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Investigation on trajectory and penetration of liquid jet

in non-uniform velocity crossflow
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Abstract: The trajectory and penetration of liquid jet in crossflow with non-uniform velocity
distribution were studied experimentally. Using specifically designed perforated plates to realize several
non-uniform velocity distributions, water was used as the jet liquid, and the research was carried out by
laser sheet combined with phase doppler particle Analyzer. The main concerns involved the average jet
momentum flux ratio, the local Weber number and non-uniformity of the transverse velocity distribution.
The influence of the crossflow with non-uniform velocity distribution on the liquid jet was mainly
reflected in the transformation of the breakup mode along the liquid flow direction. A dimensionless
parameter L characterizing the influence range of liquid jet by cross flow was proposed, and an empirical
formula suitable for jet trajectory with non-uniformity of —2—2 and jet momentum flux ratio of 10—40 at
normal temperature and pressure was constructed. The existence of “primary uplift section” was taken as
the criterion to determine whether the subsection fitting was carried out. For non-uniformity less than 1,

the jet trajectory was predicted by combining the empirical formula with the linear function diagram of
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nonuniformity and L. For non-uniformity greater than 1, the location where the liquid jet first developed

into composite breakup was taken as the dividing point of “uplift section” and “deflection section”, and the

jet trajectory was fitted by segments.

Keywords: non-uniform velocity distribution; crossflow; jet trajectory;

average jet momentum flux ratio; local Weber number

T A 1] A O R AR S 3 ZE A 25 K ol v
A 2N, L4 i 77 R0 i R e 2 04 R i 55
SRPUST S5 JRE RN 23 SR FE 43R X TS5 IR e A
B RREACHE R 2 e 2L, BRI A & sh LA HE T
LU P BER Ok R, R BUR b E TARIRE FUE )
(A — A5 B 8, T R AR R R AR i S S TS e )
(A i B Z AN B | TF, Lefebvre 45 BYBF5E 3%
W, HIE AL ERAEAR KRR B b WGk AR EE . 4
T TR 1028 & R 476 A5 7 (lean premixed prevapor-
ized, LPP) 4& fit 1 — ol it 1o B2 AR A 458 2 UGB 17T 9k
DR ALY B AT AT T 1 o BRI TE B0 451
T HEAT Y, DARIERAR B KA TR B . 38 2 7R BUR
B TR A BB 22, B S B B RRE R 2 R
RAWEAREEE, IR 1E BT 2 fb
MiE LA R X, [R]B, TR S T S A A
) A 7 A= Y 5T RS W A B Lk B R, 3 I 3k fe AT
far Rk o it B T 45 £ PR LE A I T Y S i L
AR 25 Ak RN 2 57 TR BE AT AR A AR, DRI T
— P E AR R S SR A

B I A W AR S I W 9T EE S AR £, Tambe
£V F1 Broumand 4571 X S 3 A B R LR | 2R 05
TREE S AL R R T IR AW SE ANTE 4 B2, A
IS o e 7 S 2 N BV 7 BT S K vioa -
VA S A 30 TR 2 3 VAR S v e ) AR
Z U, HE AR5 A pE 2 Th ARE I 55 (4 43 A1, i

S MRRLZE RS AR TR A R, BB A e
FE T 577 M55 35 o o B TR 13 2k 149 AN ) 52 i), 36 TR
PR MR R 2. Wu S5 P R AR 5 O i
TEHL 2 R 3 i B A g i . 485U B A K
MR AT DI BE #% . Birouk 250 X yi0RE B 6 1 45 1F
G, P& 5 M VA A R v AR A B Y S B A
R RS s & b . Wang 45U F1 Birouk 451" 42
HP VT 22 TN S S A RN 2 S 1Y) TG e ANER, TR
i, IaE BIE AP LAE, Wu 5
IS 30T T 4 B0 A i i R N 25 AR O,
SSRGS A G, R TR IRE R T
TP A IR ) S IR L OC TSI Bl A L g YRR
FrFEF, Tambe 4651 X 3 Pl 44 () S 9 Bk 2E 4 7

