT LIS 4
W IEAF S AT B VG 5 T & 99 51 i
FEHEE WA X E L & T 2D 22 A7 AH XA ) 42
BT 3000~60%, MARMK N R L Tl VG nf L
A A5 B R I O A A TR T WAL B T VG R,
B IR 05 A Y T O T ORI A A
F VG MR AR AR e
R T ke AL HRE L AR RH B OK T IR A/ ok A R
Lo o BT U S TR AR

T WEEE VG B 5 590 203 TR B 0 SR el
VG WRISH K VG B % 5 LA X AL & %t
S S HEAT O JE R U IR AR E S A B9 4
T VG B S BEAL H O B B A [R5 1 28 35 i 7
B A ML, Gl & U Lk 3 b T
2 T4 T/ 5.0 6 g Rl IEE . VG B

Penetration fitting curves of various./ without VG

A Experimental data of J, without VG
] Experimental data of ./, without VG
QO  Experimental data of ./, without VG

—+=--—- Penetration fitting curves of various ./ with VG
A  Experimental data of J, with VG
B Experimental data of ./ with VG
@®  Experimental data of J, with VG

5 10 15 20 25 30 35

8 W VG i 5 5 i % B R B X (L/ D=40)
Fig. 8 Comparison of jet penetration depth with
and without VG (L/D=40)

G 55 WAL Hp s B BT L O 5 0B TR R, VG
JFE A 1] T Ui A J aed i v 2 3 o e [R] I :  J
FEL AL A+ 7 Jay 740 DX P IS0 T S U 1 R I AR A T
9 LA LR R BT VG R I 1 T 3h R T X 1R
WA REER.EE VG BB T, Y ik
JE T B T i A e AR 5 T Al vl PR RO B
S UL 2 02 TR R Y T B N i 7 2 — A 5T

12 -

@ A
= = == L/D=10 fitting curve

Vv L/D=20 experimental data
LY e LID=20 fitting curve
I O L/D=30 experimental data
———= L/D=30 fitting curve

L/D=10 experimental data

i O  L/D=40 experimental data
1 LID=40 fitting curve
" ) | L " 1 | 4 | L " 4 ]
0 10 20 30 40

xID

9 L/D 7 [R] i 5 3 20 1 TR BE X LE
Fig. 9 Comparison of jet penetration depth on

condition of various L/D

Bl 10 Hh VG ] VG3 4 M Z Wi 78 i
YR A X3 VG2 i 5 I 28 38 TR B i IR (HAE i
RGP RKIER 3P TH 7. 00 8 FI T
9 I B G U o O TR I 2 R R0 T A T
I, VG 24t £ 32 252 i) 2 300 3 1] 168 v S 3 E i
XoF 1898 2t L B UAE T 168 R MR 9 L f 4 A RN T
LB /)N o 05 B 558 O R 1) A5 W /D 5% i) 3 T A
ZIN 5 DR S50 A i 3 B ) AT /0N s AT BRI T
Xof S U 2 37 A B ) HE R RE )

12
10}

ol

PID
=

O  VGI experimental data

VGl fitting curve
I O VG2 experimental data
;E ———= VG2 fitting curve
- < VG3 experimental data
————— - V(@3 fitting curve
. 1 L L 1 L L 1 L 1
0 10 20 30 40

x/D

10 0 AN [F) B S5 30 55 385 TR JEE X L
Fig. 10 Comparison of jet penetration depth on

condition of various ¢



#a X 0B S5 - e L A A A A T A 1) S O A R T AR 805

11w VG2 3] VG5 352 % i K R4l 2
i3 0 R AT DLk AN A AR I TR G X A
T YR A DX B R S TR B VGO
T HT AR 2 3 W A0 2, T80 8 A1 AL 10 Af
PIVEIE. VG B3 R % 1T VG 51BN 1 55
JEE o AT T 90 R E e AT R A R R K AR
JE o DN AR T S 2 B IR BE . O 1 S Ay PR A 4%
Z RO IR 2 38 TR RE W R T TR AR BT
D7 IR A R 2 AT A

o V(G2 experimental data
a4l - — — = VG2 fitting curve

v VG4 experimental data
------- VG4 fitting curve
2 A VG5 experimental data
VG5 fitting curve
1 1 | ]
0 10 20 30 40
x/D

