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Fig. 1. Conceptual illustration of the gas-liquid pintle in-

jector element (Unit: mm).
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Fig. 2. Final geometry of the pintle injection element as-

sembly.

W e i B KA IR, MR
B 300 K, 35S /1B 101.3 kPa. FE T R oS
SRR Y it B ) e an T s =G

k+1
k(2 \*!
“= CdPiA\/ wles) 0

q. = C4A\/2pL (P — Pe), (2)

Krf ¢ RoRPUR TR, Fis G M L 433138 ik

FNEAR (FEAS SCHD R 25 SFIK); Gy FR Tt it R AL

A FORBEEEE R P, RoRmih Ry, X

LWV S R E =N 1) A5 I AN T ST
R FRTMERL kFoR LALL.

Vil T HEDLZR 1, &M XF1E 1 4 M s /Y

4 FRAS[R) LA SRS FL, 5 H B0 B 7K It BT f i

HSWLIABIE L (W3R 156 2 91), IF5 6 FiAs

[l 28 S md k% (B P 5 P, 222, WWRE/IMK

#1
Table 1.

WA 2.13, 0.99, 0.62, 0.42, 0.31, 0.24 MPa, 53 1
5247 NZE R AT 6 FhAS [F] 23 5T 6 3k o AH X
M) AT AT AL 24 AR T o FORBEE
BE, AR (1) R (2) LT R ug TEARF LA
WA AR, T o PREF 33.48 m/s ANEE.

22 EBEERESMNERS

Ve IS5 1R AE TR T, Skl &
GEANTEL 3 Pz, EARAAU S N 2RE B | g i AR
i TR A g A 0 4 2 S A A B
e AR A R R SRR, AT NG
AR o PR ARG R I L 28 SRR I AR
TEFATTI AT R o v s R Bl R 4
. W SE WSO i 00 SO ST SR LS BRI
R 25 SR8 S M LI 25

=

© rwnmn

l e

0 e

H3 KEmARGREA

Fig. 3. Schematic diagram of the experimental platform.
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Fig. 5. Comparison of LES-predicted liquid jet/spray distribution (gas-liquid interface colored by red) for case CT14# with experi-

mental data (i.e. the blue spray fraction iso-line of 7=0.1): (a) time-averaged boundary band; (b) computing grid; (c) contrast grid

A; (d) contrast grid B.
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[(a)—(b)] SHE[(c)—(R)] ¥ L:  (a) t; (REER); (b) 61+
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)5 (h) 4+15 ps (F L PIAE B 5 45 R)

Fig. 7. Comparison of experimental [(a) —(b)] and simula-
tion [(c)—(h)] results of case CT14# on the distribution of
typical R-T unsteady surface waves: (a) ¢, (experimental
result); (b) #+15 ps (experimental result); (c) & (simula-
tion result of computing grid); (d) t,+15 ps (simulation res-
ult of computing grid); (e) ¢ (simulation result of contrast
grid A); (f) t3+15 ps (simulation result of contrast grid A);
(g) #; (simulation result of contrast grid B); (h) t;,+15 ps
(simulation result of contrast grid B).
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Fig. 8. Instantaneous liquid jet structure (colored by red) of
case CT14#, superimposed with the vertical structures
identified by isosurface of the second invariance of the velo-

city gradient tensor (colored by green).

P 7 rpl e x b T P e T e B M
REFIRT LRI A (5 BLAS 2 R SR T 0L S 5 15045
SRIEAAHIA], [T iF 6] 5] B EA A ) 5 20 T B P
PR BA W A RIRR OCHE (RIBAT AR A RFAEZS

Fay), AR T 3 T T R e A TR R 2 R Y
P T A A o PR AR AR T T 5 1R EE 1)
6 B 05 ELAT 2 59 2R i PO S5 IR A5 R 25 TR
LI R AH S PR 22, A IH 2% A TGk 1 2 T 5R0K
JE. BT PR RS AT L RO RS AR 05 LA RAR
XF IR AR A0 2 B T 05 HOC RS B i i
SRR I HCE S, TR O 05 BT S LU
ANT A ST AR RIURE , A 31 2 =R 1o i A
JBE e K-H ARG E T3R8 8 KA /N RS R
FL A 3L A5y o O 9 2 T I 7 R G 2 14 00
DX PN AT FEBRERE J7 T AH B (450 5 108 S5 FEREIB , EH/DN
RF i o 5 XEE A% i, (R (T HA5 R A
FEATEARI .