SIS AL A AR DG

I 5, Ahn % U3 Birouk %5 U%, Ng 4 U4 fil
Farvardin S5O0 F T AN [R] VR4 S 3 %) 1 7
AT TAB RIS, 5838 T SRt S A
Eslamian £ Stenzler 4" 1 Amighi "™ X} &
T R ARG R AT S, v T A
JHYG Rl Patil 55U R FHOG % 422 2k g0 A7 SE 0 05T
TEANA 2 T WS U A I R AR AR O 58 3 T R v
JEAF Jeng SEPN HEAT T IRARST IR E A BT V1)
A I ) S, VAR AE AN R 67 B A B 52 R Bl AN TR
S IR S L 0300 R 25 1) TR R AR R I 2 ARk Y . 52
BR S A VAR S T W ) SO AR A T AR 2,
M E A SR A X 258 T35 8, X2
Z= oK U VR AR S SR S L A A . PR, XEAS
B3 S Ak v VAR S T 0 N 2 57 RIS, AR R R
T A R S SR R VA S T 5 Y R, A A
s

A5 8 35 22 FLAR S IR 3 3 B 0 A AN X5
X VR AR S I 4 WS 55 B e 45 G A L 22 3 ks - 4 BT
{¥ (phase doppler particle analyzer, PDPA ) 5 & /1T
WFFE , FRAT SR 290 3208 A A I 3 B A A 1 5 I Y
JrRR, $E 0 T ARAE R BN 1 A AR Y TG B WAL,
PRI W AN 35 5 78 5 5 SR U S 2 5 1Y
KFRo
1 77 %
1.1 EWRS

K1 TR R AR S i se 96 &5 R, Hol =
SHEG RS WKLY R0 PDPA MK R %5 . 40
PRGN I B N, B PMT Ryt B £ 3 45
A, DA 3 RURRAR 5.

2B ARG A E L R R
RN IR IR IR N AR e T A £ A A 95|
JE 4525 SO A0 A 4, FR 8 5 i 42 o ok
WARHEZS 2R 50 VR 38 L v R RV L D8 R
e FEKRE it B A o IR L AR AL T R AR R
FEIRER A . T ik, 80 & /A EA
JKIERY He K, H A 4 o 4 T



1318 o= 3

VAN S 1

38 %

Perforated plate Flow meter Pressure gauge

Air filter

Honeycomb

Compressor

: ,.i

\——
Nozzl Filter
ozzle
Laser ZZ N,
m Valve
E} fin
Water tank

Computer ppT 2/ %;7/
I

Processor

| Exhaust

Fig. 1 Experimental system diagram

PDPA Wl 2 40 OGS . & S Rzl k
THEAL. DR HUA AN S S A BR AR AL . IS HOR:
T BLAR N 1~ 284 pm, & 2 2 A 0~ 280 mys,
AR LT SRR A R 1%, AR B ) R 2
K 10%, RAEMEAF) 10 s J5IFEE T —I 5 AR

OB R G0 O ORI AL . B
R A= A WK 532 nm (Y O, FOBIRE N
0.5 mm, VR I ) P VRUAAR SR 3 O T A, B f
FEMILAE R %) 2 L7 [ 8%, BB ] 1/160 s

SIS B P A g B AT R B 2 A 3 T A A T
=1 36 mm x 60 mm, ¥ B 770 mm, N E R
W i 5 W3k B K > 300 mm, AH AR B9 A0 1#T % 9F:
TR A I F OB . LW 2 e e
BRI B 2 18], FH LA Y i R A A . SR
Wt EL 4% D=0.6 mm, X 83, KAZLL N 6, ik
FECH 0.68, WEHE LT Z AL T % 100 mm 4b .
Wi W <2 e 7 5 R AR b il A AN IR 2 BT, B R
1A X 7 [), AR S 00 46 7 100 o8 Z 5 T, W
HH A A A A A

’ Air
—

K2 AebrkliiseE

Fig.2 Coordinate axis setting
1.2 SREFH*E

22 AL A R B N S B ), A 2
LB BB HAR AL = AR, M=

A LR, P2 /N B LY 2 AL e A e
U A58 /N, BRSO 3 R AR B A, it A
e A A 22 AL B B AL AR AL HE A, BRASAS [ AR
FRERHE BT AT o RS T AR e B
JEE I AR AL, S U B A 2 2 e B AR A TR A
Fimo ABFFEENLSHRPE AT S IR Wu 550
il Tambe 55 42 1 (19 202X
b

Bty o

2\ cgtn(p+d 2
(5)=ca-mlo+az)

