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INTRODUCTION

The physics of the complex behavior of the liquid jet
in a cross air flow has been studied by many research-
ers. The interaction between the two flows is important
for the overall effectiveness of the engineering applica-
tions like the lubrication of the air breathing engines [1],
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ABSTRACT

This study presents the breakup mechanisms and droplet features of a liquid jet introduced
into a low-speed cross air flow. The main aim of this study is to investigate the spray behavior
of water when exposed to a uniform crossflow of air at very low velocities. A shadow sizing
system is employed to collect comprehensive data for analyzing the interactions between lig-
uid jets and crossflowing air. Three different nozzles were used to examine the distribution,
penetration, and breakup characteristics of water jets in an air crossflow. It is worth high-
lighting that the Weber number in this experiment was maintained at a very low level. Both
the jet Weber number (1.3 < We; < 119) and the gas Weber number (0 < We, < 1), along with
the momentum flux ratio (2 < g < 14400), are crucial dimensionless parameters significantly
affecting various droplet properties such as size, velocity, shape, and breakup behavior. This
study investigates the structural features, trajectory of the jet, and duration of breakup near the
nozzle. Subsequently, the experimental results are tabulated for future numerical and analyt-
ical studies. As the air crossflow velocity increases, the liquid jet bends in the direction of the
airflow. The breakup length decreases with increasing air velocity. The nozzle with medium
diameter shows the maximum dimensionless breakup length. At a constant air velocity, the
breakup length initially increases and then decreases with an increasing momentum flux ratio.
Higher liquid flow rates result in a higher density of smaller droplets. The liquid jets shift up-
stream with increasing q values; however, due to the wide range of q values, existing empirical
relations in the literature fail to accurately predict this behavior.
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or the flame stability and thus better energy conversion
efficiency of the stationary and the avionic power gener-
ation systems [2, 3]. Thus it is essential to describe and
better understand the droplet distribution, spray penetra-
tion and the break up mechanism of liquid jets in gaseous
crossflow.
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The basic stages of the breakup of the liquid jet under
the influence of a crossflow are shown in Figure 1. The
liquid column bends with the crossflow which forms lig-
aments due to capillary and column waves. The surface
waves generate droplets that detach from the downwind
surface of the liquid jet. Spray penetration represents the
maximum distance traveled by the droplets in the trans-
verse direction. The liquid column initially forms a set of
ligaments, and at the end of the primary break up the first
group of droplets is generated. The primary break up region
and first generation droplets are mostly affected from the
exit conditions at the nozzle [4]. The drop formation at
different sizes is mostly observed at the secondary breakup
region. The characteristics of the drops and the penetration
of the jet column depend strongly on the crosstflow regime
[4], the liquid/gas flow momentum flux ratio and the injec-
tion angle [5].

Liquid jet in a cross air flow, studied extensively through
experiments and numerical methods, present significant
challenges. Experimental research encounters accuracy
issues due to measurement techniques, complex operat-
ing conditions, and difficulty in observing near the injec-
tor nozzle [4]. Numerical methods encounter significant
numerical challenges when dealing with high liquid-to-gas
density ratios, viscosity ratios, and intense shear stresses at
dynamic interfaces [6-8]. Studying liquid jets in cross air
flows, whether through experimental or numerical means,
is complicated due to the inherent complexity of the flow
field. This difficulty is characterized by unsteady deforma-
tion and breaking of the interface. The wide range of tem-
poral and spatial scales involved requires high resolutions,
which pose challenges for both numerical simulations and
experimental methods.

In this study, an experimental investigation is pre-
sented to understand the dynamics of liquid jet breakup,

u;l

atomization, and dispersion in a laminar cross air flow.
Additionally, it aims to provide quantitative insights into
liquid column penetration and the breakup mechanism.
Section 2 provides a literature review focusing on liquid
column penetration and break up mechanism. The prob-
lem outline and the considered parameters are listed as
well. The experimental set up and calibrations are detailed
in Section 3. Section 4 presents the results, discussing the
physical mechanisms underlying liquid column atomiza-
tion, while also detailing the penetration of the liquid col-
umn and the location of breakup. Finally, the droplet size
distributions are provided.

