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A B S T R A C T

Near nozzle field behavior of round liquid jets injected through large injector diameter (ranging from 0.2 to
0.6 m) into subsonic uniform gaseous crossflows is numerically investigated using the Volume of Fluid (VoF)
method. The liquid jet to gas momentum ratio is ranging from 4.3 to 39 with a gas Weber number ranging from
1.6 × 104 to 5.3 × 104. The large scale liquid water column main properties, such as primary breakup process,
liquid column penetration height, liquid column expansion and column breakup point location are studied.
Effects of several parameters on the liquid column evolution are investigated, namely the diameter injector, the
liquid jet injection velocity and the gaseous crossflow velocity. It has been found that the surface breakup and
column breakup mechanisms are both contributing to the liquid column fragmentation. The fragmentation at
large scale is characterized by the generation of a significant number of well developed arm and leg structures
that align with the airflow on the side and at the bottom of the liquid column. Correlations for the main liquid
jet properties are proposed and compared with results previously obtained for smaller size liquid jet. Liquid
column penetration height, width and column breakup height follow the same type of power laws that those
observed for liquid jet at smaller size. The liquid jet evolution is compared to the water jet generated by the
B747 airtanker.
1. Introduction

Liquid Jet in Gaseous Crossflow (LJGC) have been developed for
many different industrial and environmental applications, as for ex-
ample in agricultural sprays, rocket engines, combustion application,
cooling systems and liquid jet printer. These studies have considered
injector of millimeter size or smaller. Wu et al. (1997a,b) performed
experimental and theoretical studies using liquid jet of different liquids
(pure water, water–alcohol, and water–glycerol mixtures). As reported,
the primary breakup regime can be classified using the momentum
ratio 𝑞 and the gaseous Weber number 𝑊 𝑒𝑔 . The primary breakup of
the liquid jet is usually divided into two main breakup modes, the
column breakup (or bulk breakup) (CBU) and the surface (or shear)
breakup (SBU) (Wu et al. 1997a, Mazallon et al. 1999, Madabhushi
et al. 2006). CBU refers to liquid column pinched-off and liquid column
rupture occurring at the column breakup position. It produces relatively
large liquid fragments and droplet-like shape. SBU refers to liquid mass
shedding and detached liquid structures stripped-off, taking place all
along the liquid column trajectory, from the injector point to the CBU
locations. It also produces isolated structure ligaments and droplets-like
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shape, but relatively smaller than those arising from CBU. Other terms,
can be found in literature to describe primary breakup modes, such as
column fracture, arcade type breakup or bag-like breakup (Vich and
Ledoux 1997). Both CBU and SBU always occur in LJGC atomization,
with the possible prevail of one mode depending on the relative values
of 𝑊 𝑒𝑔 and 𝑞 (Mazallon et al., 1999; Madabhushi et al., 2006). CBU
is in turn subdivided into different sub-regimes (Wu et al. 1997a,
Sallam et al. 2004), such as among others : capillary/column breakup,
(single) bag breakup, multimode breakup, shear breakup. Under some
conditions, when the injection diameter 𝑑𝑗 gets close or larger than the
liquid capillary length, other primary CBU regime can appear, namely
the multimode bag breakup (Scharfman et al. 2013).

LJGC have been widely investigated, both experimentally and nu-
merically, revealing challenging issues to overcome. Experimental stud-
ies are facing accuracy problems according to the measurement tech-
nique employed, the complex operating conditions involved, and lim-
itation in observing and capturing dense fog liquid spray in the near
injector nozzle region (Broumand and Birouk 2016). Direct numerical
approaches based on interface capturing methods, such as Level Set
https://doi.org/10.1016/j.ijmultiphaseflow.2023.104419
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(LS) (Pai et al. 2010, Herrmann et al. 2010, Behzad et al. 2012,
2016), Volume of Fluid (VoF) (Li and Soteriou 2016, 2018, Prakash
et al. 2019) or CLSVOF (Mukundan et al. 2021) methods, have to
manage severe numerical challenges, especially because of large liquid
to jet density ratio 𝜌∗ and viscosity ratio 𝜇∗, together with high shear
tress at sharp moving and deforming interfaces. LJGC studies, whether
xperimental or numerical, are made complex because of the flow
ield complexity by itself, involving unsteady interface deformation and
upture. The large range of both time and length scales requests high
emporal and spatial resolutions in order to correctly describe atom-
zation process, making challenging and expensive the development of
oth direct numerical simulations and experimental methods.

The outstanding diversity of geometrical and physical parameters
n LJGC is another well-known aspect responsible for the discrepancy
etween empirical relations deduced from experiment. Indeed, the
roblem has several parameters to consider with some of them difficult
o control in experiments. Liquid jet may exhibit different level of
urbulence intensity (Wu et al. 1995, Sallam et al. 2006) making the
ain atomization features even harder to apprehend. Some studies
ave investigated different liquid allowing to vary liquid properties
uch as density (Herrmann 2011), viscosity ratios (Li et al. 2017)
nd rheology (newtonian and non-newtonian). Additional parameters
elated to the upcoming airstream flow have been investigated such as
igh airstream pressure and/or temperature environment (Amighi et al.
009, Lubarsky et al. 2012b, Amighi and Ashgriz 2019b,a, Liu et al.
021), subsonic (Wu et al. 1997a) or supersonic (Yates 1971, Schetz
t al. 1980), uniform (Lee et al. 2007) or non-uniform (Ryan 2006),
wirled (Tambe and Jeng 2008), with shear layers (Tambe et al. 2007)
r turbulent (Broumand et al. 2019). Some studies are considering
njector nozzle shape and aspect ratio (Haven and Kurosaka 1997),
ozzle internal flow (Ahn et al. 2006, Osta and Sallam 2010) or even
iquid jet injection angle (Fuller et al. 1997, Costa et al. 2006). The
ffects of gaseous wall turbulence on liquid jet atomization have also
een investigated, as well as nozzle locations by means of parameters
nabling to control airstream boundary layer development (Chelko
950, Yu et al. 2006, Kim et al. 2012).

As a consequence, it results in a huge number of literature on
he subject, however mostly focusing on nozzle injector diameters of
he order of a few millimeters or less. Interaction between an air
ross flow and larger liquid column diameters, typically more than
en centimeters, have been significantly less investigated up to now,
espite their importance for different kind of natural or engineering ap-
lications such as, for instance, hydraulic dams waterfalls, fire hoses or
irtankers dropping systems for aerial firefighting. In order to overcome
his lack of information for such large nozzle diameter, this numerical
tudy aims at providing new results and understanding of the liquid
olumn penetration, expansion and fragmentation at such large scales,
onsidering injector diameter 𝑑𝑗 ranging from 0.2 to 0.6 m.

In such a context, a numerical study is proposed here to decipher
he dynamics of the large scale liquid jet breakup, atomization and
ispersion, as well as quantitive information on the liquid column
enetration, expansion and Column Breakup (CBU) location. Section 2
efines the problem under consideration, the range of parameter con-
idered and propose a literature review with a main focus on the liquid
olumn penetration and expansion. The numerical method and the tests
erformed to discuss the grid convergence as well as the turbulence
odel used for this study are presented in Section 3. The results are

eported in Section 4 with the description of the physical mechanisms
nvolved in the liquid column atomization at large scale as well as
ith the description of the liquid column penetration, its transverse
xpansion and the location of the column breakup.

. Problem statement and literature review

.1. General description of the flow field, state of the art

We consider a water liquid jet of density 𝜌𝑗 and dynamic viscosity 𝜇𝑗
2

njected throughout a circular orifice of diameter 𝑑𝑗 along the vertical
ownward direction − 𝑒𝑦 into a subsonic air crossflow moving along
he horizontal direction 𝑒𝑥 as shown in Fig. 1. 𝜌𝑔 and 𝜇𝑔 are the air
ensity and dynamic viscosity, respectively. 𝑒𝑧 is then the spanwise
orizontal direction. The liquid is injected with a uniform velocity 𝑣𝑗
nd the air velocity is imposed uniform at the distance 𝑙 from the orifice
enter. Gravity 𝑔 = −𝑔𝑒𝑦 is oriented according to the vertical direction,
nd capillary effects are taken into account through a constant surface
ension 𝜎.

According to the 𝛱 or Vashy-Buckingham theorem, this problem
s fully described by five independent non-dimension numbers. From
he literature of LJGC for smaller diameter, two main non dimen-
ional numbers have been identified: the momentum flux ratio 𝑞 that
ompares gas inertia to liquid inertia

=
𝜌𝑗𝑣𝑗2

𝜌𝑔𝑢𝑔2
(1)

and the gas Weber number 𝑊 𝑒𝑔 that compares gas inertia to capillary
effect

𝑊 𝑒𝑔 =
𝜌𝑔𝑢𝑔2𝑑𝑗

𝜎
(2)

Additional non dimensional numbers can be introduced such as the
liquid jet Weber number 𝑊 𝑒𝑗 = 𝜌𝑗𝑣2𝑗𝑑𝑗∕𝜎, the gas Reynolds number
𝑒𝑔 = 𝜌𝑔𝑢𝑔𝑑𝑗∕𝜇𝑔 , the liquid jet Reynolds number 𝑅𝑒𝑗 = 𝜌𝑗𝑣𝑗𝑑𝑗∕𝜇𝑗 ,

the liquid Ohnesorge number 𝑂ℎ𝑗 = 𝜇𝑗∕
√

𝜎𝜌𝑗𝑑𝑗 , the liquid Bond
number 𝐵𝑜 = 𝜌𝑗𝑔𝑑2𝑗 ∕𝜎, the density ratio 𝜌∗ = 𝜌𝑗∕𝜌𝑔 and the viscosity
ratio 𝜇∗ = 𝜇𝑗∕𝜇𝑔 , the normalized distance of injection 𝑙∕𝑑𝑗 . In all the
configurations studied here, the flow is characterized by a relatively
low Mach number (𝑀𝑎 < 0.27) allowing to neglect gas compressibility
effects.