B11 AT I S5 3 2 15 TR B

Fig. 11 Comparison of jet penetration depth on

condition of various f

2.2 BEHRFERERKST

R T Ay R A R EE I R R DL
WG MLAE L=35D Aot N B R EAE N
H b5 R B (B, R ] Isight B10F 2847 Akt 58, I
12 25 0 T 51X £ B 148 52 19 Pareto |8, AR 45 1]
BRI T R 28 7 U B 1Y 52 B K. Rt A
OB 6500 HoO& VG B4 0 A gL R
W R X B0 T LE T & 52 I 35/ 0 o R O Bl T B A AR
SRR EEIREN FEREK. VG 5l i
B3 L/D XF T 5 i 25 38 TR B 0 s e de /s IRt VG
FERRBEZE N I AT DUASE B B SRR .

K H % T Kriging 40 B A Y 1 multi-island
WAL VG S8 1 . A
1345 T EmW M FBEWRE P/D 5 VG 24
10 FIYEFE B 2Z 18] 14 Wi 7 1 141 8 4R 0 RO HL g K
JIN S SR I VR R R BT 14 O TG i N I o
W P/D S5ahEEk ] M1 VG B 5L 0Tt
IR L/D Z[a] e . i L B g J R L/ D
10 15 o S It 2 37 TR B A AR — A oK fEL. AR Lk
SR AR A BT R AR N L Y VG R
Hify 0=136" 3 & p=6°,L/D=38.8,]=10.6

. P/D fF7Ef AL fE 12. 68.

70

60
50f
40

30+

Effect on P/D/%

20+

10+
. N o

0 B J LID

Parameters

B 12 &S 50w B 5 2E 5 T 1Y) Pareto [

Fig. 12 Pareto plot of all parameters responding

to jet penetration depth

K13 PR EFEBREES 0 F g = A it e 1 i ]
Fig. 13 Corresponding surface figure of
jet penetration depth and 0, g

14 SPmzEBEWES J M L/D Z 8] i L &
Fig. 14 Corresponding surface figure of jet
penetration depth and J, L/D



806 A |

DA

LRI

3 & it

WHREAS LR B IR M B3t T VG B g i
B8 1) SR A S 5 L B NPLS R X VG 45 il 1
] S 9 B IR S AT T W L B TR [ ) R 2F
NFL UL L=35D kb I W9 i o E W AR H
i bR X 25 BT S BGEAT T Ak et A
mr.

D AT 8 VG 5 R 57 208 IR
JER T 300~60% 8l I L RAIK . VG X
5 T A 2R A R R OR

2) VG 5L B g8k, 5 i 28 3 T
B VG EHEM 0 8K, i TR A X 3 2
BURBEBE s VG B BB, S Ui i 3 A 37 1Y)
37 TR I,

3) M4 25 A8 2 /Y Pareto [, 2l i L X I i 28
BRI RS2 T 200 65 %, K Ik 3 JE AR SR 2
SR ERER F B R LRI
MAE LB . % VG iy 0=136",8=6",L/D=
38.8,J=10.6 B, P/D fE#E fe Al 12. 68.

S 3k :

(1]

7Zie

A

EFD}

)@

}

LWL BEDY . W R AR AR T R R L)) R TR
iR ACE R 5 TR 2011,35(3) :611-618.

HUANG Hongbo, LU Fang. Research progress of vortex

generaotr application[ ] ]. Journal of Wuhan University of

Technology: Transportation Science and Engineering, 2011,

35(3):611-618. (in Chinese)

BRie B 2 . =M% A 3000 I & A s TL AT S 500 IR

sz L], fias sh 1244 . 1996, 11(3) :241-245.

