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Numerical Study on Spray Characteristics of Kerosene Jet in a Crossflow
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Abstract: To study the breakup atomization and development process of kerosene propellant in crossflow under subsonic
conditions, and to realize the accurate numerical simulation of fuel atomization, a kerosene jet in crossflow with average flux-to-
momentum ratio ¢ ranging from 7.9 to 46, and average We, ranging from 5.6 to 120 is selected to enter the mainstream of the air under
the velocity conditions of 11 subsonic uniformly incoming air main streams and the phenomenon of primary atomization under the
action of crossflow is investigated by the Volume of FluidMethod and Adaptive Mesh Refinement method. The volume of the
FluidMethod (VFM) method and Adaptive Mesh Refinement (AMR) method are used to investigate the primary atomization
phenomenon under the jet's action in crossflow and verify the accuracy of the numerical simulation method by comparing it with the
experimental results. The results show that jet fragmentation of kerosene propellant is mainly caused by surface tension, especially the
Rayleigh-Taylor (R-T) instability plays a dominant role. In contrast, the surface fragmentation triggered by the Kelvin-Helmholtz (K-
H) stability precedes the liquid column fragmentation caused by the R-T instability. The atomization process is negatively correlated
with the mean gas Weber number, positively correlated with and strongly influenced by the mean flux-to-momentum ratio ¢, and
finally an empirical equation for the jet penetration depth profile suitable for atomization in crossflow jet is obtained.

Keywords: jet in a crossflow; primary kerosene atomization; VOF method; AMR method; numerical simulation
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Tab.1 Gas properties and calculation conditions

#t/k/Pa (kjrji) (fi BSZ_/I) R /(mes™) | IREE/T We,
17.2,25.6, 5.6,12.4,
101 325 1.225 1.8x107 | 39.9,56.4, 297.15 | 30,60,120,
79.8 123.5




553 30

LARUSAE A AU E A R AR A 2 AR B ST 9

®2 HEESRREMERETERS

Tab.2 Fluid properties and calculation conditions

wWE | W

3 / ol ’X/
(kgm™) (Pa-s) S /(m-s™") fL4&/mm q
780 0.002 6 2.6,3.8,59,84,11.8 0.4 14,30,46

2 YEEER R EEIEY
2.1 JUAHRE K g R 4y

WA ST B i AR B W E B R, b
HAARX IR EAILER N, FRIEIE A 45dx90dx20d
FIRETE, KN 104, Abbr &R ST O
FARTH R, A VR y B OE ST Y, AR
WxBErpmS, SREEsmNERJ R, b
i T I 5 A ] Y T R R A R 900, R TE K
N Ld=10.

FE g
To04
e JET
FA ST
%%
%ﬁfﬁ‘?&%lli/\ u}

E1 aFFEH
Fig.1 Boundary condition

K H ICEMCFD 4= 45 #6 A A%, SF SR N 1R
2 FE DX IR R N o B TS R R A ) S DT
A 2 T 3 B R , 7R SRR T 4k SR R R /N
o AT HER IR RO AR, SR B & RS
I, B2 B3N 51 BRI A A T SR R R
TRAH R AR 20 BRI L IE N J5 A% . D T S ARG R
HEMVERITH S AR =, YR 4 8 & RIS
/NS RS9 4.29 pm.

E2 RSN
Fig.2 Overall mesh

E3 WiEEENRE
Fig.3 Adaptive mesh

22 A8 T K R AR B A B 56 IE
BRI TC I, A F = B 5 AN TR R P
M, MIMEECE M A3 T 13 JIRI28 75, XN x/d=
-0.5, AAL B AR A =AW TR AR B, T
DR FH 28 SO 0, =25.6 my/s 8 I SO B 0 =3.8 s,
Pt Ranl 4 fros, Hb, w A vd=—0.5 ks ) =
SR, ydEAL By SEHEKE a I E A
1.37
1.17F