The liquid jet penetration, spreading and expansion into the gaseous
crossflow is usually described using the liquid jet vertical penetration
𝑦, sometimes called liquid jet trajectory, and the liquid jet lateral
spread or expansion width 𝑧. The liquid CBU point where the column
breaks is defined by its streamwise distance to the injector 𝑥𝐵𝑈 and its
vertical penetration 𝑦𝐵𝑈 (see Fig. 1). A significant number of empirical
correlations have been provided in literature in order to characterize
𝑦, 𝑧, 𝑥𝐵𝑈 and 𝑦𝐵𝑈 . A detailed review of these correlations can be
found in Stenzler et al. (2006), Mashayek et al. (2008), Mashayek and
Ashgriz (2011), No (2015), Broumand and Birouk (2016). They are
also summarized in Table 1. Throughout the literature, the liquid jet
trajectory 𝑦∕𝑑𝑗 is usually reported as a function of 𝑞, and the normalized
distance 𝑥∕𝑑𝑗 . Other parameters can also be taken into account in the
correlation of the trajectories, such as: viscosity ratio, temperature,
pressure, density ratio, Reynolds and Weber numbers of the crossflow,
etc. Existing correlations can be classified into three functional forms:
power law, logarithmic law and exponential law.

As pointed out by Lubarsky et al. (2012a), the numerous cor-
relations do not match and a unified correlation still needs to be
proposed. Indeed, the impressive amount of correlations, especially
for the liquid jet trajectory 𝑦∕𝑑𝑗 results in significant quantitative
discrepancies between each others due to several reasons. First, the
outstanding number of experimental studies available in literature are
based on different definition and methods. Indeed, 𝑦∕𝑑𝑗 has been
measured according to different criteria such as for instance using
transverse jet extremities (Chelko, 1950; Hussein et al., 1982), location
of maximum flux concentration (Smith and Mungal, 1998; Han et al.,
2000), mean streamline locations in the center plane 𝑧∕𝑑𝑗 = 0 (Yuan
and Street, 1998; Hussein et al., 1982), streamline based only on the
upwind or downwind liquid column side, or even location of maximum
velocities (Yuan and Street, 1998). Measurement can be conducted only
on the liquid column or on the overall liquid jet flow field including the
spray. Thus, different names have been employed like for instance the
‘‘liquid jet trajectory’’ which may refer to the liquid column trajectory
between the injector nozzle and the CBU location, or the ‘‘liquid jet

penetration’’ which may be associated to the maximal transverse height
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Fig. 1. Problem and variable definition based on a simulation at 𝑡 = 4.5 s for the reference case 𝐶𝑎𝑠𝑒1 for 𝑞 = 17.3 and 𝑊 𝑒𝑔 = 3.2 × 104 (see Table 3 for more details). (a) Side
iew and (b) top view.
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r depth reached by the spray. Then, empirical correlations also depend
n the flow field regions in which they are assessed, namely the near
njector nozzle field (Wu et al., 1997a) or the so-called liquid jet far
ield (Yates, 1971). While exponential forms (Chen et al., 1993) allow
o take into account three different regions of the liquid jet develop-
ent and have proven to be reliable in the so-called far stream region,

ogarithmic laws generally provide better results in the near injector
ozzle field (Gopala, 2012). Furthermore, measurement techniques
mployed, such as for example Particle Image Velocimetry (PIV), Mie
cattering of light sheets (Cavaliere et al., 2003; Han et al., 2000), Phase

Doppler Particle Analyser (PDPA) (Lin et al., 2002a), pulsed shadowg-
raphy (Mazallon et al., 1999), turn out to have a significant impact
on LJGC flow field description. Indeed, some studies implementing
PDPA highlighted that 𝑦∕𝑑𝑗 prediction leads systematically to an over-
estimation in comparison to shadowgraphy methods even when using
strictly identical facility and experiment layout (Yates, 1971; Thomas
nd Schetz, 1985; Inamura et al., 1991; Lin et al., 2002a). Other reasons
or such discrepancies on empirical correlations rely on the gaseous
rossflow characteristics such as its turbulence level and possible non-
niformity together with the wall boundary layer development (Chelko,
950; Cortelezzi and Karagozian, 2001). Gas crossflow entrainment
y liquid jet far from the nozzle injector point may also have an
mpact on jet trajectory determination (Yuan and Street, 1998). Those
orrelations also depend on the range of parameters in which they have
een consistently validated as well as some differences in operating
onditions such as temperature and pressure having an impact in the

∗ ∗
3

ensity 𝜌 and viscosity 𝜇 ratios, . . . ), configuration layouts (single v
r multiple injectors arranged in tandem or in square with flush or
rotruding tubes), liquid jet injection angle 𝜃𝑗 , internal liquid flow pipe
eometry (sharp or plain orifice with different nozzle aspect ratio) and
onsequently liquid jet turbulence level 𝐼𝑗 .

.2. Range of parameters

In this study, the velocity of both the liquid and the air as well as
he injector diameter are varied in a range relevant when considering
pplications such as liquid ejection from a Large (LAT) to Very Large
VLAT) airtanker. For Aerial Fire Fighting purpose, aircrafts release
iquid at velocity ranging from 50 to 70 m/s depending on the aircraft,
nd the liquid exit velocity can vary from 1 to 14 m/s. Considering
he dropping system of the B747 made of 4 circular exits of 40 cm,
he ground velocity can vary between 55 to 70 m/s and the liquid exit
elocity can vary from 6 to 14 m/s. As a consequence, the selected
alues for 𝑣𝑗 , 𝑢𝑔 and 𝑑𝑗 are varied in the ranges [5 − 10] m∕s, [50 −

90] m∕s and [0.2 – 0.6] m, respectively. Table 2 reports the considered
ange of parameter and the corresponding non dimensional numbers.
able 3 gives the parameters used for the different simulations. Case
is considered as the reference case as it stands very close to the

perating conditions of large and very large airtanker (LAT and VLAT).
ases 2 to 4 are used to study the grid convergence (see Section 3.3).
ases 5 to 7 are conducted to discuss the effect of the jet turbulence
nd its modeling (see Section 3.4). Cases 8 and 9 are performed to show
he effect of the injector diameter 𝑑𝑗 . Cases 10 to 12 are selected for
he effect of the liquid injection velocity and Cases 13 and 14 for the

elocity of the air crossflow.



Table 1
Table summarizing expressions from literature for liquid column penetration height 𝑦∕𝑑𝑗 , expansion width 𝑧∕𝑑𝑗 , and CBU
location with streamwise length 𝑥𝐵𝑈∕𝑑𝑗 and height 𝑦𝐵𝑈∕𝑑𝑗 , showing different functional form with constant parameters 𝜅, 𝜓 ,
𝜉, 𝛼, 𝛽, 𝛾, 𝜃 and 𝛿.

Parameters Functional expression References

𝑦
𝑑𝑗

𝑞 𝑦
𝑑𝑗

= 𝜅𝑞𝛼
(

𝑥
𝑑𝑗

)𝛽
(1.1) Wu et al. (1997a)

Birouk et al. (2007)

𝑞, 𝑊 𝑒𝑔
𝑦
𝑑𝑗

= 𝜅𝑞𝛼
(

𝑥
𝑑𝑗

)𝛽
𝑊 𝑒𝑔

𝜂𝑍𝜑
1 𝑍

𝜃
2 (1.2) Stenzler et al. (2003)

Farvardin et al. (2013)

𝑞, other 𝑦
𝑑𝑗

= 𝜅𝑞𝛼
(

𝑥
𝑑𝑗

)𝛽
𝑍1

𝜂𝑍2
𝜑 (1.3) Amighi et al. (2009)

Eslamian et al. (2014)

𝑞 𝑦
𝑑𝑗

= 𝜅𝑞𝛼 ln
[

1 +
(

𝛽 𝑥
𝑑𝑗

)]

(1.4) Becker and Hassa (2002)
Freitag and Hassa (2008)

𝑞, 𝑊 𝑒𝑔
𝑦
𝑑𝑗

= 𝜅𝑞𝛼
[

𝜓 ln
(

𝑥
𝑑𝑗

)

+ 𝜉
]

𝑊 𝑒𝑔
𝛽

(1.5)
Thawley et al. (2008)
Wang et al. (2011)

