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Rectangular liquid jets injected transversely into subsonic crossflow
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ABSTRACT: Rectangular liquid jets injected into gaseous crossflow were experimentally investigated.
In this study, water was used as the working fluid. Four rectangular injectors with aspect ratios of 1, 2, 3
and 4 were manufactured to study the physics of jet flow. The backlight shadowgraphy technique along
with high-speed photography was employed to capture the instantaneous physics of the liquid jet flow.
Based on the flow visualizations, different breakup regimes including column breakup, arcade breakup,
bag and multiple breakup were identified. Trajectory and width of the liquid jets were measured using
an in-house image processing program. Effects of momentum ratio, aspect ratio and gas velocity on
trajectory and width were investigated. The results showed that the momentum ratio was most effective
on the jet trajectory while aspect ratio was of least importance. Also, a mathematical model was suggested
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to estimate the trajectory of liquid jets. In this model, jet Weber number, gas Weber number and aspect

ratio were introduced as the variables. Furthermore, it was revealed that aspect ratio directly influenced

the width of liquid jets.

Liquid jet width

Gaseous crossflow

1. Introduction

Liquid jet injection into gaseous crossflow is a
fundamental phenomenon in fluid mechanics that has been
widely studied [1]. It is one of the most effective techniques
to achieve favorable fuel-air mixture. Because of such
important application, many studies were performed to
gain a better understanding of the underlying physics of jet
injection. In these studies, different flow characteristics such
as jet breakup, jet trajectory, droplet dispersion and mixing
rate have been investigated [2]. Chen et al. [3], Wu et al. [4]
and Mazalon et al. [5] investigated the main characteristics
of liquid jet flow. Chen et al. [3] introduced three regimes to
describe the consecutive stages of atomization development:
1) liquid core, 2) the ligament, and 3) the atomization or droplet
regime. Mazalon et al. [5] proposed different regimes of
column breakup based on the Weber number. They provided a
range of Weber numbers for each regime. Gas Weber number
is defined as Weg=pu > D/o, where p is the liquid density,
u, is the gas velocity, D is the diameter, and o is the liquid
surface tension. Traditionally, circular nozzles are widely
used in different liquid injection systems. However, recently
attention has emerged toward non-circular injectors, where
by inducing new physics into the liquid flow can be used as
passive flow controllers [6]. Recently, the flow dynamics of
some rectangular liquid jets was comprehensively studied
by Tadjfar and Jaberi [7]. It was shown that axis-switching
phenomenon was the main instability of rectangular liquid jets
that greatly influenced the flow structure of rectangular liquid
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jets. Recently, Rezaei and Tajfar [8] studied the trajectory and
breakup of elliptical jets injected into the gaseous crossflow.
They obtained correlations for jet trajectory and studied the
characteristics of bag formation and breakup.

In the present study, rectangular liquid jets are introduced
into crossflow for the first time and the physics of the fluid
was experimentally studied.

2- Experimental Setup

Experimental setup used in this research consists of three
main systems: wind tunnel, liquid injection system and flow
visualization.

Experiments were performed in the open circuit,
multiphase wind tunnel at the Turbulence and Multiphase
Flow Laboratory. The rectangular test section has a cross-
section of 300 * 300 mm? and a length of 1300 mm.
Compressed nitrogen gas was used to apply high pressure
over the water storage tank with a capacity of 70 liters. A
pressure regulator was also employed to control and fix the
pressure. A rotameter equipped with a needle valve was
implemented to control and measure the volumetric flow rate
of liquid flow. Four rectangular injectors with aspect ratios of
1, 2, 3 and 4 were used.

In this study, the momentum ratios of 20, 30 and 40
were tested at different Weber numbers. High-speed camera
with maximum speed of 1200 fps was used that could take
shots with the minimum exposure time of 62.5 5. In order
to achieve the profile of the liquid jet that could represent
the bulk of the flow, a special image processing program was
developed.