Horfr D W AR, g AT B, Z R X R Ak
RO, a. by C. d 0 B HEUEAEA R ST
WA AN o Jeng S5O0 45 4 59 ) 2 32 LU S,
HAET L2 5T )20 B HE, HXFhe X
AN REAR G- (0 48 IR AR A 5 v A Ak 2 78 o 3 A, TR
WEAE L BERT b 48 B 5 B A3 A AN Y &)
e= Uz,max_— Uz,min (3)
Ug

T3 520 T A ST 25 R 5 ma 45 /0 PR A
THEE, FERXG)T, U S FEE, Uy S22
b I Z Sfse/ IMERTZS S0 X AL, Uy e A2 Z
Ry B KAB B () 25 SO B 38 B 4 22 FL AR RN R
HA2 2 07 3R A% 7 b RE 43 A, HAE X=0 mm H
2 T RS 43 A7 R SR T R INAR, an iRl 3 R, H
h Z AR AL E, U R E . KA
JE e=2, e=1.5, &=0.8 & X Jy 1E 6 LB A5 A, B
ARSI Z & i) = SO K, &
R R AR R I %) AN X 5 AR B B 5 AN 1 A B
6=—0.8, e=—1.5. &==2 & L} BB BE o B 43 A, )
ARSIV Z J7 ) 3t 28 1) 25 A0 B B s /)N 5 A
BI51 B e=0 B Ry 35 50 3 B 73 A

0 30 60 90 120 150 180
Ul(m/s)
3 X=0 mm i X Jy fi] (55 S 43 A
Fig. 3 Velocity distribution of air in X direction at X=0 mm



563

EOUSE: WA IR TR N 4 S0 R R U P A B A 2 B BT AT 1319

1.3 EWTR

A B 5% AE L8 (300 K., 101 kPa) F ¥EAT,
PRUERE S AR ECR 0.2 3 4 VA Y 1R FRASAS [R] 1)
S35 S Bl L, 7E 7 R BE AR AT A R 1
T T T 2R E R S . SO S i
bl g ok 3 Ao S5 B N R Y X ) 1 S T
TR RS sh it e o ol AR S8 B 5 1
A AN EI 5], SCHR [7,10-11,20-217 32 H 89 52 Wi 55 7%
LI TN 2 3 1) 45 R TG I AR B, N BE R BT X —
S 9 O BE G JR 3 0 B B, B 3 R S A
We, %5 . RBIFST M H AR H

- U?
pg : Ug
LU?-d
Weg_ZL (5)
g
Hrp o pg dis oy Uy U BRI 25 30%
B SPRAE AR L WK R K O R SR G
M| R ]HE

F1 XWIR

Table 1 Experimental operating conditions

THAS Ug/(m/s) Uy/(m/s) 7
ql0 70 9.01 10.1
q20 70 12.75 20
q30 70 15.61 30.1
q40 70 18.03 40.1

2 FERE5WR

2.1 FRPITFFIE

P4 2 T80 q0CH Al T 0 250 ) Bk 37 v
A B S TR SAE ) 1 v A K R TR, A A AR AR
JE WO R e=2 (A 3 B2 A3 A )LD & e=2
I %, AR R SE R 60 mm x 100 mm.  1F A

(£=0.8~2) I, FHUR AR 7 B 25 UH BB, /NE
Pl A A 1 289 3 2l PR, S A /NS R
W32 B R 1 Bl B, R R BN T 1,
S35 U Ak T 6 5 s A ) Wl A, S v ) TR
Tt b, Redk S RIS R 1 2 B RE ST, JLF-
e H TR Ak Z 07 1 % 8l 2 B
6] Bl 72 Wi R, 51 R R A A s, A
3145 7B 240 ) R e O AR e B R e A N S
AR, i 1A 52 3] 58 213 g 52 i Rt v S
S UL 2 A AR AL 4 B 7 W e AT, U A e 2 3 T
AT TR R B 1) R U A R S R A
I8 BN — P 4ilaz sl uds, I DU R A B IR
K i o 82 e AR i 6 A BGR 2 30) 0 L, Hi
B B RE SRR, ST Z J7 1) B R B 5 i
TREERR, 1 X J7 0] (AL RS /0N, 1A B O 18 55 )
U Z 77 [ BRSNS — BUBE S, Jm oF BONIE LAY &2
A BRI FE32) (6=0) I, R 25 s B2
BRI —E, PP sh & AR, R — S ot
BN JRy R AT RO 55 Sy 48, S 4 A O S B
AN, AR A2 3 2 R 1) K3 0 R e A U
0 T iy e A R v, 3 By R ) 52 5
A T, SR 5 By — gz 3 B,
BEA 28 B ARy = (A B B/ i BE, 5
5 TR JEE AR IE A L 100 5 B/ o A T (e=—2~
—0.8) I, S AL A0 B o7 s AU RE RO, /N TR
(19 7 249 S5 sl A LR AR /I, SR A I 8 TR JEE AR AL
I 52 57 1 A JEE 39 K, Y0 o f 19 200 XL i B K, A2
B ) Bl I BOR, SRR A BOR T 90, Ab T
B DR R, 42 Ao Ui i 0] 52 56k B 170 3 1 R T
PR S R S B B %, 25125 R ) ) i
SO U RS AR AR, AR B B N i e 2 T AT TR
Wi, BER B — R B 2O, N o Em IR
R ST S /0N o O R A AN B S X R A S
UL BRI 32 A PP AR I 20 A8 AR B4 )R S (A BOR R
HR AN I L, PRI S D AR R A I AR I 1) )
ey, Wt 32 2 Rk e A A 5 U R B (IE A ) A1