3.2 WEEAITREMNIITHESH

WIRGAA, Fe I 32 SRR R SR Fe mE
TE AT R I 2 AR A EE R, AT e B Y T
B CTUTHIE— 7AW FL X 30 8 e 25 Ak it 7
PN R PE. X T CT L7410 3% 225 % 8145 %
POD J7ik (JREEA 2425 W STk [7)) B 407 45
¥, & 9(a) FIEL 9(b) Fi 7R Ry HL i B2 55 55 1 - Fisf %]
WA G RN 45 18] 9(c)—(h) N FRIEWEE TR
B IE S BT POD BEAS (O6F I I ] 2 45
i WA 10), HA B = EiRE SR (R
FRR) DI IZ AL () ShAS R R, [ e LAY i 1
BEARA X B AR 357 1 Tk B RC

(a) Snapshot Uy (b) Mode-0

5 mm

7

5 mm

..
(

c) Mode-1 " (d) Mode-2

(e) Mode-3 \ (f) Mode-4
EC =2.95%

EC = 3.69%
L T ".
‘ = e
(h) Mode-100

S

3 EC =0.13%
q.f%’@.;,

B9 T CTIT#KY (a) BRI B3 K45, (b) I35 45 51 &
(c)—(h) & T POD #izs

Fig. 9. (a) Spray snapshot, (b) time average and (c)-(h) several
POD modes of case CT17#.
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Fig. 10. Superposition of the power spectrum densities from
several POD modes of case CT17+.
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Fig. 11. Amplitude and phase angle from CPSD (Mode-3
and Mode-4) of case CT17#.
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Fig. 12. POD modes that generate the traveling wave struc-
ture in case CT05#, CT11# and CT23#.
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Fig. 13. Variation of dimensionless surface wavelength

versus Weber number.
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Fig. 14. Image reconstruction of spray snapshot from case
CT17+4.
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Fig. 15. Statistical results of the reconstruction deviation in

several cases.

4 % #

ARSCLAAS S AK AU B, 34 A 3 R
BRI 5515 SOCHUR, 430 TR 1 SBEVE T T iR
DA S L 7 ST L DX 38 18 i e 25 et A R e sh 5
P, BRI R 45,

1) 3 WL DX ) SO T S e S i R R
PRI B TF B4 J I A in 8 Ay B 7 A0, TR AR S
VLA B AR, S I A A = e
ARG T AE AR R FE T 2 T Uil AH
V7 14 55 JE 38 P 0 A T 0 5 A R R Lo
JE B RES . TR KUE AR 22 E R R B R-T
AFaE RN, RPN LR FBOES IR B
bR A= TR, AU 1 DT AT R A R ) 5
AR 1 B 1T BRIz AN IR 7 22 30 42

2) POD J5 7 A A 8 EE A v A0 h AR A5 1 5%
A 55 RS, POD 55285 3 BH ST 55 F L X385 114 1955 55 41
i R W5 ) AR Yk /e AR (IR i
TR Bl T 5 AR XU 932 SR A, e s
LA B R BOA TR 450 . TR AR T I KA R-T
AFRE R K 5 H A Z M RRAELR T
GYAEIE, PIONAIZA T 2540 52 3 S AR S 7 T 24 i
1) R-T AN s i 7= 2

S 30k

[1] Zhang Y L 2001 Variable Thrust Liquid Propellant Rocket
Engine and Its Control Techniques (Beijing: National Defense
Industry Press) p4 (in Chinese) [3K &k 2001 A5 J1 8 1A A H
KAWL AR (Jeat: BTl h ) 55451