0.98}
& 0.78r ¢
N g
0.59f
0.39} | 35
[ — 1377

0 5 10 15 20 25 30 35 40 45 50
yid

El4 TREIMEHERREIEL

Fig.4 Velocity comparison for different number of mesh

3TLEA MM PRI FARER K, 456 AUl
THRRS BRI AR a1, HEBR DR A A 2 i
JI 1) R 22 DA e AN B ST AR K, R E Y
13 73 1) A A BT R Bt 7

=AW RS AR B AR R 15 75, 513
160 J3 [ MRS R RL,  FO0A A5 1 S 008 90 SN EUT2E A it 28
WK S Fion. MM ScE st — B, HEEEI
ANIZE A A AR AT 1%, 45 R BN, 7R
BEXBNS5 G T)E, WEERETRE, Wi
WA TSR . Rk, B R S1 7 Bt Ik
B F 5 22 0 VE LR B AN AT

H LUK A T R B v 5 468 SR -5 A0 B STk H 138
oA AT X G, SRIGTEABI (W uErfi e, 16 4 e,
=123.5. ¢=14%1FF, =0 #00H 5 iR 56 45 Bk bk 7,
ATLUE B B EE RS IRG RV A8, JFHAT R4S
FHERRIR T KRR 40



10 T 5 R 2 BB ROBSED

2026 4F

w 157
357 o 51

a 16007 i {
30r|— 15 iG e
—5UHHA T
16073Tﬂé§

00 10 20 30 40 350 60 70 80
x/d
5 BERECHEXTEE

Fig.5 Comparison of jet spray trajectories

40p
..
30t R
"

=
2l

100

0 L

i 20 40 60
x/d
b) iE

Eo RISHEZLRIILE

Fig.6 Comparison of experiment and simulation

23 BEEMSGE

KRR AR R AR R AT HUE R iR, B I8 H )
X T SR VR B, A C L HL, VB A i HE 32 75 1 41
AT HUE R . SERRMREINE I, /NS R
N4 um, BEAESAE. SRR BEOEZEA D, B0
WORNEIH A, - E G R SIMPLE 3%, £
FHVR A VOF 82 o i A B 7 4E FE UL E, 48R
FA A IE ) Realizable k- f57, = 4E% ] SST k-w
RS o T F G PRI U P R Wt S R 351 297.15 K,
F#E 8 101.325 kPa, & XS AERE—HM, BEMIEN
M, PIAHTER R EK 7] £ %05 0.026 N/m, 25
EEW NI, FRERASRTE S RIE.

3 HZR5R
3.1 BHERSIRI—RENETE

£ SRR B (7D o, a2
RO AIIR IS, W LR SIS « Sl 1 A7 b7 5E
i, B d I IN, SRR A . S A
GEIRZSIT, OREFARXT R E MRS, (EREE va 3G K,
SRR T T 46t B Bl R A A AR AR S PR TR
i o X APBEEAT D9 SRR T R-T AR E MRS BN
PR IAL A AN (33 5 22 7E S b7 2R
gy, B G EUN PR R .

601
€ " -
40f ) S
@
=
e -
20 C
0_
0 20 40 60 80
x/d

El7 We=12.4, ¢=46 RHK KSR TE
Fig.7 We=12.4\ q=46 surface waves and jet column waves
=PRI S N R 2%, SRR A A T R

TLIZET R AR o

501 501

40" qc&'n o .

Y ‘{’a\’é;w.;,-“?f“ he
20} S
of [ -
1
d 0 20 40 60
x/d zld
a) FME b) HHHA

B8 We=12.4. q=46 RHERK RS RI R ~E

Fig.8 We=12.4.\ q=46 surface waves and jet column waves

VBUAAR SR ) — R B LA VRUACE R T AR RV AE B
PIARRE HEAT = G S IR AR B ey P 1T L ) 35N
FE 277 W) BB, dnlE 8b S AL B s, R
SLIRWIBI AT o SRR AR BRACRE A 50 3 A v [T AE TT AR
SRR WA T EAO RSB IR T 2, o
R-T ANAGTE 115 BUH it ELAR A 0 AR AT T R T U5
Ay TEFH BN AL AT SR AR A T AR BRI (AR A, A2
PR o SFHRURE B A AFAE T LL 51 R S O BRCRE