𝑞 𝑦
𝑑𝑗

= 𝜅𝑞𝛼
[

1 − exp
(

𝛽 𝑥
𝑑𝑗

)]

(1.6)
[

1 + 𝜓 exp
(

𝛾 𝑥
𝑑𝑗

)] [

1 + 𝜉 exp
(

𝛿 𝑥
𝑑𝑗

)]

Chen et al. (1993)
Elshamy et al. (2007)

𝑧
𝑑𝑗

𝑞 𝑧
𝑑𝑗

= 𝜅𝑞𝛼
(

𝑥
𝑑𝑗

)𝛽
(2.1) Inamura et al. (1993)

Song et al. (2011)

𝑞 𝑧
𝑑𝑗

= 𝜅𝑞𝛼 ln
[

1 +
(

𝛽 𝑥
𝑑𝑗

)]

(2.2) Oda et al. (1994)

𝑥𝐵𝑈
𝑑𝑗

Constant 𝑥𝐵𝑈
𝑑𝑗

= 𝜅 (3.1) Iyogun et al. (2006)
Lee et al. (2007)

𝑞 𝑥𝐵𝑈
𝑑𝑗

= 𝜅𝑞𝛼 (3.2) Schetz and Padhye (1977)

𝑞, other 𝑥𝐵𝑈
𝑑𝑗

= 𝜅𝑞𝛼𝑍𝛽
1𝑍

𝜂
2 (3.3) Bellofiore et al. (2007)

Ragucci et al. (2007)

𝑦𝐵𝑈
𝑑𝑗

𝑞 𝑦𝐵𝑈
𝑑𝑗

= 𝜅𝑞𝛼 (4.1) Wu et al. (1997a)
Zheng and Marshall (2011)

𝑞, other 𝑦𝐵𝑈
𝑑𝑗

= 𝜅𝑞𝛼𝑍𝛽
1 (4.2) Bellofiore et al. (2007)

Ragucci et al. (2007)
Table 2
Range of parameters considered in this study and corresponding non dimension numbers.
𝑑𝑗 (cm) 20–60 𝑞 4.3–39
𝑣𝑗 (m/s) 5–15 𝑊 𝑒𝑔 [1.6 − 5.29] × 104

𝑢𝑔 (m/s) 50–90 𝑊 𝑒𝑗 [1.39 − 12.5] × 105

𝜌𝑔 (kg/m3) 1.18 𝑅𝑒𝑔 [0.89 − 2.66] × 106

𝜎 (N/m) 0.072 𝑅𝑒𝑗 [2.24 − 6.73] × 106

𝑔 (m/s2) 9.81 𝑂ℎ𝑗 [1.35 − 2.34] × 10−4

𝑝𝑔 (Pa) 101325 𝐵𝑜𝑗 [0.54 − 4.89] × 104

𝑇 (K) 300 𝜌∗ 846
𝜇𝑗 (Pa s) 8.89 × 10−4 𝜇∗ 48
𝜇𝑔 (Pa s) 1.86 × 10−5 𝐼𝑗 0.01–0.2
𝜌𝑗 (kg/m3) 997.6
Table 3
Cases investigated in this study along with numerical (mesh refinement 𝛥𝑥, liquid jet turbulence level 𝜖𝑗 , turbulence modeling) and physical (injector nozzle
diameter 𝑑𝑗 , liquid jet velocity 𝑣𝑗 , gaseous crossflow velocity 𝑢𝑔) parameters as well as corresponding non-dimensional numbers. Case 1 is chosen as the case of
reference. Highlight in yellow the parameters changed with respect to the reference case Case 1.

Numerical parameters Physical parameters Non dimension numbers
Case Legend 𝛥𝑥 𝐼𝑗 𝑅𝐴𝑁𝑆 𝑑𝑗 𝑣𝑗 𝑢𝑔 𝑞 𝑅𝑒𝑗 𝑅𝑒𝑔 𝑊 𝑒𝑔 𝑊 𝑒𝑗

in figures [𝑚𝑚] [𝑐𝑚] [𝑚𝑠−1] [𝑚𝑠−1] ×106 ×106 ×104 ×105

1 — + — 16 0.01 𝑘 − 𝜖 40 10 70 17.3 4.9 1.78 3.2 5.54

2 — + — 30 0.01 𝑘 − 𝜖 40 10 70 17.3 4.9 1.78 3.2 5.54

3 — + — 50 0.01 𝑘 − 𝜖 40 10 30 17.3 4.9 1.78 3.2 5.54

4 — + — 70 0.01 𝑘 − 𝜖 40 10 70 17.3 4.9 1.78 3.2 5.54

5 — ∙ — 16 0.2 𝑘 − 𝜖 40 10 70 17.3 4.9 1.78 3.2 5.54

6 — × — 16 × × 40 10 70 17.3 4.9 1.78 3.2 5.54

7 — ▵ — 16 0.01 𝑘 − 𝜔 40 10 70 17.3 4.9 1.78 3.2 5.54

8 — □ — 16 0.01 𝑘 − 𝜖 20 10 70 17.3 2.24 0.89 1.6 2.77

9 — ∗ — 16 0.01 𝑘 − 𝜖 60 10 70 17.3 6.73 2.66 4.8 8.31

10 — ▿ — 16 0.01 𝑘 − 𝜖 40 5 70 4.3 2.24 1.78 3.2 1.39

11 — ⋆ — 16 0.01 𝑘 − 𝜖 40 7 70 8.5 3.14 1.78 3.2 2.72

12 — ⊳ — 16 0.01 𝑘 − 𝜖 40 15 70 39 6.73 1.78 3.2 12.5

13 — ♢ — 16 0.01 𝑘 − 𝜖 40 10 50 33.9 4.9 1.27 1.63 5.54

14 — ◦ — 16 0.01 𝑘 − 𝜖 40 10 90 10.5 4.9 2.28 5.29 5.54
4
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Fig. 2. Cases considered in this study reported in the 𝑊 𝑒𝑔 − 𝑞 map adapted from Madabhushi et al. (2006). The continuous line is the transition between SBU and CBU from Wu
t al. (1997a). Symbols are the simulations performed in this study as defined in Table 3.
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The parameters 𝑞 and 𝑊 𝑒𝑔 considered in this study are compared
in Fig. 2 to the parameters 𝑞 and 𝑊 𝑒𝑔 considered in previous studies.
As shown the range of momentum ratio 𝑞 is quite similar to what have
been investigated so far and corresponds to a region where a mixed
breakup regime (Column and surface) is expected. However, the use of
an injection diameter more than two orders of magnitude larger induces
much larger Weber numbers.

3. Numerical method

3.1. Governing equations and numerical methods

The numerical simulations were performed with a finite volume ap-
proach, using the CFD code Star-ccm+ (Siemens, 2015). Here, we solve
the unsteady, three-dimensional and incompressible Navier–Stokes
equation for a Newtonian fluid:

𝜕𝑢𝑖
𝜕𝑥𝑖

= 0 (3)

𝜕𝑢𝑖
𝜕𝑡

+ 𝜌𝑢𝑗
𝜕𝑢𝑖
𝜕𝑥𝑗

= −
𝜕𝑝
𝜕𝑥𝑖

+ 𝜇 𝜕
𝜕𝑥𝑗

(

𝜕𝑢𝑖
𝜕𝑥𝑗

+
𝜕𝑢𝑗
𝜕𝑥𝑖

)

− 𝑔𝛿𝑖2 + 𝐹𝜎 𝑖 (4)

here 𝑢𝑖, 𝑝, 𝜌, 𝜇 and 𝑔 stand for the velocity field, the pressure, the
ensity, the viscosity and the gravity, respectively. The components
f the velocity field 𝑢𝑖 are noted 𝑢, 𝑣 and 𝑤 along the 𝑥−, 𝑦− and
− directions, respectively, The surface tension force 𝐹𝜎 located at the
nterface between the two phases is expressed using the Continuum
urface Force (CSF) method (Brackbill et al., 1992) in the framework
f the Volume of Fluid (VoF) method (Hirt and Nichols, 1981):

𝜎 𝑖 = 𝜎𝜅
𝜕𝜒𝑖
𝜕𝑥𝑖

, 𝜅 = −
𝜕𝑛𝑖
𝜕𝑥𝑖

, 𝑛 =
∇⃗𝜒

‖∇⃗𝜒‖
(5)

here 𝜎 is the surface tension, 𝜅 is the mean interface curvature ex-
ressed in terms of the unit normal vector 𝑛 of the liquid–gas interface
nd 𝜒 is the VoF function defined as 𝜒 = 1 in the liquid and 𝜒 = 0 in
he gas. Density and dynamic viscosity are thus calculated as:

= 𝜌𝑗𝜒 + 𝜌𝑔 (1 − 𝜒) , 𝜇 = 𝜇𝑗𝜒 + 𝜇𝑔 (1 − 𝜒) (6)

nd 𝜒 is transported by solving
𝜕𝜒
𝜕𝑡

+ 𝑢𝑖
𝜕𝜒
𝜕𝑥𝑖

= 0 (7)

Different values of 𝜒 will be considered to discuss the liquid column
evolution. The value 𝜒 = 0.9 indicates that there is more than 90%
f liquid in the controlled volume. It will be considered in order
o characterize the liquid core, while 𝜒 = 0.1 (and lower values)
ill be used to discuss the envelop of the liquid cloud once atomized
nd dispersed in the air. 𝜒 = 0.5 will be also considered because
orresponding to the interface location in fully resolved regions.