Copyrights for this article are retained by the author(s) with publishing rights granted to Amirkabir University Press. The content of this article
BY _NC is subject to the terms and conditions of the Creative Commons Attribution 4.0 International (CC-BY-NC 4.0) License. For more information,

please visit https://www.creativecommons.org/licenses/by-nc/4.0/legalcode.

735



Kh. R. Shokri et. al., Amirkabir J. Mech. Eng., 53(Special Issue 5) (2021) 735-738, DOI: 10.22060/mej.2020.17526.6612

3- Results and Discussion

In this study, the effects of momentum ratio, aspect ratio
and volumetric flow rate on the jet trajectory and width were
experimentally investigated.

The jet trajectory of RC(2) for the momentum ratios of
20, 30 and 40, and for the jet Weber number Wej = 328.1
is plotted in Fig. 1(a). As shown, the higher the momentum
ratio, the greater its penetration into the gaseous crossflow.
As the momentum ratio decreases, the gas flow velocity
increases so that the aerodynamic effects intensify. These
effects cause the liquid jet to bend more in the direction
of airflow. Fig. 1(b) shows the jet trajectory for different
Weber numbers at the constant momentum ratio of 10. This
figure clarifies the influence of escalating air and liquid jet
velocities on the trajectory for the RC (4) injector. The results
indicate that the Weber number has a significant effect on
the liquid jet trajectory. As the Weber number increases, the
aerodynamic effects gradually intensify, causing the liquid jet
to bend more into the airflow direction. As can be seen in Fig.
1(c), the aspect ratio does not have a significant effect on the
jet trajectory and almost the same results are obtained for all
of the four nozzles.

According to the experimental results obtained for the
liquid jet trajectory, a mathematical model is presented which
can be used to estimate the liquid jet trajectory at different
flow conditions. The experimental results showed that the
Weber number is also effective in the liquid jet trajectory, so
this parameter was also included in the model. The correlation
is given in Eq. (1) as:

The width of the jet was also measured to better investigate
the physics of the liquid jets emanated into the low-speed gas
flow. Jet width is a parameter that can be used as a measure of
the effectiveness of atomization. The wider the jet, the better
and more liquid can be dispersed into the air flow and the
better mixing will achieve. It was found that momentum ratio
had a significant effect on jet width. The lower the momentum
ratio, the lower the strength of the liquid jet against the gas
flow and thus width was increased. By increasing jet Weber
number in the constant momentum ratio, gas Weber number
will increase. So that the interaction between gas and liquid
increases. Thus the liquid jet dispersion and width increase.
It was also revealed that jet width was increased with aspect
ratio, which was due to the wider jet cross-section in front
of the gas flow. Variation of jet width with an increase of
momentum ratio is presented in Fig. 2 for RC(3) jet.

4- Conclusions

In this study, the flow characteristics of rectangular
liquid jets injected into the subsonic gaseous crossflow were
investigated. Liquid jet flow was visualized by shadowgraph
method with the aid of high-speed photography. Using in-
house codes developed for image processing, trajectory and
width of the jet were measured. In order to investigate the
effects of aspect ratio, four rectangular nozzles with aspect
ratios of 1, 2, 3 and 4 were implemented.

According to the experiments, Weber number and
momentum ratio had a significant effect on the jet trajectory.
It was shown that by decreasing the momentum ratio,
acrodynamic effects get stronger so that the liquid jet
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Fig. 1. Trajectory results obtained for a) RC (2) at the momentum ratios 20, 30 and 40 We_j=328.1. b) Effect of gas Weber number
for RC (4) at momentum ratio of 10. ¢) Effect of aspect ratio for the momentum ratio of 40.
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Fig. 2. Variation of RC(3) jet width at different momentum
ratios for constant jet Weber number of 836.

gaseous crossflow. Furthermore, it was observed that aspect
ratio had no significant effect on jet trajectory. An empirical
mathematical model was suggested to estimate the trajectory
of liquid jets. Finally, width of liquid jet was measured and its
variations with different parameters was examined.
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Table 3. Trajectory equation coefficients and drag coef-
ficients for each rectangular jet

Yeoi sl
RC(1)
RC(2)
RC(3)

RC(4)