553 30

LARUSAE A AU E A R AR A 2 AR B ST 11

R 73 2l — AR R

OB T we=12.4. =46 T3 N #WEH J7 171
WA TG L. FESHRNITT A I B, SR R
T 2 IECAE R FPRA, B ERESE PR, X
FIIRZS R, S BB 71 TR R 9 58 s, R
gk 77t e B 4 R IR AR AR o Bl SR K
J&, MyikF)2.54 % Sa by, SRR AT T 46 I
a1 L SO RS A o K ST U8 AR (RS )
MR =PSB XL FEWIE R, s iR
LB —EFRBENE, ST UR B IR A . My ik
B 7.5d 2 104 W], SRR R AR T 52 300 v E 4 )R
A, BRUHROLRKE T REMBERE. R, SR
ANFRFEE S AR TEAS 2 70 S A 3 2, (4
T B AN o X i PR H P A T A
R 5 SR, ) A 2 0 of R T I 1 3 — 2D ik
. ik, HKHEFHRIBEHLETHRTERH

TR
2
) (] € ¢ {
) - . . . N\ .
0 2.5d 5.0d 7.5d 10.0d 12.5d

¥
Eo ShvgiEmsmTediE
Fig.9 Jet column cross-section variation

32 ARILATHRKZEUIS LR

P 10 92 ] S5 3 A AR AR IR R s i, A 4
AP 2 18] 8 0 58 SO — AN e BN ARG, AT AR
W, BEFERS DK 7 0.002 54 s745590.002 72's, R-T
RIMPHIK R EIINES, BEERRBH LK.
A, KA. Kb L AR TERE, LR
FIHEEE

20

20 .
15 «
Ly
210 .

2
3 L

P

20 00316 15 20 25

x/d
a) 7=0.002 54 s b) 7=0.002 72 s

E10 #EESRLAEFRBERE
Fig.10 Column breakup occurred with jet in crossflow
AR AR ECT 1 R-T R TH DL B K AR A
W 11 s (BB HAED « WEEIR ek
A, BEE R-TREBWEHIIN, A HIABFA T
PR I MBS, BB AR R B BT

g, BB msERIE E AR ENEE,
HRAEH =ARMBGT R, BRI EX T
BRIP4 we,=5.6 F112.4Bf, R-TRIPEEA
Ik, (HBEE we MR, RNl L,
Hrbwe =300, o —NRMBAFRE—DTEERR-
TR A b — AT 4R S RURE 7E B A b PRk B
H, FHRTHKER.

0 |—=— We=5.6
We=12.4
O | —— wes=30
5t = Weg=60
—— We,=120
4t

R-Ti K

2 34 5 6
R-TERH 5L
Bl FESESTORERKSW
Fig.11 Surface wave lengths at different e,

K12 AN FE E A R KA, 2 me=12.4
I, ATRUE g A L AN i i A K R-T S
BREE ¢ G, BREBCERIGINE YR, Hia
EONE A, YIS TRRRERE ANRRE MRS R . 2
We =30 It , IH E B 5 LY ¢ X1 [r) S UL 25 A R Hh i R
[} ERTE S AN A 5 € NINF ST =R
I, we=60 W LA RIS . 4RKW], £F
T P BN AL B AR T, RT R T 2%
T H L e KT, BB AR, S
PR ) A R, T BRI B B B LT R R
R-T 3% [H] 0 250 b 45 3t 2 5y 8 b A 2 /<=5 40 i 19 m g
ER

—=—g=14

R-Ti K

1 2 3 4 5 6 7/
R-TR A

a) Weg=12.4HﬂLH/‘JK [l g T P X6t kb

E12 ARERBEEHELETREKKEL

Fig.12 Surface wavelengths at different ¢



12 SO 5 R g B RO 2026 4F
;14
=
F
o
0 2 3 4 5 6 7
R-TFR A 4L
b) We, =300} i) A[RlgFR M AR L
5
=V 100
4 - q:30 x/d
;4§3 ——q=46 a) xy3HT ) SR L
F ol
v 25¢
' " Wes124 .
S——= 3% 4 5 ¢ 7 We =30
R-TFE T I ‘
¢) We, =60} HIA [Alg 7 TR XS Ee
SE 12