A finite volume method has been employed in order to discretize
his system of equations together with a segregated multiphase flow
5

olver implemented in Star-ccm+ on a collocated (non-staggered) vari-
ble arrangement grid (Siemens, 2015). The solver uses a Rhie–Chow

interpolation type velocity–pressure coupling in combination with a
SIMPLE algorithm (Patankar and Spalding, 1972) based on pressure
correction methods. The SIMPLE algorithm has been chosen here as
the best compromise between numerical stability, computational time
and accuracy. The SIMPLE algorithm is known for its robustness and
is well adapted for integrating the RANS modeling of turbulence. The
main objective of our study is to access to the large-scale liquid column
fragmentation. Both grid resolution and selected time step do not allow
to capture the fast breakup mechanisms at scales smaller than the grid
size. However, the column breakup and the induced long arm and leg
like structures as described in the following are slower process that can
be captured by both the grid and time resolutions used for this study.
In this context the SIMPLE model is a good compromise as usually
recommended for slow transient simulation with relatively large time
steps.

The liquid jet turbulence has been observed to impact the primary
atomization for liquid jet at small scale (Lee et al., 2007; Osta and
Sallam, 2010; Broumand and Birouk, 2017). As a first step in the
investigation of large-scale liquid jet fragmentation, a RANS approach
is considered here. A Realizable 𝑘 − 𝜖 model (Shih et al., 1995) is
selected together with the VOF model. A two layers wall treatment
is used in combination with the Realizable 𝑘 − 𝜖 model. In order to
investigate turbulence modeling impact on the solution, the use of the
Menter’s SST 𝑘−𝜔 (F.R., 1994) turbulence model has been concurrently
nalyzed as it is supposed to be more accurate for free shear flows
nd separated flows. According to the turbulence model selected, two
quations describing turbulent quantities are added to the previous
et of equations, being about turbulent kinetic energy 𝑘 and either
urbulent dissipation rate 𝜖 or a characteristic turbulent frequency 𝜔,
or 𝑘 − 𝜖 and 𝑘 − 𝜔 models respectively.

A second order High Resolution Interface Capturing (HRIC) dis-
retization scheme has been used in Eq. (7) ensuring a sharp interface

between the two phases and limiting its smearing by numerical dif-
fusion (Muzaferija and Peric, 1998). A second order upwind schemes
were employed for convective terms in momentum and turbulent trans-
port equations, while a first order implicit scheme was applied to the
temporal discretization enhancing numerical stability. A time step of
𝛥𝑡 = 1 × 10−3 s has been used yielding to Courant–Friedrichs–Lewy
numbers 𝐶𝐹𝐿 ranging in 3.2 ≤ 𝐶𝐹𝐿 ≤ 5.7. Both the selected grid
resolution (see next section) and time step do not allow to capture
the fast breakup mechanisms at scales smaller than the grid size. Our
main interest is here to investigate the large scale fragmentation of the
injected liquid. The characteristic time for the injected liquid to reach
the CBU point can be estimated (see Section 4.4) as 𝑦𝐵𝑈∕𝑣𝑗 ≈ 10 𝑑𝑗∕𝑣𝑗 ≈
0.4s, requiring 400 time steps.



Fig. 3. Computational domain shape and main dimensions for the reference case 1 together with the imposed boundary conditions.
Fig. 4. A vertical slice of the meshes at 𝑧∕𝑑𝑗 = 0 showing the mesh refinement used to capture the liquid jet zone.
3.2. Computational domain and boundary conditions

Fig. 3 shows the computational domain and the main dimensions for
the reference case 1 (see Table 3) together with the imposed boundary
conditions. In order to minimize the number of cells, a trapezoidal
domain is built from a rectangular surface of 50𝑑𝑗 × 17.5𝑑𝑗 at the
top of the computational domain in the horizontal streamwise 𝑥 and
spanwise 𝑧 directions, respectively. Instead of a classic flat plate usually
used in LJGC numerical studies, a curved shape wall is considered to
characterize an airplane lower surface (Bury et al., 2008). However, It
has been observed with some preliminary tests not reported here that
6

this curved shape of the top wall does not affect significantly the jet
evolution in comparison to a flat plate. The vertical direction of the
domain is about 25 times the injector diameter and the trapezoidal
geometry with an opening angle 𝛾 = 25◦ ends with an equivalent
rectangular surface of 50𝑑𝑗 × 40𝑑𝑗 at the bottom of the computational
domain.

The top wall is considered as a no-slip boundary condition and a
uniform inlet liquid velocity 𝑣𝑗 is imposed at the nozzle exit. A uniform
gas velocity 𝑢𝑔 is imposed at the domain inlet. The other boundaries are
considered as outflow domain boundaries with a pressure outlet fixed
to the atmospheric pressure. The distance between the beginning of the
computational domain at the gas inlet surface and the location of the

center of liquid jet injector nozzle is set to 𝑙 = 2.5 m for all this study.
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Fig. 5. Influence of the mesh refinement 𝛥𝑥 on the shape of the liquid jet at 𝑡 = 4.5 s for several views and for different liquid volume fractions 𝜒 (blue : 𝜒 = 0.1 , green : 𝜒 = 0.5
nd red : 𝜒 = 0.9 ). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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The total simulated physical time in each case was about 𝑡 = 5 s
ensuring the liquid jet to reach an established regime, i.e. a stabilized
liquid penetration and transverse expansion.

3.3. Mesh convergence

This study used an unstructured mesh with polyhedral elements
together with a prism layer remesher using 5 prism layers cells and a
growth rate of 1.1 in order to take into account the boundary layer in-
duced by the no slip condition at the wall. An hybrid-Gauss LSQ method
is implemented for the gradient calculation throughout the unstruc-
tured mesh together with a gradient limiter using the Vankatakrishnan
slope limiter scheme (V., 1993).

In order to find the best compromise between accuracy and com-
putational speed, a mesh convergence study has been achieved. Four
different meshes have been considered with different grid size 𝛥𝑥 =
70 mm, 𝛥𝑥 = 50 mm, 𝛥𝑥 = 30 mm and 𝛥𝑥 = 16 mm respectively for

esh4 (Fig. 4d), Mesh3 (Fig. 4c), Mesh2 (Fig. 4b), and Mesh1 (Fig. 4a).
he same time step 𝛥𝑡 is used by varying the CFL condition. The mesh
onstruction has been made in several steps. The objective is to be
ble to refine the region of interest while saving CPU time. First, a
onventional rectangular computational domain (not shown here) with
7

regular coarse grid is used to determine the envelop of the liquid e
jet trajectory. Then a trapezoidal shape that captures the full liquid jet
evolution is defined resulting in Mesh4 shown in Fig. 4d with a grid size
of 70 mm. Mesh3 in Fig. 4c is then obtained by refining this trapezoidal
region with a grid size of 50 mm. Considering the obtained jet evolution
in this mesh, the region that needs to be further refined is reduced while
refining the mesh close to the exit resulting in Mesh2 and Mesh1 with
grid size 30 mm and 16 mm shown in Figs. 4b and 4a, respectively.

Fig. 5 reports liquid column shape at time 𝑡 = 4.5 s for different
views and for different refinement 𝛥𝑥. The different liquid volume
fractions 𝜒 = 0.9, 𝜒 = 0.5 and 𝜒 = 0.1 are shown. Increasing the
refinement clearly improves the resolution of the liquid core. In par-
ticular, the surface deformation results in elongated legs-like structures
that originate from the nozzle, and the liquid cloud region (𝜒 = 0.1)
appears to be shaped by this legs-like structures with the development
of detached liquid volume of big size. This will be depicted in more
details in the following.

Fig. 6a and Fig. 6(b) report the corresponding vertical liquid column
enetration 𝑦 and transverse expansion 𝑧 as a function of the stream-

wise position 𝑥. The liquid cloud 𝜒 = 0.1 is shown since a priori more
ensitive to the resolution than the liquid core 𝜒 = 0.9. As observed the
iquid column vertical penetration 𝑦 does not seem to be sensitive to the
esolution for the refinements considered here. The liquid transverse

xpansion 𝑧 is found to be more sensitive to the grid resolution but a
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Fig. 6. Liquid column penetration height 𝑦∕𝑑𝑗 and width 𝑧∕𝑑𝑗 versus streamwise distance from the injector nozzle center 𝑥∕𝑑𝑗 for 𝜒 = 0.1 and for several mesh refinement 𝛥𝑥
ith: - + - Mesh1 (𝛥𝑥 = 16 mm), − ⊲ − Mesh2 (𝛥𝑥 = 30 mm), −◦− Mesh3 (𝛥𝑥 = 50 mm), - + - Mesh4 (𝛥𝑥 = 70 mm).
Fig. 7. Liquid column penetration height 𝑦∕𝑑𝑗 and width 𝑧∕𝑑𝑗 versus horizontal distance from the injector nozzle 𝑥∕𝑑𝑗 for several turbulence models and turbulence intensity level
𝐼𝑗 with: Case 1 - + - 𝐼𝑗 = 0.01, 𝑘 − 𝜖 model, Case 5 - ∙ - 𝐼𝑗 = 0.2, 𝑘 − 𝜖 model, Case 6 — × — without turbulence model, Case 7 — ▵ — 𝐼𝑗 = 0.01, 𝑆𝑆𝑇 − 𝑘 − 𝜔 model.
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grid convergence seems to emerge from the reported evolutions. Note
that the convergence is more difficult to reach at the jet lateral sides.
In this region refining the grid results in a more accurate description
of the shear breakup that would require finer meshes for a consistent
resolution of the resulting droplets. In terms of CPU time, the finer
mesh is eight times more consuming than the coarser mesh. Finally,
the finer mesh has been selected for this study and the results reported
in the following have been obtained with the fine mesh with 𝛥𝑥 = 16.
Thus, liquid droplets larger than several 𝛥𝑥 = 16 mm, typically with
size 𝑂(50) mm, and their deformation and fragmentation are captured
by the simulation. Smaller droplets cannot be properly resolved but
they contribute to the liquid cloud. They are described by values of
𝜒 lower than 1 and thus transported and dispersed by the flow with
the resolution of Eq. (7).

