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ABSTRACT: The flow characteristics of liquid jets issuing from elliptical and circular injectors
into an air crossflow were experimentally investigated. Two elliptical injectors with different
aspect ratios and a circular injector as the reference case with the same cross-sectional area were
employed. The major axis of the elliptical nozzles was aligned parallel and perpendicular to the
air crossflow direction. The liquid jet was visualized using shadowgraph technique and a high
speed camera was used to record the instantaneous status of the jets. The results revealed that
some characteristics of injected liquid jets into the air crossflow such as penetration depth and
the trajectory of liquid jet were affected by changing the nozzle exit shape. Based on the obtained
results elliptical liquid jets because of the lower stability than circular jet, break up sooner and
penetrate lower into the air crossflow. As the normalized breakup height of circular jet is obtained
29.5 but the normalized breakup height of elliptic jet with the aspect ratio of 3 and when its major
axis was perpendicular to the crossflow direction, is obtained 21.53. In this study two different
breakup regimes were observed, column breakup and bag breakup regimes.
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1. INTRODUCTION

The injection of liquid jets into an air crossflow also
called Jet in Crossflow (JICF) has many practical applications
in the air breathing engines such as diesel engines, gas turbine
engines, ramjet and scramjet engines [1, 2]. The efficiency
of these engines depend on dispersion, atomization and
vaporization processes of injected liquid fuel jet [ 1]. According
to Schetz et al. [3] the maximum penetration height of the
injected liquid jet is the distance that the momentum of liquid
jet required to redirect in the crossflow direction. Chen et al.
[4] divided the injection of the liquid jet into three regions:
liquid column, ligament and spray plume regions. Breakup
regimes and locations of injected liquid jet were obtained by
Wu et al. [5]. They investigated the breakup properties and
the trajectory of injected liquid jets in subsonic air crossflow.
They classified the column breakup region into four sub-
regions: liquid column/capillary breakup, bag breakup, multi-
mode breakup and shear breakup. Birouk et al. [6] studied the
effect of changing the liquid viscosity on the primary breakup
regimes. They found that the liquid viscosity has no effect on
the mechanisms of breakup of jets in crossflow. Tambe et al.
[7] investigated the effect of surface tension on the jet column
behavior and they found in the surface breakup regime a liquid
jet with low surface tension (Jet-A) produced smaller droplets
than the other liquid with high surface tension (Water).

The main aim of this work is to study the effect of injection
liquid jet from elliptical nozzle on characteristics such as
liquid column trajectory, breakup location and the size of
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established bags on the liquid column and also compare them
with a circular jet having the same cross-sectional area.

2. EXPERIMENTAL APPARATUS

The wind tunnel is capable to provide a uniform air stream
in the test section with a velocity raging between 0.2 m/s to 45.5
m/s. The test liquid was stored in the storage tank and pressurized
with high pressure nitrogen gas. The liquid jet was injected
into the air crossflow from the top of the test section through
a nozzle which is mounted 200 mm downward of the inlet of
the test section. Shadowgraph technique used for taking photos,
an image processing code was developed to obtain required
data from the photos. It should be noted that within this paper,
“C” and “E” are abbreviations for circular and elliptical nozzle.
Moreover, “E(0°)” means that the major axis of elliptic nozzle is
parallel to the crossflow direction and “E(90°)” for when major
axis of elliptic nozzle is perpendicular. The experimental details
of the current study are presented in Fig. 1.
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Fig. 1. Schematic of the experimental setup.
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3. RESULTS AND DISCUSSION

In this study two different breakup regimes which are
column breakup, bag breakup regimes were observed. The
visualized shadowgraphs of these breakup regimes, at two
different air Weber numbers of We = 2 and 7 and the same
momentum ratio ¢ = 20 are presented in Fig. 2.

3.1. Liquid Column Trajectories

As shown in Fig. 3 the elliptical jet deflected more
towards the air crossflow direction specially when the
major axis of the nozzles was aligned perpendicular to the
air crossflow direction. This is because of the fact that the
elliptical liquid jet has frontal area as flat shape and this
causes elliptical jet is more affected by the aerodynamic drag
force which is consistent with the experiment observations
of Song et al. [8].

3.2.Bag Formation

As air Weber number increases, the liquid jet deforms
from its initial shape as a flat sheet. This deformation of the
liquid column is due to the uneven pressure distribution at
its sides. Bags appear and grow on the leeward side of the
liquid column. These bags expand until the membrane of
bags become thinner enough and surface tension of the liquid
jet cannot hold them [9]. Fig. 4 illustrates bag formation and
breakup process for 10 ms.
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Fig. 2. Breakup regimes. A) Column, B) Bag.
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Fig. 3. Circular and elliptical liquid jet trajectories.
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Fig. 4. Bag Formation and breakup Process.
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Fig. 5. Breakup location of circular and elliptical jets.

3.3. Column Breakup Location

As notable from the Fig. 5 circular jet penectrated
more than the elliptical liquid jet. This may due to the
elliptic jet is affected more by the aerodynamic forces and
consequently the penetration of the elliptic jet is fewer
than circular.