3.3 AR THSHREERT LR 5

AR 2 AR ECT PR L A B ) $ A i 2
BI13 s, Hrpsigihy B e Es, M2y Niasr
RS, — MR S s A B e 5 e SO F AL T, T
i Levenberg-Marquardt {It 44 553545 31 5 3 34 5 ith 26
[FEIS NN 7% 0 NI e 5, SHE TR s R
FAE BT B 45 AL ™0 Fl oy Bl 77 1) S I 08
A LUE HBEE BRI, SRE TR, SRR
FEUk /N, ARk /NI FE B/ o 3K BT A A0 O KR
ATARPE G R, HZEJiigeR, M EZE D). FiE)
Xof PR BIZE B AR F i T SRR AR I AR
RESEREESMFBAD . Hyz W EkE, BEE
FAAFIR R, SRS BT 1A b5 540 T A 1SR
&S, WORPIMETEEE . Wik, &R A sk
N SRR S A R B PR VR RS R A B INAN )
5, MR A F AR

AN [ 38 B 3 & EE R SR B 5 2 S H a5
SR ES, W14, BRI R
W R, RAEEAE xy 7 ) R T i — L, ERIFER)
AAGIXTAI N, M g=30 2| =46 S I F1U2E 19 A8 44 2 B
L%, yz 77 1) ERIFEARIL 13X — 50, WD HEN A2
T BUNKE DL, SRR IRE 73 BUT iR AR
wEER,  HAE IR SR B R R RS .

yid

zld
b))yl 1] SR L

E13 ANEFHEHTHRANEI L

Fig.13  Comparison of liquid jet plume boundaries at different We,

2 oe1a
e q=14
q=30
q=30
* q=46
®_q=46

50

40t

30

yid

20} “

10 éfp

0 10 20 30 40 50 60 70 80 90
x/d

a) xyih s el SR L

El14 AERENELLTHRATIIEL
Fig.14 Comparison of liquid jet plume boundaries at different ¢

—




553 30

LARUSAE A AU E A R AR A 2 AR B ST 13

210 5 0 5 10

zld
b))yl 1] SR L
ZE[E 14

34 HEFRFERELBAN

BRI L RIS S A e B i) — > kB 4R
Fr, RIS BIMES BT ET, SHRI 7 IERE 5 TS
T me MBEBE L g HIRAKR, LZREHEKH
R AN, AW PR

% = aq'We; L +d2 :; a2 ) (8)

:—Etl[:lj a, b, ¢, dﬁﬁ%ﬁmﬁ%ﬁo

KINGEYIFBEIREE, H LA L5 A R oR
[F)~F- 35 1) 2 G5 R S AN 2B IR, I 2 BES B St
EGEIR

=3 ZEHIX AR B FIERE

Tab.3 Time-averaged penetration depths for each calculation example

o e, g “%M %
1 5.6 14 16.83 19.00
2 12.4 14 16.00 17.40
3 30 14 15.96 17.12
4 60 14 15.33 16.33
5 120 14 14.72 12.92
6 12.4 30 27.75 30.12
7 30 30 22.66 27.25
8 60 30 20.71 26.66
9 12.4 46 25.71 37.60
10 30 46 23.75 34.85
11 60 46 21.66 33.60

SR FH de /I> Z FeiEn i AT 22 Jn e vk IR E 4
1E98% BAEIX AN, 1937 BRELR AR
L, L+dn\”
o L2 ) 9
M (9 FRTAE H, EES)E g X B RE
MISEmRBR, RIEMKE, M B MRS FERER

— 2'7q0.54 We;}.OAG

TR, 5L iras R —2. HilindE = 5l
23 A GBI R AT XL, Wi 1S Fros,
PIE AT EVEAR G, T SR HERA I R4