The break up mechanism of a liquid jet in gaseous
crossflow is generally investigated under different the cross-
flow regimes such as subsonic, supersonic and hypersonic
[9-16]. Wu et al. [9] investigated the break up mechanism
of three different liquid jets in a subsonic crossflow of air
experimentally and reported a break up map as a function
of the momentum flux ratio (3.38 < g < 185) and the gas
Weber number (57 < We, < 594). The multimode break up
is reported where the liquid column break up arise into var-
ious bag shaped membranes at We, around 60. As the We,
elevated, due to the accelerated waves, shear breakup of the
droplets are observed. Tambe et al. [10] investigated exper-
imentally the liquid jet break up mode for subsonic flows
where 0.7 < g < 10.2 and 50 < We, < 1725 . At lower g and
We,, column break up is observed and for higher values of
We, or g a transitional zone of mixed mode took place fol-
lowed by a surface break up mode. Singh et al. [14] reported
the break up mechanisms and ligament distributions at
supersonic crossflow where 4.19 < g < 8.43. They subdi-
vided the spray into four basic regions starting from the
nozzle exit and identified the break up mechanisms using
the average shear Weber number. They reported the critical
shear Weber number equals to 80, where stripping ligament
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Figure 1. The schematic representation of the basic features of the liquid jet in a cross air flow.
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mode is distinctive. Perurena et al. [16] investigated the jet
break up for hypersonic air flow where 1.0 < g < 10.1 with a
uniform Ma = 6 crossflow. The shock fluctuations for liquid
jet with St = 0.18 and for separation with St = 0.011 are
reported. Stenzler et al. [17] investigated experimentally the
liquid jet penetration in heated and unheated cross air flow.
It is reported that the spray penetration is affected from
We,, i, d and liquid column trajectory. Two correlations are
presented for spray penetration as a function of g, We,, u for
heated and unheated air conditions. They concluded that
the spray penetration decreased with increasing We, due
to lower droplet diameters and increasing liquid viscosity
increases the column bending due to enhanced drag.

The majority of the researches mentioned herein have
examined the breakdown mechanisms of liquid jets that are
introduced into a subsonic or supersonic air crossflow. These
studies also include the measurement of sizes and velocities
of droplets associated with the jet properties. In the context
of the energy and chemical sector, it is common for gas veloc-
ity in industrial pipelines to range from 8-40 m/s [18]. The
impact of aerodynamic force on the breakup of a liquid jet is
rather limited, and the predominant mechanism of breakup
for a liquid jet subjected to a low-speed crosstlow differs
significantly from that seen in the presence of a subsonic or
supersonic crossflow. The suitability of breakdown proper-
ties and droplet distribution of liquid jets, for low-speed gas
flow conditions has yet to be verified. In the literature, gen-
erally We, and q are used to classify the break up regimes.
Typically, the initial breakup of the liquid jet is classified into
two primary modes: column breakup and surface breakup [9,
19, 20]. Column breakup refers to the splitting of the liquid
column at a specified point, yielding large liquid fragments
and droplet-like shapes. Similarly, surface breakup involves
the shedding of liquid mass and detached structures along
the column’s path, resulting in smaller ligaments and drop-
lets compared to column breakup. Primary breakup modes
are described by various terms in the literature, such as col-
umn breakup, arcade-type breakup, or bag-like breakup [21].
The column breakup and the surface breakup are intrinsic
to liquid jet gasoline combustion atomization, where one
mode may dominate over the other based on the Weber
number (We) and liquid flow rate [20]. Column breakup is
further categorized into sub-regimes such as capillary/col-
umn breakup, bag breakup, multimode breakup, and shear
breakup [9]. In certain conditions, when the nozzle diameter
approaches or exceeds the liquid capillary length, another
primary column breakup regime, known as multimode bag
breakup, may occur [22].