.4. Turbulence modeling impact

Considering the high values of the Reynolds numbers of both the
iquid jet and the air flow motion, some tests have been conducted
n the turbulent modeling to be used in the simulations. For that
urpose, different liquid jet turbulence intensity levels 𝐼𝑗 and different
urbulence models have been compared. The corresponding liquid jet
volutions for different views and different liquid volume fractions 𝜒
re shown in Fig. 18 in Appendix A.1. Qualitatively speaking, the nu-
erical simulations give few differences. This is confirmed with Fig. 7
8

here the corresponding liquid column penetration 𝑦 and transverse ex-
ansion 𝑧 are reported. When deactivating the RANS turbulence model
n the set of equations to be solved (Case 6), the penetration of the
iquid jet in the air crossflow tends to slightly decrease in comparison
o the simulations carried out with different turbulent intensities and
urbulent solvers. The range of the turbulent intensity of the liquid
t the nozzle 𝐼𝑗 investigated here does not seem to have a significant
mpact on both the vertical penetration and transverse expansion. Note
hat a simulation considering the LES approach has also been compared
o the RANS simulations reported here and no significant difference
as been observed. The choice of the turbulent model does not also
eem to have an important impact on these two quantities. Because of
ts lower computational cost and its suitability with VOF method (Zhu
t al., 2021), the Realizable 𝑘 − 𝜖 model is a fair compromise and was

chosen for the numerical investigation presented here.

4. Results

The objective of the numerical investigation reported in this paper
is to describe the liquid column atomization at large scale in a region
close to the injection. For that purpose, we investigate the effects of
the main parameters of the problem (liquid ejection velocity, noz-
zle diameter and airflow velocity) on the liquid evolution in the air
cross flow under well controlled conditions and with fixed physical
parameters (viscosities, densities and surface tension). The shape of the

liquid column is described and the liquid vertical penetration and its
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Fig. 8. Liquid column for different views and for different level of 𝜒 at 𝑡 = 4.5 s for the reference case (𝑞 = 17.3 and 𝑊 𝑒𝑔 = 3.2 × 104). (left) front view, (center) side view, (right)
top view.
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transverse expansion are reported and compared with results obtained
for liquid jet at much smaller scale.

4.1. Liquid column deformation and fragmentation

Fig. 8 reports the shape of the liquid column for the reference
case (Case 1), 𝑞 = 17.3 and 𝑊 𝑒𝑔 = 3.2 × 104, at time 𝑡 = 4.5 s.

he front, side and top views of the liquid column are reported. In
rder to investigate the liquid column structure, different levels of 𝜒
re shown from the liquid cloud 𝜒 = 0.001 up to the liquid core
= 0.9. A behavior very similar to milimetric liquid jet is observed for

oth the liquid column trajectory but some specificity can be pointed
ut regarding its fragmentation. The liquid column is deflected along
he streamwise direction due to the high pressure resulting from the
mpact of the air cross flow (as illustrated with the pressure distribution
9

n the liquid column in Fig. 9) creating a stagnation point in the
ncoming gas flow together with the formation of a low pressure
ake region on its downward surface (Inamura, 2000). This upstream-
ownstream pressure difference induces an aerodynamic drag exerted
y the gaseous crosswind on the liquid jet (as characterized in Fig. 9

with the vorticity components), gradually inducing the liquid column
to bend along its trajectory causing it to be aligned with crossflow
direction far away from the nozzle. As shown in Fig. 8, when comparing
the different level of the VoF function 𝜒 , the liquid column atomization
reveals the presence of both the Column Breakup (CBU) and the Surface
(or shear) Breakup (SBU) mechanisms. We observe the production of
relatively large liquid fragments with ligament and droplet-like shape.
The location of the CBU point can be clearly identified when consid-
ering the value 𝜒 = 0.9. Comparing the iso-value 𝜒 = 0.9 to the lower
iso-values 𝜒 = 0.001, 0.01 an 0.1 a cloud of droplet of size much smaller
than the grid resolution is produced revealing a strong effect of the SBU
mechanism.
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Fig. 9. Front view of (a) the pressure field, (b) the streamwise vorticity, (c) the vertical vorticity and (d) the spanwise vorticity on the so-called liquid cloud surface (𝜒 = 0.1) at
= 4.5 s for the reference case (Case 1) 𝑞 = 17.3 and 𝑊 𝑒𝑔 = 3.2 × 104.
Fig. 10. Liquid jet main structures for different views of the liquid cloud (𝜒 = 0.1) at 𝑡 = 4.5 s for the reference case (𝑞 = 17.3 and 𝑊 𝑒𝑔 = 3.2 × 104).
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The simulations show that the specificity of the fragmentation at
uch scale is the production of long legs of liquid aligned with the air
low. Fig. 10 depicts the main large scale structures of the liquid jet
rom different perspectives. This case is very representative of all the
ases considered in this study. Two main structures are observed on the
iquid column shape: crests subsequently giving birth to ligaments and
roplets as well as relatively thin liquid sheets (or bag) taking birth
nside the troughs located between two consecutive crests. The wave
ength between two crests has the same order of magnitude than the
njector size. Those two main types of structures are due to the strong
hear rate experienced in the close vicinity of the interface between gas
nd liquid phases. Crests may give birth to arm-like structures all along
he liquid column sides on the upper part, and they also induce several
ell pronounced leg-like structure on its lower part. The original aspect
bserved for large liquid jet as considered in our study is certainly the
evelopment of several very long arm and leg like structures. This is
lear when comparing for example Fig. 10 with Fig. 20 in Zhu et al.

(2021) and with Fig. 16, 17 and 20 in Behzad et al. (2016). The arm-like
10

p

nd leg-like structures produce both ligaments and droplets, though the
ormer yielding to relatively smaller detached structures than the latter.
oth kind of crest structures are induced by the strong shear between
he two phases as illustrated in Fig. 9 with the vorticity components,
nd they are then stretched out by the air crossflow producing thus the
iquid spray at the end of the fragmentation cascade and their devel-
pment along the azimuthal direction. Interestingly, a clear similarity
ppears here at large scale when compared to the literature for smaller
ize jets. While our description of liquid column arm-like structures is
elated to stripping-off mechanisms, leg-like structures are associated
o liquid column pinch-off. A detailed inspection of the liquid column
urface in Fig. 10 indicates the presence of smaller scale corrugations
ery similar to the ones reported by Behzad et al. (2015) at much
maller nozzle size and as a consequence with a much better resolution
hen compared to the nozzle diameter.

As shown in Fig. 9(a), the ligaments-like (also called arm-like)
tructures all along the liquid column edges are characterized by lower
ressure while relatively high values of the vorticity components are
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Fig. 11. Reference case 𝑞 = 17.3 and 𝑊 𝑒𝑔 = 3.2 × 104 at 𝑡 = 4.5 s. (First line) Visualization in blue of the iso-surface 𝑄 = 1000 s−2 with in red the liquid cloud surface 𝜒 = 0.1.
(Second line) visualization of flow field pathlines with in gray liquid cloud surface 𝜒 = 0.1. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Fig. 12. Liquid jet cross section shape evolution for different penetration heights 𝑦∕𝑑𝑗 and for different momentum ratio 𝑞 and crossflow Weber number 𝑊 𝑒𝑔 for the liquid cloud
(𝜒 = 0.1) at 𝑡 = 4.5 s.
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Fig. 13. Liquid column (a) normalized vertical penetration 𝑦∕𝑑𝑗 and (b) normalized transverse expansion 𝑧∕𝑑𝑗 versus the horizontal distance from the injector nozzle 𝑥∕𝑑𝑗 for
everal crossflow Weber numbers 𝑊 𝑒𝑔 and momentum ratio 𝑞. Case 1 — + — 𝑊 𝑒𝑔 = 3.2×104 - 𝑞 = 17.3, Case 8 — □ — 𝑊 𝑒𝑔 = 1.6×104 - 𝑞 = 17.3, Case 9 — ∗ — 𝑊 𝑒𝑔 = 4.8×104