2l

(10]

(11]

(12]
(13]
(14]

15]

[16]

[17]

(18]

(19]
20]

[21]

[22]
23]

[24]

[25]
[26]

[27]

(28]

114701-10

An P, Yao S Q, Wang J L 2016 Msl. Space Veh. 345 50 (in
Chinese) [ZM5, BEHESR, T HUA0 2016 S5 KiZHH A 345
50]

Dressler G A 2006 42nd AIAA/ASME/SAE/ASEE Joint
Propulsion Conference & Exhibit Sacramento, California, July
9-12, 2006 ATA A-2006-5220

Sun Z Z, Jia Y, Zhang H 2013 Sci. China Ser. E 56 2702

Lei J P, Lan X H, Zhang R J, Chen W 2014 Sci. China Ser.
E 44 569 (in Chinese) [F 0, 22, TRZE, Bk 2014 #
FEIR = BARRNE 44 569)

Davis L A 2016 Engineering-PRC 2 152

Jin X, Shen C B, Zhou R, Fang X X 2020 Int. J. Aerospace
Eng. 2020 8867199

Chen H Y, Li Q L, Cheng P, Lin W H, Li C Y 2019 Acta
Phys. Sin. 68 204704 (in Chinese) [FRESIR, 25T HE, WUMe, #k i
i, 2RI 2019 PB4 68 204704)

Cheng H Y 2020 Ph. D. Dissertation (Changsha: Graduate
School of National University of Defense Technology) (in
Chinese) [FRER 2020 2200830 (KU BRI
A b))

Wang K, Lei F P, Yang A L, Yang B E, Zhou L X, 2020
Acta Aeronaut. et Astronaut. Sin. 41 91 (in Chinese) [T,
WG, MR e, Badk, SR 2020 fizs 254 41 91)

Wang K, Lei F P, Yang A L, Yang B E, Zhou L X, 2021
Acta Aeronaut. et Astronaut. Sin. 42 342 (in Chinese) [F I,
WG, MR, ik, SR 2021 fizs # ik 42 342)
Radhakrishnan K, Son M, Lee K, Koo J 2018 Acta Astronaut.
150 105

Radhakrishnan K, Son M, Lee K, Koo J 2018 Atomizaiton
Spray. 28 443

Son M, Yu K, Radhakrishnan K, Shin B, Koo J 2016 J.
Therm. Sci. 25 90

Zhang B 2020 Master Dissertation (Changsha: Graduate
School of National University of Defense Technology) (in
Chinese) [f# 2020 S22 3C (K10 ERFRHE R4
Be)]

Zhang B, Cheng P, Li Q L, Chen H'Y, Li C Y 2021 Acta
Phys. Sin. 70 054702 (in Chinese) [3kMs, BUME, 2575 0k, M2
TR, 2R 2021 B3R 70 054702)

Lin S 2021 Master Dissertation (Changsha: Graduate School
of National University of Defense Technology) (in Chinese)
[BRER 2021 BL2AAR S0 (Kb W BRHCR 2T AR B )

Xiao F 2012 Ph. D. Dissertation (Leicester: Loughborough
University)

Xiao F, Dianat M, Mcguirk J J 2013 AIAA J. 51 2878

Lee K, Aalburg C, Diez F J, Faecth G M, Sallam K A 2007
AIAA J. 48 1907

Park S W, Kim S, Lee C S 2006 Int. J. Multiphas. Flow 32
807

Sallam K A, Aalburg C, Facth G M 2004 AIAA J. 42 2529
Lubarsky E, Shcherbik D, Bibik O, Gopala Y, Zinn B T 2012
Adv. Fluid Dyn. 4 59

Wu LY, Wang Z G, Li Q L, Li C 2016 Acta Phys. Sin. 65
094701 (in Chinese) [FHAR, THRE, 227G M, 2F 2016 ¥
2244 65 094701]