For lower gas We, We, < 10 the surface tension forces are
larger than the aerodynamic forces. Aerodynamic forces
bend the liquid jet, amplifying breakup due to capillary
forces. This phenomenon is termed as enhanced capillary
breakup, as illustrated by examples provided by Kitamura
and Takahashi [23]. In a recent experimental study, Peters
and Birouk [24] investigated the liquid jet breakup mech-
anism under the influence of the turbulence intensity of

the gas phase. The turbulence intensity affects the break up
mechanism where multiple breakup regimes occur simul-
taneously. It is also reported that the break up length is
lower for higher turbulence intensity and reaches a constant
value beyond a significant momentum flux ratio. In the
experimental study, Olyaei and Kebriaee [25] investigated
the liquid sheet and jet in low-speed air crossflow. Their
parameter range is 0.8 < We < 16.57, 5 < q < 250 and 380 <
Re < 1850. They compared six different nozzle shapes and
reported column, bag and column-bag break up regimes
for different nozzle geometries and cross section aspect
ratio values. They reported rectangular nozzle geometry
results more unstable jet with and earlier change of breakup
characteristics compared to circular nozzles. Parakash et
al. [26] investigated the effect of the nozzle exit size on lig-
uid jets in air crossflow with parameter range of 17 < We
< 89 and 3 < q < 100. They reported that the laminar jet
has a greater ability to penetrate compared to the turbulent
jet, resulting in a higher trajectory under comparable flow
circumstances. The turbulent nature of the liquid jet leads
to the liquid column breaking up sooner compared to the
laminar jet due to its intrinsic instabilities. The liquid jet
exhibits distinct forms of breakup at different frequencies.
Although both the laminar and turbulent jets display sim-
ilar motion, the turbulent jet is more intense, with greater
amplitudes and shorter wavelengths for the corresponding
modes. Zhang et al. [27] performed a numerical simulation
using VOF technique to elucidate the break up regime of
liquid jets in oscillating air crossflow. They reported when
subjected to an oscillating flow, the back part of the jet starts
to disintegrate sooner because the surface waves take longer
to form. Over time, the velocity of the oscillating air input
and the pace of surface wave creation both rise, eventually
resulting in surface-wave-induced breakup. In oscillating
crossflow, the penetration depth of the jet varies with the
oscillating air velocity.

Accurate estimations of droplet size and velocity dis-
tributions are essential for assessing the atomization effi-
ciency of the gas-liquid mixer, providing valuable feedback
for design improvements and subsequent theoretical inves-
tigations. Understanding the atomization behavior of a
liquid jet in a gaseous crossflow is crucial. The literature
contains numerous studies exploring this phenomenon
under both subsonic and supersonic airflow conditions,
often accompanied by correlations relating to droplet size
[18]. However there are very few works with slow cross
air flow. The primary aim of this study is to elucidate the
impact of momentum flux ratio and We, on the break-up
phenomena exhibited by liquid jets and the droplet distri-
butions when subjected to a very low-velocity crossflow of
air. The breakdown phenomena of liquid jets are captured
using high-speed photography, while the droplet sizes and
velocities are measured using shadow graph. The results
could be applied in low-cost evaporative cooling systems,
suitable for use in industrial and agricultural settings such
as stock farming.
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EXPERIMENTAL SETUP

The basic parameters that are essential to analyze the
liquid jet in a gaseous crossflow can be categorized as the
material properties of the liquid and the gas, the body
forces, and the geometrical information inherited from the
nozzle. The group of the parameters can be listed as the jet
velocity (v)), the gaseous crossflow velocity (u,), the liquid
and gas densities (pj, po), the liquid and gas viscosities (u;,
yg) and the surface tension (o), the gravitational accelera-
tion (g) and finally the tunnel hydraulic diameter (D,), the
jet diameter (dj) and the tip angle (6). The non-dimensional
groups that are associated to jet ﬂogv in a gaseous cross are

. pjv
the momentum flux ratio, g = p
9

L the jet and crosstlow
Ug

Reynolds numbers, Re;, Re,, the jet and the crossflow Weber
P ]"U]Z d;
g

ud; . .
number, We; = Wey = %, and the density ratio

of the two interacting fluids is p—;. The details of these
parameters used in this study are listed in Table 1.