- 𝑞 = 17.3, Case 10 — ▿ — 𝑊 𝑒𝑔 = 3.2 × 104 - 𝑞 = 4.3, Case 11 — ⋆ — 𝑊 𝑒𝑔 = 3.2 × 104 - 𝑞 = 8.5, Case 12 — ⊳ — 𝑊 𝑒𝑔 = 3.2 × 104 - 𝑞 = 39, Case 13 — ♢ — 𝑊 𝑒𝑔 = 1.63 × 104 -
𝑞 = 33.9, Case 14 — ◦ — 𝑊 𝑒𝑔 = 5.29 × 104 - 𝑞 = 10.5.
Fig. 14. Log–Log plot of the liquid column (a) normalized vertical penetration 𝑦∕𝑑𝑗 and (b) normalized transverse expansion 𝑧∕𝑑𝑗 versus the horizontal distance from the injector
nozzle 𝑥∕𝑑𝑗 for several crossflow Weber numbers 𝑊 𝑒𝑔 and momentum ratio 𝑞. Case 1 — + — 𝑊 𝑒𝑔 = 3.2× 104 - 𝑞 = 17.3, Case 8 — □ — 𝑊 𝑒𝑔 = 1.6× 104 - 𝑞 = 17.3, Case 9 — ∗ —
𝑊 𝑒𝑔 = 4.8×104 - 𝑞 = 17.3, — ▿ — - 𝑊 𝑒𝑔 = 3.2×104 - 𝑞 = 4.3, Case 11 — ⋆ — 𝑊 𝑒𝑔 = 3.2×104 - 𝑞 = 8.5, Case 12 — ⊳ — 𝑊 𝑒𝑔 = 3.2×104 - 𝑞 = 39, Case 13 — ♢ — 𝑊 𝑒𝑔 = 1.63×104

- 𝑞 = 33.9, Case 14 — ◦ — 𝑊 𝑒𝑔 = 5.29 × 104 - 𝑞 = 10.5.
observed, which aims at stretching the liquid column along on the
airstream direction and extending its area. Relatively high value of
𝜔𝑥 and 𝜔𝑦 are occurring on the crests of the liquid column sides
where ligaments and droplets are generated, 𝜔𝑧 reaches its maximum
values on the windward surface and all along large elongated ligaments
structures shaped close to the CBU location. Fig. 11 puts ahead the
complex tridimensional vortices structures arising in the wake of the
liquid column through the 𝑄 criterion iso-surface allowing to track
vortical systems in the flow field. Those vortices closely connected to
the low pressure region downstream the liquid column, induce a strong
tridimensional recirculation region as also reported in Fig. 11.

Finally, as an important result, the simulations show that the pene-
tration and the lateral expansion of the jet follow the same evolution as
the millimeter jets for diameters of 3 orders of magnitude greater. Our
simulations reveal that at large scale several long arm and leg structures
develop and they significantly elongate along the streamwise direction.
12
4.2. Effect of the airflow velocity, liquid injection velocity and nozzle
diameter

We now discuss the effect of the nozzle diameter, the liquid injection
velocity and the airflow velocity on the liquid column evolution. The
corresponding liquid jet evolutions for different views and different
liquid volume fractions 𝜒 are shown in Fig. 19 (Appendix A.2), in
Fig. 20 (Appendix A.3) and Fig. 21 (Appendix A.4), respectively. Note
that a change in 𝑑𝑗 induces a variation in the air Weber number 𝑊 𝑒𝑔
only, a change in 𝑣𝑗 induces a variation in the momentum ration 𝑞 only,
while a change in 𝑢𝑔 yields to a variation in both 𝑊 𝑒𝑔 and 𝑞.

As observed in Fig. 19 (Appendix A.2), increasing 𝑑𝑗 obviously
increases the characteristic sizes of the liquid column considering its
vertical penetration, transverse expansion and streamwise develop-
ment. However, similar structures as detailed in the previous section
for Case 1 are observed. The main difference is related to the twin
‘‘leg’’ structures more pronounced when decreasing the nozzle diam-
eter, i.e. for both smaller airflow and liquid Weber number, while
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Fig. 15. Evolutions reported as a function of their respective correlations. Case 1 — + — 𝑊 𝑒𝑔 = 3.2×104, 𝑞 = 17.3, — □ — 𝑊 𝑒𝑔 = 1.6×104, 𝑞 = 17.3, Case 9 — ∗ — 𝑊 𝑒𝑔 = 4.8×104

- 𝑞 = 17.3, Case 10 — ▿ — 𝑊 𝑒𝑔 = 3.2 × 104 - 𝑞 = 4.3, Case 11 — ⋆ — 𝑊 𝑒𝑔 = 3.2 × 104 - 𝑞 = 8.5, Case 12 — ⊳ — 𝑊 𝑒𝑔 = 3.2 × 104 - 𝑞 = 39, Case 13 — ♢ — 𝑊 𝑒𝑔 = 1.63 × 104 -
= 33.9, Case 14 — ◦ — 𝑊 𝑒𝑔 = 5.29 × 104 - 𝑞 = 10.5.
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Fig. 16. Evolution of the streamwise distance 𝑥𝐵𝑈∕𝑑𝑗 (◦) and vertical penetration
𝑦𝐵𝑈∕𝑑𝑗 (□) as a function of the momentum ratio 𝑞. − relation (12), −− relation (13).

‘arm’’ structures are more developed, but with a reduced size, when
ncreasing the diameter and thus the Weber number.

When increasing the liquid injection velocity (Fig. 20,
ppendix A.3), the liquid column development is also observed to

ncrease, with in particular a stronger liquid penetration. Similar struc-
ures are observed with no noticeable change in the ‘‘arm and leg’’
tructure organization.

When increasing the airflow velocity (Fig. 21, Appendix A.4), the
iquid jet penetration is clearly reduced while the transverse expansion
s increased, but no noticeable change in the ‘‘arm and leg’’ structure
s observed.

As shown, the development of the large scale structures ‘‘arm’’
nd ‘‘leg’’ are clearly changing when varying the Weber number. The
iquid column penetration and lateral expansion appears to be more
ependent on the momentum ratio 𝑞. This is confirmed with the liquid
olumn cross sections reported in Fig. 12. Fig. 12a, Fig. 12b and Fig. 12c
eport the cross sections when varying the momentum ratio 𝑞 and the
irflow Weber number 𝑊 𝑒𝑔 , the momentum ratio being maintained
ixed while the Weber number is changed and vice versa. Fig. 12d com-
ares the cross section for the three cases at different vertical locations.
similar deformation process is observed for the three reported cases.
shown the section of the liquid column is significantly varying along

he liquid column trajectory. In addition, gaseous air stream accelerates
13

cross liquid column sides when bypassing them, causing gas dynamic
ressure increase. This pressure decrease across the liquid column edges
ircumference causes its cross section to deform itself by spreading
aterally. Note that capillary effects allowing eventually to stabilize
nd dampen this spanwise or lateral motion (Aalburg et al., 2005)
annot be observed here due to the grid resolution larger than the
apillary length. This liquid column cross section shape being a perfect
ircular shape at the injection point is progressively deformed first in
n ellipsoidal and flattened kidney-like shape (Cavaliere et al., 2003)
ncreasing the projected or effective area in direct contact with the
pcoming gas flow (Wu et al., 1997a; Mazallon et al., 1999), increasing
he drag force experienced by the liquid column and the induced
ending effect. This flattening further increases with the formation of
liquid layer ending with arm and then legs (Behzad et al., 2016; Li

nd Soteriou, 2016).

.3. Liquid column vertical penetration and transverse expansion

The vertical liquid penetration 𝑦 as well as the transverse (or lateral)
xpansion 𝑧 of a liquid jet in an air cross flow have been extensively
nvestigated in the literature but for nozzle size several orders of
agnitude smaller than those considered in this work as discussed in

ection 2.1. In addition, different methods have been used in the liter-
ture for their measurement, explaining some significant discrepancies
n the resulting empirical correlations. 𝑦 and 𝑧 are determined here
onsidering the liquid column surface 𝜒 = 0.1.

Fig. 13 reports the normalized liquid column vertical and transverse
enetration height and width 𝑦∕𝑑𝑗 and 𝑧∕𝑑𝑗 , respectively, as a function
f the normalized streamwise direction 𝑥∕𝑑𝑗 for all the considered
ases. As observed for the liquid column shapes commented in the
revious section, the vertical penetration is impacted by the change
n the momentum ratio 𝑞 while the airflow Weber number 𝑊 𝑒𝑔 has a
maller impact. Clearly the vertical penetration increases when the mo-
entum ratio increases, the jet inertia being stronger compared to the

ir flow inertia. The effect on the transverse expansion is less evident
ut a similar trend seems to emerge. Very close to the injection, the 𝑧
volution is only driven by the nozzle diameter 𝑑𝑗 , and 𝑧 ≈ 𝑑𝑗 . After
his linear evolution, the jet expands in the transverse direction, and
his expansion increases when increasing 𝑞 due a stronger dispersion
rocess.