Xiao F, Wang Z G, Sun M B, Liu N, Yang X 2017 P.
Combust. Inst. 26 2417

Wang Z G, Wu L Y, Li Q L 2014 Appl. Phys. Lett. 105
134102

Gao Y J, Jiang H Q, Li J J, Zhao Y Y, Hu J C, Chang Y H
2017 Acta Phys. Sin. 66 024702 (in Chinese) [0 %%, 2IUAT,
ZHREE, B E =, I, HOTR 2017 PUHAAIR 66 024702]
Liang G T, Guo Y L, Shen S Q 2013 Acta Phys. Sin. 62


http://doi.org/10.1007/s11431-013-5377-0
http://doi.org/10.1007/s11431-013-5377-0
http://doi.org/10.1007/s11431-013-5377-0
http://doi.org/10.1007/s11431-013-5377-0
http://doi.org/10.1007/s11431-013-5377-0
http://doi.org/10.7498/aps.68.20190671
http://doi.org/10.7498/aps.68.20190671
http://doi.org/10.7498/aps.68.20190671
http://doi.org/10.7498/aps.68.20190671
http://doi.org/10.7498/aps.68.20190671
http://doi.org/10.7498/aps.68.20190671
http://doi.org/10.7498/aps.68.20190671
http://doi.org/10.7498/aps.68.20190671
http://doi.org/10.7498/aps.68.20190671
http://doi.org/10.7498/aps.68.20190671
http://doi.org/10.1016/j.actaastro.2017.12.012
http://doi.org/10.1016/j.actaastro.2017.12.012
http://doi.org/10.1016/j.actaastro.2017.12.012
http://doi.org/10.1016/j.actaastro.2017.12.012
http://doi.org/10.1615/AtomizSpr.2018022652
http://doi.org/10.1615/AtomizSpr.2018022652
http://doi.org/10.1615/AtomizSpr.2018022652
http://doi.org/10.1615/AtomizSpr.2018022652
http://doi.org/10.1615/AtomizSpr.2018022652
http://doi.org/10.1007/s11630-016-0838-y
http://doi.org/10.1007/s11630-016-0838-y
http://doi.org/10.1007/s11630-016-0838-y
http://doi.org/10.1007/s11630-016-0838-y
http://doi.org/10.1007/s11630-016-0838-y
http://doi.org/10.7498/aps.70.20201384
http://doi.org/10.7498/aps.70.20201384
http://doi.org/10.7498/aps.70.20201384
http://doi.org/10.7498/aps.70.20201384
http://doi.org/10.7498/aps.70.20201384
http://doi.org/10.7498/aps.70.20201384
http://doi.org/10.7498/aps.70.20201384
http://doi.org/10.7498/aps.70.20201384
http://doi.org/10.7498/aps.70.20201384
http://doi.org/10.7498/aps.70.20201384
http://doi.org/10.2514/1.J052509
http://doi.org/10.2514/1.J052509
http://doi.org/10.2514/1.J052509
http://doi.org/10.2514/1.J052509
http://doi.org/10.2514/1.J052509
http://doi.org/10.1016/j.ijmultiphaseflow.2006.02.019
http://doi.org/10.1016/j.ijmultiphaseflow.2006.02.019
http://doi.org/10.1016/j.ijmultiphaseflow.2006.02.019
http://doi.org/10.1016/j.ijmultiphaseflow.2006.02.019
http://doi.org/10.2514/1.3749
http://doi.org/10.2514/1.3749
http://doi.org/10.2514/1.3749
http://doi.org/10.2514/1.3749
http://doi.org/10.2514/1.3749
http://doi.org/10.7498/aps.65.094701
http://doi.org/10.7498/aps.65.094701
http://doi.org/10.7498/aps.65.094701
http://doi.org/10.7498/aps.65.094701
http://doi.org/10.7498/aps.65.094701
http://doi.org/10.7498/aps.65.094701
http://doi.org/10.7498/aps.65.094701
http://doi.org/10.7498/aps.65.094701
http://doi.org/10.7498/aps.65.094701
http://doi.org/10.7498/aps.65.094701
http://doi.org/10.1063/1.4893008
http://doi.org/10.1063/1.4893008
http://doi.org/10.1063/1.4893008
http://doi.org/10.1063/1.4893008
http://doi.org/10.7498/aps.66.024702
http://doi.org/10.7498/aps.66.024702
http://doi.org/10.7498/aps.66.024702
http://doi.org/10.7498/aps.66.024702
http://doi.org/10.7498/aps.66.024702
http://doi.org/10.7498/aps.66.024702
http://doi.org/10.7498/aps.66.024702
http://doi.org/10.7498/aps.66.024702
http://doi.org/10.7498/aps.66.024702
http://doi.org/10.7498/aps.66.024702