The experimental setup is located in BURET lab,
Bogazici University The tests were conducted in a blow
down wind tunnel including a clear Plexiglas test section.
The test section had a square cross section of Imxlm
and a length of 3.5m, as seen in Figure 2. The wind tun-
nel is outfitted with a centrifugal impeller that is powered
by a 22kW motor. The motor is directly driven and has a
Variable Frequency Drive (VFD) to regulate the air veloc-
ity inside the tunnel. The impeller diameter is 800 mm and
is fitted with blades that have a rearward curved design.
The zone of contraction may be described as a cubic arc,
characterized by an area ratio of 6.25. To ensure the wind
tunnel’s calibration and minimize turbulence intensity, a
dual screen mesh system is used. This system consists of
two meshes, one coarse with a porosity of 65% and one
fine with a porosity of 61%. Velocity measurements were

conducted at 16 equidistant locations along the vertical
plane, situated 15 cm from the entrance of the test section.
These measurements were carried out to assess the turbu-
lence strength, with the specific position of the experiments
being the focus of this research. The hot film anemometer
is placed at the selected locations and a schematic repre-
sentation of the selected locations is shown in Figure 3. An
E+E Electronics, EE75 series airspeed transmitter is used to
measure airspeed in the test section. The transmitter con-
tains a hot film sensor that works on the thermal anemo-
metric measuring principle. The sensor has two resistors
placed on a glass sheet. The first resistor measures the tem-
perature of the air flowing through the sensor (Ta), while
the second resistor measures the heater temperature (Th),
where Th > Ta. Due to the cooling effect of the blown air
passing the sensor, the rate of temperature decrease can be
related to the air velocity. The required electrical power (P)
used to compensate for the cooling effect to keep the tem-
perature difference Th-a constant is used as a measure for
air velocity. Data were collected with IPETRONIK software
and M-SENS-8 module. Appropriate data acquisition time
and sampling rate are selected to maintain reliable veloc-
ity measurements. In the study conducted by Murzyn and
Belogey for a turbulent flow, the measurement time was
chosen as 50 s and the speed was chosen as 5000 Hz [28,
29]. In this study, a single experiment lasted 15 minutes
and data collected in the last 5 minutes of each session was
used for analysis. Therefore, for the results presented in this
study, the data collection time was chosen as 300 s and the
sampling rate was 1000 Hz. The data obtained from these
measurements is gathered at a frequency of 1000 Hz for
duration of 300 seconds. The tunnel’s average turbulence
intensity is guaranteed to be below 0.5% for all air speed
values. The wind tunnel is capable of attaining a maximum
air velocity of 8 m/s.

Figure 2. Blow down type low speed wind tunnel, the contraction cone and the transparent test section.



J Ther Eng, Vol. 10, No. 6, pp. 1411-1422, November, 2024 1415
100 cm——— WATER JET
20 cm
. o 4 AR /: LIGHT SOURCE
L] [ ] o 1 1m
20 —
] 7 3 —
e o o | | | OUAN-———--—-- -
o 10 11 12 100 cm / CAMERA im

20

20 cm

20 ch— 20 ch— 20 r,mL 20 CWJ— 20 cm—

Figure 3. Speed measurement locations along the test sec-
tion.