20 mm
i

4 =2 F 2 EA) MR (q20)
Fig. 4 &2 to &=2 (from right to left) spray image (q20)



1320 o= 3

J1 % i

o538 %

BT DR RE BL(GBR L) , i A HAB SR A T A
Sy TR AT 18 B LRk ks By, 1R
TR AR AFT IR 3 7 Al R O T o R R A TR
SO UL Ui 2y JRE A, DAY S O 038 A 27 5 AR B 1
L5 1 SIS TR B

HEAh, 4 thk e==2 & e=2 AR 5) BER B
WK, B B WAWHE R, RIS E M AR
FEBUEARG, 85 Bl e=1.5, =0, e=—1.5 i} 4 il
T8 B4 R U T O i £ AR KR T o A A
o 10 DR 5 R B B E AR OGP L 5
AR L JEE o A AN S AN S XA A R
SF U B R AR WA S B T A H R, 2
T IR 28 A — U - 45 SR AL Bl B R 8 S Y AT
RGN T, 56 1) 257 25 RE 7 2 (o 53 O 1) B T

WL ERE B, Z5H R, AR5 FE BB DA 2 2l
PRS- Y37 Bl e B R R TR B ) IE A S5 R
Eslamian 451" 4 1 iR S o ml e AR
FORT e B, R A AR R R A5 3R s — 1T ol
Fe 1 1) S 3 2 R R A o s I VR P R, RIS 55
HZR . T HE B UL AT S I 5 R 5 A
it B B S AT AN 34 5] B RR L, SRR Eslamian S50
1) 77 1 FH Matlab 514 4 i Ak 35 T A3 5 38 155 55 K
JE VR4S ) 20 1 S e ih £k, 45 & PDPA Pk
A R (8] 6(a) ~ [ 6(c), Hi R A sk
Foe T 2R ) XA 2B ) S U L M R AT B OE
ARAG AT BE R B I, O T O IR,
PG B 51 T B 90° )5 72 A7 BT A5 21 i &L K&,
Kl 6(d)~E 6(£)K e=1.5, =0, e=1.5 i} 4 FITHLHY

(d) e=1.5, g40

(a) e=1.5, q10 (b) e=1.5, q20

(e) e=0, q10 (f) e=0, q20

l l ' zonnn

(i) e=—1.5,ql0 () e=1.5,q20

(¢) e=1.5, q30

(2) &=0, 430 (h) £=0, q40

_

(k) e=—1.5,q30 (1) e=—1.5, q40

5 3 RICRIREEL 2 A A 25 R
Fig. 5 Spray images of three different velocity distributions



%6 T MU MRS AR R 250 R A A R A G N B T A 1321
FEX A
70 1.000
60 | 0.875
50 - 0.750
- 40 b 0.625
% g 0.500
30 -
0.375
20 0.250
10 0.125
7 = O 0
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
XID, XD, XID,
(a) e=1.5, q20, i (b) &=0, q20, il 5 (c) e=—1.5, q20, il
70 t 70 F — ql0 70 F — ql0
60 60 — 920 60 I — q20
501 sop — ®9 sof — 30
— 40 — q40
Q407 g or g 40f
N 301 N 307 N 30t
—qlO
20 — q20 201 20 f
101 -_— q30 10 + 10+
0t a0 0t 0t
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
XD, XD, XD,