http://doi.org/10.7498/aps.62.024705
http://doi.org/10.7498/aps.62.024705
http://doi.org/10.7498/aps.62.024705
http://doi.org/10.1007/s11431-013-5377-0
http://doi.org/10.1007/s11431-013-5377-0
http://doi.org/10.1007/s11431-013-5377-0
http://doi.org/10.1007/s11431-013-5377-0
http://doi.org/10.1007/s11431-013-5377-0
http://doi.org/10.7498/aps.68.20190671
http://doi.org/10.7498/aps.68.20190671
http://doi.org/10.7498/aps.68.20190671
http://doi.org/10.7498/aps.68.20190671
http://doi.org/10.7498/aps.68.20190671
http://doi.org/10.7498/aps.68.20190671
http://doi.org/10.7498/aps.68.20190671
http://doi.org/10.7498/aps.68.20190671
http://doi.org/10.7498/aps.68.20190671
http://doi.org/10.7498/aps.68.20190671
http://doi.org/10.1016/j.actaastro.2017.12.012
http://doi.org/10.1016/j.actaastro.2017.12.012
http://doi.org/10.1016/j.actaastro.2017.12.012
http://doi.org/10.1016/j.actaastro.2017.12.012
http://doi.org/10.1615/AtomizSpr.2018022652
http://doi.org/10.1615/AtomizSpr.2018022652
http://doi.org/10.1615/AtomizSpr.2018022652
http://doi.org/10.1615/AtomizSpr.2018022652
http://doi.org/10.1615/AtomizSpr.2018022652
http://doi.org/10.1007/s11630-016-0838-y
http://doi.org/10.1007/s11630-016-0838-y
http://doi.org/10.1007/s11630-016-0838-y
http://doi.org/10.1007/s11630-016-0838-y
http://doi.org/10.1007/s11630-016-0838-y
http://doi.org/10.7498/aps.70.20201384
http://doi.org/10.7498/aps.70.20201384
http://doi.org/10.7498/aps.70.20201384
http://doi.org/10.7498/aps.70.20201384
http://doi.org/10.7498/aps.70.20201384
http://doi.org/10.7498/aps.70.20201384
http://doi.org/10.7498/aps.70.20201384
http://doi.org/10.7498/aps.70.20201384
http://doi.org/10.7498/aps.70.20201384
http://doi.org/10.7498/aps.70.20201384
http://doi.org/10.2514/1.J052509
http://doi.org/10.2514/1.J052509
http://doi.org/10.2514/1.J052509
http://doi.org/10.2514/1.J052509
http://doi.org/10.2514/1.J052509
http://doi.org/10.1016/j.ijmultiphaseflow.2006.02.019
http://doi.org/10.1016/j.ijmultiphaseflow.2006.02.019
http://doi.org/10.1016/j.ijmultiphaseflow.2006.02.019
http://doi.org/10.1016/j.ijmultiphaseflow.2006.02.019
http://doi.org/10.2514/1.3749
http://doi.org/10.2514/1.3749
http://doi.org/10.2514/1.3749
http://doi.org/10.2514/1.3749
http://doi.org/10.2514/1.3749
http://doi.org/10.7498/aps.65.094701
http://doi.org/10.7498/aps.65.094701
http://doi.org/10.7498/aps.65.094701
http://doi.org/10.7498/aps.65.094701
http://doi.org/10.7498/aps.65.094701
http://doi.org/10.7498/aps.65.094701
http://doi.org/10.7498/aps.65.094701
http://doi.org/10.7498/aps.65.094701
http://doi.org/10.7498/aps.65.094701
http://doi.org/10.7498/aps.65.094701
http://doi.org/10.1063/1.4893008
http://doi.org/10.1063/1.4893008
http://doi.org/10.1063/1.4893008
http://doi.org/10.1063/1.4893008
http://doi.org/10.7498/aps.66.024702
http://doi.org/10.7498/aps.66.024702
http://doi.org/10.7498/aps.66.024702
http://doi.org/10.7498/aps.66.024702
http://doi.org/10.7498/aps.66.024702
http://doi.org/10.7498/aps.66.024702
http://doi.org/10.7498/aps.66.024702
http://doi.org/10.7498/aps.66.024702
http://doi.org/10.7498/aps.66.024702
http://doi.org/10.7498/aps.66.024702
http://doi.org/10.7498/aps.62.024705
http://doi.org/10.7498/aps.62.024705
http://doi.org/10.7498/aps.62.024705
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 % 3R Acta Phys. Sin. Vol. 71, No. 11 (2022) 114701