Table 1. The details of the geometric and material proper-
ties

Liquid jet velocity, vj, ms™ 0-0.13

Nozzle inner diameter, dN, mm 0.514-0.603-1.194
Surface tension, 0, Nm! 0.0728

Air velocity, [ ms’! 0-5

Liquid-gas momentum flux ratio, q 0-6000

Liquid density, P kgm™ 998.23

Liquid viscosity, 4, Pa.s 0.0010016

Air density, Py kgm 2.422

Liquid Weber number, We; 0-500

Gas Weber number, We, 0-1

De-ionized water (DI) at room temperature and con-
stant pressure is introduced into the test area by a ceil-
ing-mounted nozzle placed at a distance of 15 cm from the
entrance. Figure 4 shows the schematic of the experimental
setup. The fluid is delivered using an injection system that
maintains a consistent gauge pressure of 65 centimeters of
water column. Three commercially available syringe nee-
dles of different diameters, namely 16G (N1), 20G (N2), and
21G (N3), are used as nozzles. The nozzles are positioned

3.5m

Dynamic Studio

Figure 4. Schematic representation of the experimental setup.

inside the setup section ensuring that the course of the jet is
not disrupted by the bevel section. Table 2 provides the test
conditions and their corresponding ranges.

Flow Visualization

The experimental configuration comprises a Particle
Imaging Velocity meter (PIV) equipped with twin cavity
flash-pumped Nd:YAG lasers. The lasers have a repetition
rate of 15 Hz, pulse energy of 135 m]J, and emit light at a
wavelength of 532 nm. The PIV technique is used to con-
duct velocity vector measurements of the whole flow field.

Shadowgraph is a commonly used technique for quan-
tifying the dimensions, morphology, and motion character-
istics of droplets. The integration of the Shadow-Strobe and
Dual-Power laser technologies provides a consistent and
powerful background illumination that is free from speck-
les. Additionally, the use of an 8-megapixel CCD camera
(FlowSense EO 8M) with a macro lens enables the capture
of high-quality close-up photographs. The evaluation of
cumulative histograms, histograms of size distribution, and
spatial distribution plots of droplets is conducted via the
analysis of photographs using the Dantec Dynamic Studio
program.

A total of 100 photographs, each with a resolution of
1267x9546 pixels?, are obtained to visualize the behavior of
the water liquid jet in a cross air flow. A transparent ruler
is used as a calibration target, and the shadow picture was
adjusted in relation to this target. The measured scale fac-
tor is 1.579 for the specified distance of 10 millimeters. The

Table 2. Experimental conditions: nozzle inner diameter sizes, air crossflow speed and water jet volumetric flow rates

Nozzle Name Nozzle Diameter (x 10°m) u, (m/s) Q ; (ml/s)

N1 0.514 0-1-3-5 0.01-0.02-0.025
N2 0.603 0-1-3-5 0.01-0.02-0.025
N3 1.194 0-1-3-5 0.01-0.02-0.025
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diameters of the droplets are acquired from the captured
images, while the velocity of each droplet is determined by
comparing two consecutive photos. This enables the calcu-
lation of the distance traveled by each droplet.

RESULTS AND DISCUSSION

The breakup of a liquid jet includes two consecutive
phenomena, namely primary and secondary breakup. In
the context of a cross airflow, as seen in Figure 1, the main
fragmentation of a liquid jet is influenced by two distinct
processes, namely column breakup and surface breakup.
The disintegration of ligaments and droplets from a liquid
column occurs via the primary breakup process. This is fol-
lowed by a secondary breakup mechanism, which results in
the development of smaller droplets. Ultimately, this leads
to the generation of a spray in the far-field area. The sub-
sequent sections will address the distinct characteristics of
droplets and their production processes in the near-field
and far-field regions of a low speed crossflow liquid jet. In
this study the air flow is fully developed, uniform with low
speed and turbulence intensity (less than 5% for all wind
speeds) where We, < 1. Additionally the Reynolds and
the Weber numbers for the water jet are moderate which
increased the momentum flux ratio significantly. For the
best of authors knowledge, the cases with moderate jet
velocities and low air speed with We, < 1 is not addressed
in the literature and this study aims to fill this gap and con-
centrate on the break up properties, droplet distributions
and surface instabilities of liquid jets in a very low We cross-
flows. The experimental parameters with their correspond-
ing non-dimensional groups are listed in Table 1 and Table
2 respectively.