40
A4
35 ©
m]
30 L |
S 1%
]
:g' 25 2 [ | ffiﬁq:124
o {jHq=30
56 )i #q=60
v Liikg=12.4
§ O Xitikg=30
15 o 3Cikg=60
10 15 20 25 30 35 40 45 50

q
15 A IIE™

Fig.15 Validation of empirical formulas

4 & P

AT 5T K FH VOF A58 28 565 I8 o 41 33 751) 74 555 908 s
WL Z5 AR BE . AN Ao e 28 1 3 R R gk AT 2 HORn 4
M, mARBERWT:

a) ST HLE ;R v B R AR A 1A SRR
FEEHIZ BRI DGEATRENSR, H,
RTIAFEMRESIERH, =4t 45 ins 2,
P ) B xy AN 2 75 W) BRI 3N, K-HANRRE 151 K1)
RTMABIE T R-T ANERE P 5 ) A B 1

b) FAFAETFRIE B E AU
hn, R-TRMPE MK, kDb, FEEKRW
R R, SRPUE TR, SR RS A
AN, X EERBTRRRNE L 2 g e, Xt
RIE rm R B E B S R — .

o) HEBNE I ALK . W& B & Y
I Bh T S AR e B R B ) FR e 4, 982> 1 0 B
LN [ R B N B v - A (1 i B =s ) == = e
TR HERE R K R E O R, SECERW
TR AN BE /N B R, AR T4 i S5 A RCR R e
sEa

O FEFRELRANXMIA: i EE B
AR, B3 7P ERRES TR AEAEE
FEtbz R AN, AXNER T EESE 5
IR RO, MR B A 7 E R 2 A
K, HorgiR—3.



14 T 5 iR B RCPEID 2026 4F
& £ xx @ HE Yuanyuan, YU Xiaobing, WANG Zhihua, et al. Numerical study
[17  MRFRE, 25K, akath, 5 . WA SR e B m) SR TR & e P T 7 3k on spray characteristics of kerosene jet in a crossflow[J]. Journal of

(2]

(3]

(4]

[10]

[11]

[12]

JE[]. Fias 541, 2014, 35(1): 46-57.
LIN Yuzhen, LI Lin, ZHANG Chi, et al. Progress on the mixing of
liquid jet injected into a crossflow[J]. Acta Aeronautica et Astro-
nautica Sinica, 2014, 35(1): 46-57.
WRERUR, 20 B, G, 45 . 2 bl S R g O i 5t
R R[], PIEL AR, 2019, 68(20): 215-228.
CHEN Huiyuan, LI Qinglian, CHENG Peng, et al. Influence of
momentum ratio and its throttling method on spray characteristics of
pintle injector[J]. Acta Physica Sinica, 2019, 68(20): 215-228.
LR, VS B, AR, A R U A R A A A
TERFIESEIR ], E B RO ), 2014, 36(2): 73-80.
TONG Yiheng, LI Qinglian, WU Liyin, et al. Experimental inves-
tigation on injection characteristics of assembled transverse injectors
in supersonic crossflow[J]. Journal of National University of Defense
Technology, 2014, 36(2): 73-80.
WEIL'Y, DONG R, ZHANG Y, et al. Study on the interface instability
of a shock wave—sub-millimeter liquid droplet interface and a
numerical investigation of its breakup[J]. Applied Sciences, 2023,
13(24): 1-19.
JOSEPH D D, BEAVERS G S, FUNADA T. Rayleigh—Taylor
instability of viscoelastic drops at high Weber numbers[J]. Journal of
Fluid Mechanics, 2002(453): 109-132.
BIR, VAR, B ER, S5 B U AR 1 SR
TFEI]. ERTRHRE544R, 2019, 41(4): 73-78.
LI Chun, SHEN Chibing, LI Qinglian, et al. Primary breakup process

U

of liquid jet in supersonic crossflow[J]. Journal of National University

of Defense Technology, 2019, 41(4): 73-78.

FU B, LU B, XIAO H, et al. Experimental research on the atomization

of transverse liquid jet[J]. Journal of Physics: Conference Series,

2024, 2764(1): 1-7.