In order to analyze how 𝑦∕𝑑𝑗 and 𝑧∕𝑑𝑗 evolve as a function of 𝑥∕𝑑𝑗 a
og–log representation is shown in Fig. 14. A clear power law evolution
s observed for the liquid penetration corresponding to a scaling law of
he form 𝑦 ≈ 𝑥𝛽𝑦 . For the transverse expansion the behavior decomposes
nto two zones. In the first zone, as described above 𝑧 ≈ 𝑑 for 𝑥∕𝑑 <
𝑗 𝑗
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Table 4
Comparison between large diameter liquid column penetration height 𝑦∕𝑑𝑗 and expansion width 𝑧∕𝑑𝑗 with empirical correlations at small diameter issuing from
literature.

Vertical penetration 𝑦
𝑑𝑗

= 𝜅 𝑞𝛼
(

𝑥∕𝑑𝑗
)𝛽 𝜅 𝛼 𝛽 𝑞 𝑊 𝑒𝑔

𝑥
𝑑𝑗

This study 1.146 𝑞0.379
(

𝑥
𝑑𝑗

)0.54
1.146 0.379 0.54 4.3 − 39 16000 − 52900 0 − 6

Wu et al. (1997a) 1.37 𝑞0.5
(

𝑥
𝑑𝑗

)0.5
1.37 0.5 0.5 3.4 − 185 57 − 1180 0 − 12

Lin et al. (2002b) 2.42 𝑞0.48
(

𝑥
𝑑𝑗

)0.24
2.42 0.48 0.24 2 − 40 40 − 475 0 − 200

Iyogun et al. (2006) 1.997 𝑞0.444
(

𝑥
𝑑𝑗

)0.444
1.997 0.444 0.444 8.3 − 726 9.3 − 159 0 − 63.5

Yoon et al. (2011) 2.29 𝑞0.417
(

𝑥
𝑑𝑗

)0.429
2.29 0.417 0.429 2 − 29.1 5.3 − 47.9 0 − 27

Transverse expansion 𝑧
𝑑𝑗

= 𝜅 𝑞𝛼
(

𝑥
𝑑𝑗

)𝛽
𝜅 𝛼 𝛽 𝑞 𝑊 𝑒𝑔

𝑥
𝑑𝑗

This study 2.1 𝑞0.171
(

𝑥
𝑑𝑗

)0.489
2.1 0.171 0.489 4.3 − 39 16000 − 52900 0 − 6

Wu et al. (1997b) 7.86 𝑞0.17
(

𝑥
𝑑𝑗

)0.33
7.86 0.17 0.33 5.3 − 59.1 54 − 217 50 − 500

Inamura et al. (1993) 1.4 𝑞0.18
(

𝑥
𝑑𝑗

)0.49
1.4 0.18 0.49 × × ×

Song et al. (2011) 0.56 𝑞0.4
(

𝑥
𝑑𝑗

)0.6
0.56 0.4 0.6 29 − 172 31 20 − 180
f
d
F
v
m
3

0.25 while for the second zone a power law evolution of the form
≈ 𝑥𝛽𝑧 can also be proposed. Considering relations obtained for liquid

et at smaller scales, the evolution of the penetration and the transverse
xpansion with the streamwise direction should write in the form:

𝑦
𝑑𝑗

= 𝐾𝑦 𝑞
𝛼𝑦
(

𝑥
𝑑𝑗

)𝛽𝑦
(8)

𝑧
𝑑𝑗

= 𝐾𝑧 𝑞
𝛼𝑧
(

𝑥
𝑑𝑗

)𝛽𝑧
(9)

From the slope in Fig. 14 the values 𝛽𝑦 = 0.54 and 𝛽𝑧 = 0.49 are
dentified. Then the prefactor is reported in a log–log plot as a function
f 𝑞 and the values 𝛼𝑦 = 0.379 and 𝛼𝑧 = 0.171 are determined as well as
he values 𝐾𝑦 = 1.15 and 𝐾𝑧 = 2.10. Finally, the following evolutions of
∕𝑑𝑗 and 𝑧∕𝑑𝑗 are proposed as

𝑦
𝑑𝑗

= 1.15 𝑞0.379
(

𝑥
𝑑𝑗

)0.54
(10)

𝑧
𝑑𝑗

= 2.1 𝑞0.171
(

𝑥
𝑑𝑗

)0.49
for 𝑧 ≥ 0.25𝑑𝑗 (11)

𝑦∕𝑑𝑗 and 𝑧∕𝑑𝑗 are reported in Fig. 15 as a function of their correspond-
ing correlations given by Eqs. (10) and (11), respectively. As shown
all the curves are now collapsing for both 𝑦∕𝑑𝑗 and 𝑧∕𝑑𝑗 . Of course
the linear evolution 𝑧 ≈ 𝑑𝑗 near the liquid exit (𝑧 ≤ 0.25𝑑𝑗) cannot be
described with the proposed scaling. The description of the transverse
expansion could certainly be improved with the integration of the gas
Weber number in the correlation as can be found in the literature. We
have not found a convincing dependency and additional simulations
would be necessary to cover a larger range of Weber numbers.

The values 𝛽𝑦 = 0.54, 𝛽𝑧 = 0.49, 𝛼𝑦 = 0.379, 𝛼𝑧 = 0.171, 𝐾𝑦 = 1.15
and 𝐾𝑧 = 2.10 able to describe with relations (10) and (11) the liquid
vertical penetration and transverse expansion are compared in

Table 4 with power law scaling found in the literature for much
smaller nozzle size. Facing the huge amount of empirical correla-
tions available in literature (especially for penetration height), only
correlations obtained for a similar range of momentum ratio 𝑞 are
reported. Despite a gas Weber number 𝑊 𝑒𝑔 much larger in the problem
considered here (see Fig. 2), similar orders of magnitude are found for
the coefficients.

4.4. Liquid column breakup

We finally consider the location of the liquid column breakup
CBU as defined in Fig. 1. The streamwise distance 𝑥𝐵𝑈 and vertical
penetration 𝑦𝐵𝑈 have been defined as the mean values in time of the
streamwise distance and vertical position of the liquid core (𝜒 = 0.9)
breakup. Their evolution with the momentum ratio 𝑞 are reported in
14
Fig. 16 as a function of 𝑞. As shown they both increase with 𝑞. Most
of the reported results of column breakup location in the literature
indicate a constant value for the normalized streamwise position 𝑥𝐵𝑈
as reported in Table 5 for similar range of momentum ratio 𝑞. In
our simulation 𝑥𝐵𝑈∕𝑑𝑗 is found to vary from 5 to 11 in agreement
with the values reported in the table. Note that an increase of the
normalized streamwise location 𝑥𝐵𝑈∕𝑑𝑗 has also been reported in ex-
periments (Schetz and Padhye, 1977). From our results the following
relation is proposed
𝑥𝐵𝑈
𝑑𝑗

= 3.6 𝑞0.3 (12)

A power law evolution for the vertical distance of the column
breakup 𝑦𝐵𝑈 as a function of 𝑞 can also be deduced from the simulations

𝑦𝐵𝑈
𝑑𝑗

= 3.4 𝑞0.4 (13)

When compared with previous results from literature we observe a
smaller impact of 𝑞 on the evolution of 𝑦𝐵𝑈∕𝑑𝑗 .

4.5. Discussion

Up to our knowledge there is no experiments conducted for such
large jet available for a direct comparison with our simulations. How-
ever a qualitative comparison can be made with water drop by the
Boeing 747 of Evergreen and then Global Super Tanker companies.

The Boeing 747 system was able to drop up to 70 m3 of water or
ire retardant at a pressure of 7 bars through four nozzles of 40 cm
iameter located in line under the fuselage of the aircraft as shown in
ig. 17. Fig. 17 also reports the liquid column evolution for a water exit
elocity of approx. 14 m/s. The aircraft velocity is around 70 m/s. The
omentum ratio is then 𝑞 = 33 and the air Weber number is 𝑊 𝑒𝑔 =
×104. The correlations (10) and (11) deduced from our simulations for,

respectively, the jet penetration and its lateral expansion are compared
in photos showing the water column evolution under the airtanker. As
observed the actual penetration is stronger compared to our simulations
(red line), certainly due to the system made of 4 nozzles in line and the
high level pressure used in the delivery system. However, the observed
liquid column penetration can be satisfactorily reproduced (dash red
line) by just replacing the prefactor 𝐾𝑦 = 1.15 by 𝐾𝑦 = 2.8 in Eq. (10).
Considering now the lateral penetration, Eq. (11) (green line) correctly
reproduces the transverse evolution of the liquid column considering
the oblique angle of view of the photo.