Ly cops Yool Yool
\IYY -I$5 VO \/§
VY <IFY - 10¥ VoY
VIV NN -/$4 VIYS
YA e <JFY VIY

&b e by (owy 2 -0-F

2 Ol 0 oM@, e Supd e eeun Gl
o Sl Sl 0ad 6 S ojluil s Car by e o5 558
G580 e sl ol Glge 4 Wilgi oo a5 el (000G
S Cor by 4z 0 a5 GlagS 4 098 485 IS 4y gl
Ok 0958 Sal s i 5 e @ole &5 unlins (pl 4 0l
alolB VY S gllae il aalgs (6 e LIS g 05l i lgn
gl co sl Slye 4@l Co nl 5 (@YU s 0 (I
Sy i(§ hte S Sl tmgh cnl 5o Cenl oad a8 S0 o
wd)S )18 anlllas 9,50 C Sl 95 2 pytege S 5 0L
oS s Iy ey SaS & Ligy oyl 45 05 0,Lal gl e
RO PRV FOROPTIRVIE JPUR SR I s

o 53 mbe S Sl p pgtiege Cond SIVA SS o
Co g o 0 9 MRC e glp Frog Ve Ve slapgiiags
by buld den 10 aS 0ad oo 00y el ool SITAYE ol
b e Gl S0 ol plo o (25,5 aio 4z o
Seelis ] SIFIZ jme Jsb o i o oo SRl 5
B oays @le Jlow iy adjamd; g sl Bl mlbe 59, 2
JB Sl pgiioge S a5 355 o0 oualive (izren 39 o0 fiiun
A co Hlas VA S bl o)l co sl g9, p laba>de
4 2 Sehor S Sl (IPl cage paiige Cund J1alS &S

O b co 008 oS culoe cpl 4 Wbl JeS pginge Cad

¥y



20
I q=40
| vj=3.18 m/s
F o= RC(1), We, =616
15F a RC(2), Wej =583
E & RC(3), We, =535
£ o) RC(4), Wej=497 Ooo‘o’g
~ 0] “ AA
= 10 SR
= OO ®A .-
.-g o) ‘AA [ ]
; O”A -I
ol m
51 %‘A‘ "
i Qi‘.‘ "
| [}
Tum‘ﬁ*‘
O\\\\l\\\\l\\\\l\\\\l\\\\l\\\\
5 15 25 35 45 55 65

o 30 @lo e Ly (535 2 S Comd Sl ki F1LY S5
elw p Jd 47 ol (29 9 Fr pgiioge
Fig. 20. Aspect ratio effect on jet width for q=20 and
Q=96 L/hr

Sl 0900 & mbe S (in Gl carge jeme yusd oagdy oS

ol 00 60)9 6)15

iz by glbaasin cwyn & gk ool o
ol Al p 9o p; B Oz 09)d 4 eGP (eaias
Y558 olfialejl Disog 8 5l e sl Jigh o b talesT ol
Pl S el (o olSiils (ladlsm oasiails (g5l890 by
45 sl 8ol ke by, S a4 gl ca bz wl
w8l g (500S 31 0litl b g b aloul YU s yos Cyes 90 SaS
Sl 9 e S Ol ol Subly 90 el b Gl
Mz s cupe Sl gy pslite 4ol g p S0l e
A5 aBF E T o TV gl slacens b it cor
b ad)S o jpo iz g olisl g pyiinge Comd gl Lo ialss]
20,5 Lo alizes Ll o ()b o el S
S (b slaaasin i (b 65le)SaT SLS @
Gl @z bl gwyn B ok 4 by Ll b (b
9 Sl (SleS (G (G Ol dlize slae); wlaalie
aly slas wlaslis cpl ol aslil (o 5 GlawS) o5 5
205 Gl 5y 695 2 stz E BB U s e po i &S

s A.n)y ooy as-ld ).;.) 65)910 dme 6‘)" )L.S LQWJ)) U”‘

YY)