024705 (in Chinese) [ZERI¥E, S8 HG, JLIETR 2013 4 Hl~44H (31] Chakraborty P, Balachandar S, Adrian R J 2005 J. Fluid

62 024705] Mech. 535 189
[29] Zhou R, Shen C B, Jin X 2020 J. Zhejiang Univ-SC. A 21 684 . . .
[30] Elshamy O M 2007 Ph. D. Dissertation (Cincinnati, OH: [32] Rodrigues N'S, Kulkarni V, Gao J, Chen J, Sojka P E 2015
' Exp. Fluids 56 1

Division of Graduate Studies and Research of the University
of Cincinnati) [33] Arienti M, Soteriou M C 2009 Phys. Fluids 21 112104

Fragmentation and atomization characteristics of near-orifice
liquid jet under transverse gas film”

Jin Xuan Y2  Shen Chi-Bing Y*

1) (Science and Technology on Scramgjet Laboratory, College of Aerospace Science and Engineering,
National University of Defense Technology, Changsha 410073, China)
2) (China Aerodynamics Research and Development Center, Mianyang 621000, China)

( Received 23 December 2021; revised manuscript received 23 February 2022 )

Abstract

In order to understand the fragmentation and atomization characteristics of the liquid jet in transverse gas
film, a pintle injection element using air and water as simulants is designed. The two-phase flow large eddy
simulation and backlight imaging are used to study the liquid-jet breakup process and spray-field dynamic
characteristics in the nearorifice area of pinte injection element under the atmospheric environment. The
primary fragmentation process of the liquid jet dominated by surface wave is obtained by large eddy simulation,
which reveals the establishment process of the spray field in near-orifice area of the gas-liquid pintle injector.
After the subsonic airflow leaves the slit, it expands and accelerates into supersonic state. Then the deceleration
and pressurization phenomenon occurs once the supersonic airflow passes through the detached bow shock
upstream of the liquid jet. The liquid jet bends downstream due to the difference in pressure between upstream
and downstream, and the Rayleigh-Taylor (R-T) unstable surface wave appears on the jet windward surface. As
the surface wave develops, the penetration of the wave trough by airflow causes the continuous liquid jet to
fragment. Proper orthogonal decomposition (POD) method can effectively reconstruct spray snapshot. The
POD mode shows that the low-frequency spray oscillation in near-orifice area is caused by the overall
expansion/contraction process of the spray field, while the high-frequency one is due to the “impact wave”
movement of the liquid block or liquid mist group on the windward side. The latter is produced by the R-T
unstable surface wave before the jet breakup, and can be categorized as traveling wave structure. The

dimensionless traveling wave wavelength has a power-law relationship with Weber number.
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