Some additional information can be collected from the tests made
for the certification of the Boeing 747. The liquid drop is made in 10 s
resulting a liquid deposit on ground of 1 km long and 70 m width.
The liquid ground pattern has been measured using the cup and grid
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Table 5
Comparison between large diameter liquid column breakup streamwise 𝑥𝐵𝑈∕𝑑𝑗 and vertical 𝑦𝐵𝑈∕𝑑𝑗 obtained in our numerical
simulation with empirical correlations at small diameter issuing from literature.
𝑥𝐵𝑈

𝑥𝐵𝑈
𝑑𝑗

= 𝜅 𝑞𝛼 𝜅 𝛼 𝑞 𝑊 𝑒𝑔

This study 3.6 𝑞0.3 3.6 0.3 4.3 − 39 16000 − 52900
Wu et al. (1997a) 8.06 ± 1.46 8.06 × 3.4 − 185 57 − 1180
Iyogun et al. (2006) 12 12 × 8.3 − 726 59.3 − 159
Thawley et al. (2008) 6.9 6.9 × 1 − 54 9 − 345
𝑦𝐵𝑈

𝑦𝐵𝑈
𝑑𝑗

= 𝜅𝑞𝛼 𝜅 𝛼 𝑞 𝑊 𝑒𝑔

This study 3.4 𝑞0.4 3.4 0.4 4.3 − 39 16000 − 52900
Wu et al. (1997a) 3.07 𝑞0.53 3.07 0.53 3.4 − 185 57 − 1180
Thawley et al. (2008) 2.5 𝑞0.53 6.9 × 1 − 54 9 − 345
Fig. 17. Boeing 747 transformed into an airtanker dropping water. The exit is made of four circular holes of 40 cm in line. The water exit velocity is around 14 m/s and the
aircraft velocity relative to surrounding air is approx. 70 m/s. The red line is relation (10), red dashed line is relation (10) with the prefactor 𝐾𝑦 = 2.8 instead of 𝐾𝑦 = 1.15. The
reen line is relation (11). Photos in the first line: Courtesy of Marsaly (2016). Photos in the second line: Courtesy of Dan Reese President Global Supertanker Services from 2018
o 2021. . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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ethod (Suter, 2002). The method consists in performing liquid drops
n real conditions over a flat field with no vegetation but covered
ith cups regularly distributed following a grid. The liquid is dropped
y the airtanker and it then deposits on the ground filling the cups.
he cups are then collected and weighted in order to determine the
istribution of the quantity of liquid on the ground. Several test series
ave been performed by the USDA Forest Service for the Boeing 747
nd the resulting drop patterns have been analyzed (Legendre et al.,
014). A power law for the pattern width 𝜆∕𝑑𝑗 = 58 𝑞0.2 as a function
f the momentum ratio 𝑞 has been identified for values of 𝑞 ranging
rom 𝑞 = 18 to 𝑞 = 42. We can notice that this power law evolution
ith 𝑞 observed for the ground pattern width 𝜆 is remarkably close

o the transverse evolution 𝑧 ≈ 𝑑 𝑞0.17 proposed by relation (10). This
result seems to indicate that the evolution of the jet in a region close
to the ejection system is shaping the final liquid deposit on ground
as observed in Fig. 17 when considering the satisfactory agreement

10) and the lateral expansion of the liquid column.
15

between relation ( m
This information is of great interest for the use of CFD for airtanker
erformance optimization or for the design of the new generation of
irtankers. Indeed a complete simulation for the liquid deposit would
equire a domain of size length 1000 m × width 80 m × height
00 m, inaccessible with today-available super computers. We show
ere that the analysis of the liquid column development in a close
egion under the airtanker is able to provide relevant information for
he jet development.

. Conclusion

Near nozzle field behavior of round water liquid jets injected
hrough a large injector diameter 𝑑𝑗 , ranging from 0.2 to 0.6 m, into
n air crossflow is numerically investigated using the Volume of Fluid
VoF) method. The liquid jet to gas momentum ratio 𝑞 is ranging from
.3 to 39 with a gas Weber number 𝑊 𝑒𝑔 ranging from 1.6 × 104 to
.29×104. The large scale liquid water jet main properties, such as pri-

ary breakup process, liquid column penetration height, liquid column
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Fig. 18. Liquid jet turbulence intensity level 𝐼𝑗 and turbulence model impacts on liquid jet shape during the flow field at 𝑡 = 4.5 s for several views and for different liquid volume
ractions 𝜒𝑗 (blue : 𝜒 = 0.1 , green : 𝜒 = 0.5 and red : 𝜒 = 0.9 ). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
his article.)
xpansion and column breakup point location have been investigated
nd compared to studies conducted for injectors of much smaller size. It
as been found that the surface breakup mechanism (SBU) and column
reakup mechanisms (CBU) are both contributing to the liquid column
ragmentation. The fragmentation at large scale is characterized by
he generation of a significant number of well pronounced leg and
rm structures that align with the airflow at the end of the liquid
olumn. Correlations for the main liquid jet properties are proposed
nd compared with previous results for smaller size liquid jet. Liquid
olumn penetration height, width and column breakup height follow
he same trend that those arising from empirical correlations at smaller
ize. No experimental results at such a large nozzle scale are available
or a quantitative comparison, but the reported results are found to
e consistent with liquid jet generated by the airtanker B747. When
onsidering the application of our study to Aerial Fire Fighting, the
mbient air can be at a significant higher temperature compared to the
jected liquid temperature resulting in liquid evaporation. This aspect
ill be the subject of future investigations.
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Nomenclature

Acronyms :
LJGC : Liquid Jet in Gaseous Crossflow
CBU : Column Breakup
SBU : Surface (or Shear) Breakup
VOF : Volume of Fluid
CSF : Continuum Surface Force
HRIC : High Resolution Interface Capturing
SIMPLE : Semi Implicit Method for Pressure Linked

Equations
RANS : Reynolds Averaged Navier Stokes
LES : Large Eddy Simulation
PDPA : Phase Doppler Particle Analyser
PIV : Particle Image Velocimetry
Subscripts :
𝑗 : Liquid jet (hereafter water)
𝑔 : Gaseous crossflow (hereafter air)
𝐵𝑈 : Breakup



𝜒

Fig. 19. Injector nozzle diameter 𝑑𝑗 impact on the liquid column shape for a fixed momentum ratio 𝑞 = 17.6 at 𝑡 = 4.5 s for several views and for different liquid volume fractions
𝑗 (blue : 𝜒 = 0.1 , green : 𝜒 = 0.5 and red : 𝜒𝑗 = 0.9 ). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Coordinates :
𝑒𝑥 : Gaseous crossflow horizontal direction
𝑒𝑦 : Liquid jet injection (transverse) vertical

direction
𝑒𝑧 : Spanwise horizontal direction
Liquid Jet in Gaseous Crossflow features :
𝑦 : Liquid column penetration height in the

transverse direction
𝑧 : Liquid column expansion width in the

spanwise direction
𝑥𝐵𝑈 : CBU streamwise length
𝑦𝐵𝑈 : CBU penetration height
Parameters :
𝑢 : Velocity component in the 𝑥 direction

[ m s−1]
𝑣 : Velocity component in the 𝑦 direction

[ m s−1]
17
𝑑𝑗 : Liquid jet circular diameter at injector
nozzle point [m]

𝑡 : Time [s]
𝜒 : VoF function
𝜎 : Surface tension [ N m−1]
𝜌 : Density [ kg m−3]
𝜇 : Dynamic molecular viscosity [ Pa s]
𝐼𝑗 : Liquid jet turbulence intensity/level
𝑞 = 𝜌𝑗𝑣𝑗 2

𝜌𝑔𝑢𝑔2
: Liquid/air momentum flux ratio number

𝑊 𝑒𝑔 = 𝜌𝑔𝑢𝑔2𝑑𝑗
𝜎

:
Gas/aerodynamic Weber number

𝑊 𝑒𝑗 = 𝜌𝑗𝑣𝑗 2𝑑𝑗
𝜎

:
Liquid jet Weber number

𝑅𝑒𝑔 =
𝜌𝑔𝑢𝑔𝑑𝑗
𝜇𝑔

: Gaseous crossflow Reynolds number
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Fig. 20. Liquid jet velocity 𝑣𝑗 impact on the liquid column shape for a fixed airflow Weber number 𝑊 𝑒𝑔 = 3.2 × 104 at 𝑡 = 4.5 s for several views and for different liquid volume
fractions 𝜒 (blue : 𝜒 = 0.1 , green : 𝜒 = 0.5 and red : 𝜒 = 0.9 ). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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𝑅𝑒𝑗 =
𝜌𝑗𝑣𝑗𝑑𝑗
𝜇𝑗

: Liquid jet Reynolds number

𝑂ℎ𝑗 = 𝜇𝑗
√

𝜎𝜌𝑗𝑑𝑗
:

Liquid jet Ohnesorge number

𝐵𝑜 = 𝜌𝑗𝑔𝑑𝑗 2

𝜎 : Bond number
𝜌∗ = 𝜌𝑗

𝜌𝑔
: Density ratio

𝜇∗ = 𝜇𝑗
𝜇𝑔

: Viscosity ratio
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Appendix

A.1. Turbulence modeling test

See Fig. 18.

.2. Effect of the nozzle diameter

See Fig. 19.

.3. Effect of the liquid ejection velocity diameter

See Fig. 20.

.4. Effect of the air flow velocity
See Fig. 21.
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Fig. 21. Gaseous crossflow velocity 𝑢𝑔 impact on the liquid column shape at 𝑡 = 4.5 s for several views and for different liquid volume fractions 𝜒 (blue : 𝜒 = 0.1 , green : 𝜒 = 0.5
nd red : 𝜒 = 0.9 ). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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