20
i v RC(3)
VOO q=20
g 0 B We =595
151 > We, =133.8
VOO o* &  We =3010
’g A 4 o We; =535.1
= vCe v We =836.1
= 10F Yo ¢
£
= vo ¢ > »
vo ¢ >
5+ Vo" >
% 0 ]
5"1Il..'-- " smwm
L> > > >
0\\\\l\\\\l\\\\l\\\\l\\\\l\\\\
5 15 25 35 45 55 65
z (mm)
o 33 RCB) e slag 695 2 ibo e gl (29 191 o
Y+ pgiioge
Fig. 19. Effects of mass flow rate on RC(3) jet width at
q=20

el Sglite S g olael )0 5 Ve ol pyiiage Comd yo (F)RC
Jsb 50 (swginmw Oyg0 4 Ly VVej =0%,0 ;045 5gd 0 00D
Orzed 9 0k @ b lalpd opl 0 S o ot C
oo wlgioa e 51 (Saaling ] 65505 5 ol o5 55 S s
0 )38 ai )] (Ko sladasiin 55, p Gz Hl g 05 o>
Slop o B3 b alie )18, sl Fhs Sl jee Co &l
saimo i wir sligy cwsims sk ol 5 el Lo |, ST
Ok i GRIBIL el Co 9w (59, g serme S ol
S Ot S35 2 SN 9 0dd Bd> ony (pl el g i g L
g o odnlive
o 50 Cx sl S92 SR S PV SO e
bl o)y 4l e YA S (295 Sy o e potioge
co by @b Cond il b oS 05 o soalie ul
Sory ahie gl (adae o Jds o col aidly il
L oS S plgion @dlyys el gikaie oy Gl L cr Ly
wrge o5 (Seabsgnl glogyes Jl oo syl cuyo Sl
S oo o0 (rigred el 0dd Ll (sl oo mle S iy
sl L (VRC co sl o libiode b5 D] a5
odliplonl dasllas 4y ax g5 0410 042 (HRC 5 MRC (M)RC
DRC 5 wils oo ooSbo lams o (bt slocr 5, 5
sloce 500 glp o b 0 ses i 59, s97e et oy

Lo Oy j9ome sl S0l 4 axgi b ogd o yalls oy oy



FIPE B YV aio OF- o o d oy o)lesd DF 093 1S ool SilSlo pusiigeo 4y 25

5 Js= p,
gl J&& P
sl e s o

ERES)
58

&=y

[1] M.Y. Leong, V.G. McDonell, G.S. Samuelsen,
Mixing of an airblast-atomized fuel spray injected
into a crossflow of air, University of California,
Irvine, 2000.

[2] A.H.Lefebvre,D.R.Ballal, Gas turbine combustion:
alternative fuels and emissions, CRC press, 2010.

[3] T. Inamura, N. Nagai, Spray characteristics of
liquid jet traversing subsonic airstreams, Journal of
Propulsion and Power, 13(2) (1997) 250-256.

[4] R.S.Prakash, H. Gadgil, B. Raghunandan, Breakup
processes of pressure swirl spray in gaseous cross-
flow, International Journal of Multiphase Flow, 66
(2014) 79-91.

[5] T. Chen, C. Smith, D. Schommer, A. Nejad, Multi-
zone behavior of transverse liquid jet in high-speed
flow, in: 31st Aerospace Sciences Meeting, 1993,
pp. 453.

[6] P.-K.Wu, K.A. Kirkendall, R.P. Fuller, A.S. Nejad,
Breakup processes of liquid jets in subsonic
crossflows, Journal of Propulsion and Power, 13(1)
(1997) 64-73.

[7]1 J. Mazallon, Z. Dai, G. Faeth, Primary breakup of
nonturbulent round liquid jets in gas crossflows,
Atomization and Sprays, 9(3) (1999).

[8] M. Broumand, M. Birouk, Effect of nozzle-exit
conditions on the near-field characteristics of a
transverse liquid jet in a subsonic uniform cross
airflow, Physics of Fluids, 29(11) (2017) 113303.

[9] K. Sallam, C. Aalburg, G. Faeth, Breakup of round
nonturbulent liquid jets in gaseous crossflow, AIAA
journal, 42(12) (2004) 2529-2540.