SURYA PRAKASH R, SINHA A, TOMAR G, et al. Liquid jet in

crossflow—effect of liquid entry conditions[J]. Experimental Thermal

and Fluid Science, 2018(93): 45-56.

BROUMAND M, AHMED M M A, BIROUK M. Experimental

investigation of spray characteristics of a liquid jet in a turbulent

subsonic gaseous crossflow[J]. Proceedings of the Combustion Institute,

2019, 37(3): 3237-3244.

IMK S, LIN K C, LAI M C, et al. Breakup modeling of a liquid jet

in cross flow[J]. International Journal of Automotive Technology,

2011, 12(4): 489-496.

DUARTE B A D F, BARBI F, VILLAR M M, et al. Primary

atomization of a turbulent liquid jet in crossflow: a comparison

between VOF and FGVT methods[J]. Journal of the Brazilian Society

of Mechanical Sciences and Engineering, 2020, 42(6): 1-13.

TR, TS, AR, A R SRHAL R 2 AR 0 B E
U HEHEHAR, 2023, 44(3): 154-164.

Propulsion Technology, 2023, 44(3): 154-164.

[13] LI Xiaoyi, GAO Hui, SOTERIOU M C. Investigation of the impact
of high liquid viscosity on jet atomization in crossflow via high-
fidelity simulations[J]. Physics of Fluids, 2017, 29(8): 1-17.

[14] JALILI B, JALILI P. Numerical analysis of airflow turbulence
intensity effect on liquid jet trajectory and breakup in two-phase
cross flow[J]. Alexandria Engineering Journal, 2023(68): 577-585.

[15] MEI Yu, ZHANG Ping, YAN Yingwen. Numerical simulation on
spray characteristics of fuel jet in a crossflow[J]. Transactions of
Nanjing University of Aeronautics and Astronautics, 2020, 37(S):
18-27.

[16] KA, KR, KIIhER, 55 . AR 2% A I R 1va) 565 S0 1A ol T 7 A

FACRHEHUE BT T[], A7 80 1274k, 2024, 39(8): 1-11.
ZHANG Quan, LIU Yuying, LIU Kunlin, et al. Numerical study on
the breakup and atomization characteristics of crossflow under time-
varying flow conditions[J]. Journal of Aerospace Power, 2024, 39(8):
1-11.

177 Rt i, BB VBRI i) S5 25 AL BB RS RME FE (7). ol
#2022, 51(2): 53-58+63.

LIU Jingjing, YE Taohong. Numerical simulation of transverse jet
atomization of liquid fuel[J]. Industrial Heating, 2022, 51(2): 53-
58+63.

[18] Bk, Ji 7, JaB /T . VOF JriE B iR 5 B 45k
HEFE, 2015, 25(2): 67-70.

ZHANG Jian, FANG lJie, FAN Boqin. Advances in research of VOF

1. KRR B R

method[J]. Advances in Science and Technology of Water Resources,
2015, 25(2): 67-70.

[19] ZR3E, 35, ET7, 45 BRI G B V0o ol T2 S At e S 3 ] A
’iﬁﬂﬁ%f&, 2010, 25(10): 2261-2266.
ZHU Ying, HUANG Yong, WANG Fang, et al. Experimenton the
breakup of round liquid jets in cross airflows[J]. Journal of Aerospace
Power, 2010, 25(10): 2261-2266.

[20] WANG Q, MONDRAGON U M, BROWN C T, et al. Charac-
terization of trajectory, breakup point, and break point dynamics of a
plain liquid jet in a crossflow[J]. Atomization and Sprays, 2011,
21(3): 203-219.

f£E & & N
FEIE (1999—), #&, Wi-Lwrsl, F BRI AR AR K3
LIRSl Z RN
B¥ZE (1982—), F, @B+, TR, FEMRTEAT RN
Btk (1988—), &, P, M LRI, FEEHER TN KER
B S AL A I o
g (A981—), 53, L, mRTARNN, BB TN K