CHEN Xiao, ZHONG Yicheng. Effects of geometric parame-

ters of submerged delta vortex generator on vortex ] ]. Journal

of Aerospace Power,1996,11(3):241-245. (in Chinese)

[37] YAN Yonghua,LI Qin,LIU Chaoqun,et al. Numerical dis-

covery and experimental confirmation of vortex ring gener-

ation by microramp vortex generator[ J]. Applied Mathe-

matical Modelling,2012,36(11):5700-5708.

[4] Szumowski A, Wojciechowski J. Use of vortex generators

to control internal supersonic flow separation[]J]. ATAA

Journal,2005,43(1) :216-218.

Lin J C. Review of research on low-profile vortex genera-

tors to control boundary-layer separation[]J]. Progress in

Aerospace Sciences,2002,38(4/5) :389-420.

[10]

[11]

[12]

[13]

[14]

[16]

[17]

[18]

[19]

Lee S, Loth E,Babinsky H. Normal shock boundary layer
control with various vortex generator geometries[ ] |. Com-
puters and Fluids,2011,49(1) :233-246.

Zaman K B M Q,Rigby D L, Heidmann J D. Inclined jet in
crossflow interacting with a vortex generator[ J]. Journal
of Propulsion and Power,2010,26(5) :947-954.

Saravanan G, Suresh C. Numerical simulation of mixing
enhancement in scramjet using micro vortex generator[ J].
International Conference on Modelling Optimization and
Computing,2012,38:3969-3976.

YT Shihe, TIAN Lifeng, ZHAO Yuxin, et al. Aero-optical ab-
erration measuring method based on NPLS and its application
[J]. Chinese Science Bulletin,2010,55(31) ;3545-3549.
ZHAO Yuxin, YI Shihe, TIAN Lifeng, et al. Supersonic
flow imaging via nanoparticles[ ] ]. Science in China: Series
E Technological Sciences,2009,52(12) :3640-3648.
ZHAO Yuxin, YI Shihe, TTIAN Lifeng, et al. The fractal
measurement of experimental images of supersonic turbu-
lent mixing layer[ ] ]. Science in China; Series G Physics,
Mechanics and Astronomy,2008,51(8):1134-1143.

TIAN Lifeng, YI Shihe,ZHAO Yuxin,et al. Study of den-
sity field measurement based on NPLS technique in super-
sonic flow[ ]J]. Science in China;Series G Physics, Mechan-
ics and Astronomy,2009,52(9):1357-1363.

Babinsky H.Li Y.Ford C W P. Microramp control of su-
personic oblique shock-wave/boundary-layer interactions
[J]. ATAA Journal,2009,47(3) :668-675.

Canny J. A computational approach to edge detection[]].
IEEE Transactions on Pattern Analysis and Machine Intel-
ligence, 1986,8(6) :679-698.

Portz R,Segal C. Penetration of gaseous jets in supersonic
flows[ J]. AIAA Journal,2006,44(10) :2426-2429.

Smith S H,Mungal M G. Mixing, structure and scaling of
the jet in crossflow[ ] ]. Journal of Fluid Mechanics, 1998,
357:83-122.

SUN Mingbo. ZHANG Shunping, ZHAO Yanhui, et al.
Experimental investigation on transverse jet penetration
into a supersonic turbulent crossflow[]J]. Science China
Technological Sciences,2013,56(8):1989-1998.

WANG Bo, LIU Weidong,ZHAO Yuxin,et al. Experimen-
tal investigation of the micro-ramp based shock wave and
turbulent boundary layer interaction control[ J]. Physics of
Fluids,2012,24(5) :055110. 1-055110. 14.

HUANG Wei, YANG Jun. YAN Li. Multi-objective design
optimization of the transverse gaseous jet in supersonic

flows[J]. Acta Astronautica,2014,93(1):13-22.

(i TR A