[10]K. Lee, C. Aalburg, F.J. Diez, G.M. Faeth, K.A.

5b 4 s2pe Gler Gl (5,0 A ead @ F el b o
D 5 pg O3 o2 45 ol QLxJoJAT¢~ua¢gEHUJ5 A oy S
a5 03ls (s Wl C e (§9) 2 (2l U potiege S
Sealizag T DIl 0 5ge8 L a5 pgiiage Comd (talS L oS
Redee o S Ol e 0 i @b Co ol ol
el 3 5B pg sae bl ol pgiiege Cund o e
g 33 ol i a0 5 S p o)l slay (g9, o i
Sobie oo as ol las s glace o aslie ol co
Joo S @l ol S8 @ o)l Lo e (g5, 2 Sl S
Olye @ mle co sligy Wb Al G s og 6l (2L,
AL Sl g (Byme cor Gl 5 YL ey i alold
G o b & Co o &S Al 00l LS (Co e By
Sriar Ske cups ax o el dlly jome kS oy
ORC e sl mizmon wlioe R 5 oo sligg w09
5505l S e ligg am sl (595 570 S oy Ol 50 &S
9 poege S il b Cor sligy Ol (izen Cnlace

WD gy 29 998

e Caw pod

eSS oSl
b gl oo g ke cows AR
S8 5 Sdgyaee s ks Dy
gl ca ki D,
)97 ywtd oy ab D
B aogbesghnucs q
35 Ce u,

glcecem

35 g 00e We,

| PR SRRTS Wej

lga b, caz j0 Jsb alols X

3o Gl Ca p dges (ooye Aol Z

SUg pdle

s S odady gye Jsb A

Yavy



(2009) 8-19.

[21]F. Wang, T. Fang, Liquid jet breakup for non-
circular orifices under low pressures, International
Journal of Multiphase Flow, 72 (2015) 248-262.

[22]K. Rajesh, R. Sakthikumar,
Interfacial oscillation of liquid jets discharging

D. Sivakumar,

from non-circular orifices, International Journal of
Multiphase Flow, 87 (2016) 1-8.

[23]M. Tadjfar, A. Jaberi, Effects of aspect ratio on
the flow development of rectangular liquid jets
issued into stagnant air, International Journal of
Multiphase Flow, 115 (2019) 144-157.

[24]S. Lee, W. Kim, W.-S. Yoon, Spray formation
by like-doublet impinging jets in low speed
cross-flows, Journal of mechanical science and
technology, 23(6) (2009) 1680-1692.

[25][1] A.H. Lefebvre, D.R. Ballal, Gas turbine
combustion: alternative fuels and emissions, CRC
press, 2010.

[26] R.S. Prakash, H. Gadgil, B. Raghunandan, Breakup
processes of pressure swirl spray in gaseous cross-
flow, International Journal of Multiphase Flow, 66
(2014) 79-91.

[27]H. Zhang, B. Bai, Y. Wang, Quantitative description
of droplet dispersion of hollow cone spray in
gaseous crossflow, Experimental Thermal and
Fluid Science, 93 (2018) 398-408.

[28] M. Jadidi, V. Sreekumar, A. Dolatabadi, Breakup
of elliptical liquid jets in gaseous crossflows at low
Weber numbers, Journal of Visualization, 22(2)
(2019) 259-271.

[29]Y. Song, D. Hwang, K. Ahn, Effect of Orifice
Geometry on Column Trajectories of Liquid Jets in
Crossflows, International Journal of Aeronautical
and Space Sciences, 20(1) (2019) 139-149.

[30] M. Morad, H. Khosrobeygi, Penetration of elliptical
liquid jets in low-speed crossflow, Journal of Fluids
Engineering, 141(1) (2019) 011301.