(d) e=1.5, PR HLIE

(e) &=0, SRR

() e=—1.5, FHRHLT

P 6 3 APAN RT3 A T 253 e AR L
Fig. 6 Spray fluxes and jet trajectory of three different velocity distributions

SHREE . TE q10 BT B 20 Ak Al ) 43 X/D=110
fb, TEBBEE . 5] SRS BE Y 2RI 4 0 47, 22,
14, ZAHAE q40 4 72, 57, 33, 2 WIAH [R]F 2 5
it BN LU TERR R SR E ALK, B S D
FEIZAL, DL q10 $55) i 28385 S FEE(E, 1E 46 B2 R 67
T BE 1) 2 38 16 1 43 B 25 -8, XA TE q40 I
R 15 =24, & WISV 25 555 U B0 2 b A 15 80 23 18
AR AN I8 5] N I VR T I IE A DG E &R, (H & i
N5 5] B ot 2 38 TR B 5 i R B 5 A, 38 AT
q10~q40 1) %E B 3G &k 35, 10 7 1E B B2 A BB
BE B 4350k 25 F19, SR BN 45 B2 B 35 DA 23
AR S 357 5 3t Bh i B RN 2E S TR I IE A D OE R,
{82 AU SF- 24 SP3BT R 1 R )
X 5K 5 st —a.
2.2 ¥HEEE S T SR T

F T AS A 5 R U B S A AR 5T, Rk a
RN J5y & 5 9 o L AR R TR 7 8 AN AR TR, S 30
FIL A S 0 2 RN 2 3 A U FRAE D, HE,  E
i 08 A XA A R 3 A AN 38 5 B S I A3
TEE BT I . A, SR E 5 AR
A B R34 0 Bl i b 2 TR A A 5 A A DG
FRANY 5] BERRVHEA T 43 R E SR B

XA, B R S il o SO RO | f
B R oK BRI, Ay i FH K 3 AR A8 3 B AL TR

FON 4 Fh T 00 00 B IR B0 R AT LA, FHZ A 1S
Tt 3 A B LG pR B AT B A3 AT, AR
B R LE L RY, R KT 0.8 BIIAHIIE
PR RE DS AR A7 M 1 AR SCPRth £, i DL b ik
FAE R B A AT R?=0.947, $5 508 R?=0.972,
PRI R*=0.994, [A] it R FH 7 eR SR 28 SO0 A ot
FPSRPUE TG o 45620 (1) FISCHR [5-15]
XS a. b, CBEEHE AHFFE, F Origin X
XF e=0 1) 4 F T 00 S 3 0 EA T LA, 4
FHF AT B S5 I B0 22 55 28 5K

0.35
(E) - 1.09q0,625(£)
D; D;

K (6) ML e=0 B 4 Fh T 000 5 3 Bk ) %oF
Feanlsl 7 pies, 5 R KT 0.88 1 2 A
JE M BEAREESR o A, H TR A R A A 1
S T PN ) S 2 S sl i LU AR 25, AR 2
TR L g BNV s i g, HoE R
Wt Z/D; $23E 0 8] Z/D=L 5 BN RS 0T X 7
I B 2 B2 S BT BRI R R s R . )
i L-D; 7T RA X 18] (0,60) AT R AE, X Hik 4718
ENIE N TP A SR — Bk .

2.3 SR I 4 A6 SR AT

TEABIE G h 5Bk BEAFAE 3 ORI &) 8, ok

(6)



1322 o= s ¥ M £ 38
70 70
o0k — Centerline 60 | — Centerline
— Eq. (6) = Eq.(6)
50 50
40 - 40 r
) )
N 30 N 301
20 20
10 10
0r 0r
0 20 40 60 80 100 120 0 20 40 60 80 100 120
X/D; XID;
() q10 (b) q20
70 70
60— Centerline 6o0F — Centerline
— Eq.(6) — Eq.(6)
50 501
40 40
S )
N 30+ N 30
20 20 1
10 10
or 0r
0 20 40 60 80 100 120 0 20 40 60 80 100 120
X/D, X/D,
() q30 (d) g40

K7 4R AR e=0 Bz s

Fig. 7 Jet trajectory at £=0 and empirical formula curve under four operating conditions
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