4. CONCLUSIONS

The main results of this paper can be summarized as
follows: Elliptic jets curve more toward the air crossflow
direction and even more than circular jet and also from
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measured data at the same conditions, elliptic jets show less
penetration than the circular jet especially when the major
axis of the elliptical nozzles is placed perpendicular to the
crossflow direction. This may due to the fact that in this
situation elliptical liquid jet has frontal area as flat shape and
this causes the jet affected more by the aerodynamic drag
force. In the elliptical liquid jets, formation of the breakup
regimes is at the low air Weber number. The size of bags
which are formed on the column of elliptical jet, are bigger
than the bags formed on the circular jet. The membrane of a
bag growths more than its ring.
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Fig.1: Schematic of the injected liquid jet into an air crossflow.
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Fig.2: Schematic of the wind tunnel.
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Fig.4: Geometrical details of the nozzles.
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Fig. 5: Image processing procedure. Right) Original image, Middle) Boundaries of the liquid jet, Left) Profile of the
liquid jet.
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Table 1: Summary of test conditions.
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Fig.6: Visualization of circular and elliptical liquid jets. We =2, q =15. A) Circular jet, B) Elliptic jet “E3(0°)”, C)
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Fig. 7: Schematic of occurrence of the axis switching phenomenon.
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Fig. 8: Comparison the trajectory of circular and elliptical liquid jets.
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Table 2: Coefficients of the trajectory correlation

C B a Jib
1/316 0/603 0/490 C
1/275 0/621 0/472 E2(-")
1/227 0/722 0/404 E2(90")
1/173 0/641 0/455 E3(0%)
1/127 0/753 0/380 E3(90°)
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Fig. 10: Length and height of the breakup location.
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Table 3: Coefficients of the breakup height correlation.

n k Jib
0/538 5/92 C
0/542 5/35 E2(07)
0/566 4/51 E2(90")
0/639 3/31 E3(07)
0/668 2/75 E3(90")
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Fig. 11: Comparison the breakup height of circular and
elliptical jets.
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Fig. 12: Comparison the breakup length of circular and elliptical jets.
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Fig 13: Two different mode of breakup regimes. A) Column breakup regime, B) Bag breakup regime.
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Table 4: Breakup regimes and ranges
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Fig.14: Different parts of the liquid column in the bag breakup regime.
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Fig. 16: Comparison the size of the membrane and the ring of the bags.
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Fig.17: Bag formation and breakup process in the bag breakup regime.
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Fig. 18: Comparison of growing the size of the membrane and the ring of the bags in time.
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AR o 59, 995 3l Ganld Lo ay Cad (56T 5lul span
Oy sanls cx 5l 5995 Sghm ot &5 b ovalie (pimes
GlnsS LSl 025, 45 GlasS sl oo SlanS CeSD 1,
S b g9 S )0 (Jg ¥ 5l jiien Slso g 10 syl Sy
I8 1 by Caz p Silse ol Shp yeme a5 Gloy ¥ (s lake
O3 S bt al Jlasss FIV 5 i glep g p0 Cowl a8 )5

Ol G 0 gopb Sl plin san bl WS

AAYS



WAY WYY Sl VYRR Lo &V 0)loud @Y 0553 S ol SeilSlo puoino &y

453.

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

[9] C. Iyogun, M. Birouk, N. Popplewell, Trajectory of
water jet exposed to low subsonic cross-flow, Atomi-
zation and Sprays, 16(8) (2006).

[10] M. Birouk, T. Stébler, B. Azzopardi, An experimental
study of liquid jets interacting with cross airflows, Par-
ticle Systems Characterization, 20(1) (2003) 39-46.

[11] J.N. Stenzler, J.G. Lee, D.A. Santavicca, W. Lee,
Penetration of liquid jets in a cross-flow, Atomization
and Sprays, 16(8) (20006).

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

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

[14] E. Farvardin, A. Dolatabadi, Breakup Simulation of
Elliptical Liquid Jet in Gaseous Crossflow, in: 42nd
ATAA Fluid Dynamics Conference and Exhibit, 2012,
pp. 2817.

[15] G. Amini, A. Dolatabadi, Axis-switching and break-
up of low-speed elliptic liquid jets, International Jour-
nal of Multiphase Flow, 42 (2012) 96-103.

[16] A. Jaberi, M. Tadjfar, A. Sheidani, Experimental
Comparison of Breakup and Flow Characteristics
of Rectangular and Elliptical Water Jets, Amirkabir
Journal of Mechanical Engineering, 51(6) (2018) 31-
40.

[17] H.J. Yoon, J.G. Hong, C.-W. Lee, Correlations for
penetration height of single and double liquid jets in
cross flow under high-temperature conditions, Atomi-
zation and Sprays, 21(8) (2011).

[18] Y. Zheng, Characterization of the initial spray from a
jet in crossflow, 2009.

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

vay

e BU
g Sas We

b @i
kg/m® . J&>

N/m oo S o

N/m? e 3 p
PR
& b C>
lsa
A max
&b

[1] N. Ashgriz, Handbook of atomization and sprays:
theory and applications, Springer Science & Business
Media, 2011.

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

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

[41Y. Song, D. Hwang, K. Ahn, Effect of orifice geometry
on spray characteristics of liquid jet in cross flow, in:
55th AIAA Aerospace Sciences Meeting, 2017, pp.
1961.

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

[6] J.A. Schetz, A. Padhye, Penetration and breakup of
liquids in subsonic airstreams, ATAA Journal, 15(10)
(1977) 1385-1390.

[7] 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.



	_GoBack
	MTBlankEqn
	_Ref462668917