[31] Y. Rezaei, M. Tadjfar, Experimental Comparison
of Injection Elliptical and Circular Liquid Jets
into an Air Crossflow, in: Amirkabir Journalof
Mechanical Engineering, 2018. (In Persian)

[32] A. Jaberi, M. Tadjfar, Wavelength and frequency

YIvyYy

Sallam, Primary breakup of turbulent round liquid
jets in uniform crossflows, AIAA journal, 45(8)
(2007) 1907-1916. [1] T. Kasyap, D. Sivakumar,
B. Raghunandan, Flow and breakup characteristics
of elliptical liquid jets, International journal of
multiphase flow, 35(1) (2009) 8-19.

[11]C.-L. Ng, R. Sankarakrishnan, K. Sallam, Bag
breakup of nonturbulent liquid jets in crossflow,
International Journal of Multiphase Flow, 34(3)
(2008) 241-259.

[12]J. Song, K. Ahn, M.-k. Kim, Y. Yoon, Effects of
orifice internal flow on liquid jets in subsonic
crossflows, Journal of Propulsion and Power, 27(3)
(2011) 608-619.

[13] X.-h. Wang, Y. Huang, S.-1. Wang, Z.-1. Liu, Bag
breakup of turbulent liquid jets in crossflows,
AIAA journal, 50(6) (2012) 1360-1366

[14]E. Farvardin, M. Johnson, H. Alaee, A. Martinez,
A. Dolatabadi, Comparative study of biodiesel
and diesel jets in gaseous crossflow, Journal of
Propulsion and Power, 29(6) (2013) 1292-1302.

[15]M. Eslamian, A. Amighi, N. Ashgriz, Atomization
of liquid jet in high-pressure and high-temperature
subsonic crossflow, AIAA journal, 52(7) (2014)
1374-1385.

[16]A. Amighi, N. Ashgriz, Global Droplet Size in
Liquid Jet in a High-Temperature and High-
Pressure Crossflow, AIAA Journal, 57(3) (2019)
1260-1274.

[17]S.-Y. No, A review on empirical correlations for
jet/spray trajectory of liquid jet in uniform cross
flow, International journal of spray and combustion
dynamics, 7(4) (2015) 283-313.

[18] M. Broumand, M. Birouk, Liquid jet in a subsonic
gaseous crossflow: Recent progress and remaining
challenges, Progress in Energy and Combustion
Science, 57 (2016) 1-29.

[19]E. Gutmark, F. Grinstein, Flow control with
noncircular jets, Annual review of fluid mechanics,
31(1) (1999) 239-272.

[20] T. Kasyap, D. Sivakumar, B. Raghunandan, Flow
and breakup characteristics of elliptical liquid jets,
International journal of multiphase flow, 35(1)



viscosity on trajectory of liquid jets in a cross-
airflow, Atomization and Sprays, 17(3) (2007).
[36] Z.P. Tan, The physics of twin-fluid jet-in-crossflow
at atmospheric and jet-engine operating conditions,
Physics of Fluids, 31(4) (2019) 045106.
[37]Jaberi, and Mehran Tadjfar. "Flow
Characteristics of Water Jets Discharging from

Amin,

Rectangular and Elliptical Injectors." ASME
2018 5th Joint US-European Fluids Engineering
Division Summer Meeting. American Society of
Mechanical Engineers, 2018.

of axis-switching phenomenon formed over
rectangular and elliptical liquid jets, International
Journal of Multiphase Flow, 119 (2019) 144-154.

[33]K. Ahn, J. Kim, Y. Yoon, Effects of orifice
internal flow on transverse injection into subsonic
crossflows:  Cavitation and hydraulic flip,
Atomization and Sprays, 16(1) (2006).

[34]S. Tambe, S.-M. Jeng, H. Mongia, G. Hsiao,
Liquid jets in subsonic crossflow, in: 43rd ATAA
Aerospace Sciences Meeting and Exhibit, 2005,
pp. 731.

[35]M. Birouk, C. Iyogun, N. Popplewell, Role of

DOI: 10.22060/mej.2020.17526.6612

S oolil 5 &ye 3l o ool 4 gl ol [M]
Kh. R. Shokri, M. Tadjfar, A. Jaber, Rectangular liquid jets injected transversely into L o
subsonic crossflow, Amirkabir J. Mech. Eng., 53(Special Issue 5)(2021) 3117-3134.

i =

Yive