The studies in the literature generally focused on inves-
tigation of liquid jets subjected to subsonic and supersonic
crossflows. There are very few attempts for low air velocity
cases where We,~4 [18]. In this study the analysis is focused
on low gas Weber number in the range of 0 < We, < 1 which
leads to considerably high momentum flux ratios. The low
turbulence intensity is ensured in wind tunnel which resulted
with droplet shapes to be almost spherical and only column
break up regime is observed. Although some surface fluctu-
ations are observed, no bag and bump break up regimes are
observed and the man diameter of the droplets are between
100 — 200 pm, as reported in the literature [18, 30].

Effect of the Cross Air Velocity

The effect of increasing cross air velocity on the liquid
column, droplet formation and distribution is investigated
using the shadowgraph flow visualizations.

In Figure 5, the shadow sizer views are presented for the
nozzle N1, at volumetric flow rate 0.02 ml/s, for increas-
ing air velocities. In Figure 5a, the water jet is subjected
to a quiescent air, u, = Om/s where the liquid jet is almost
straight and the droplets are not dispersed, as expected.
In Figure 5b, the cross air velocity is u, = 1m/s, the liquid

jet still straight however the droplets are significantly dis-
persed and some daughter droplets are visible especially in
the air flow direction. In Figure 5c, the air velocity isu, =
3m/s, the liquid jet is bent slightly in the vicinity of break up
point but the droplet dispersion is significant and the drop-
lets are located in the direction of the air flow. As the cross-
flow velocity increased to u, = 5m/s, as shown in Figure 5d,
the liquid jet bent significantly and the penetration depth
became more visible. The droplet dispersion is more pro-
nounced and the droplets are located on a bent alignment
in the air flow direction. The nozzle under consideration
exhibits a smooth surface on both the upwind and down-
wind sides of the jet column, with no observable surface
fluctuations. The first stage daughter droplets are formed
however the second stage daughter droplets are sparsely
distributed for the highest cross air velocity case. At higher
crosstlow velocities, the liquid jet column becomes curved
in the direction of the airflow.

Figure 6 displays the shadow sizer views for nozzle
N2 at a volumetric flow rate of 0.02 ml/s, demonstrating
the progressive air velocities. In the instances of quiescent
and u, = 1m/s, the penetration depth is seen to be zero.
However, it is worth noting that the length of the liquid col-
umn is greater than that of the first nozzle N1, as shown
in Figure 6a and 6b, respectively. Furthermore, the daugh-
ter droplets of the second stage become perceptible. With
increasing velocity of air crossflow, both the liquid column
and the droplets are deflected towards the direction of the
air flow. Furthermore, the daughter droplets in the second
stage exhibited increased density and dispersion along the
direction of the airflow. Similar to the N1, the N2 nozzle
demonstrates a consistent surface on both the upwind and
downwind aspects of the jet column, devoid of any discern-
ible surface fluctuations.

The shadowgraph images for nozzle N3 at a volumet-
ric flow rate of 0.02 ml/s are shown in Figure 7, illustrating
the gradual variations in air velocities. In cases when the
flow is quiescent and the air velocity is equal to 1 m/s, it
is observed that the penetration depth is found to be zero.

Figure 5. Effect of air crossflow velocity on the liquid column
and droplet dispersion for nozzle N1, flow rate 0.02 ml/s. (a)
u, =0 m/s, (b) u, =1 m/s, (c) u, =3 m/s, (d)ug =5m/s.
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It is important to acknowledge that the length of the liquid a notable increase in the diameter of the daughter drop-
column is greater than that of the first nozzle N1, but shorter lets. As the velocity of air crossflow increases, both the lig-
than nozzle N2, as seen in Figure 7a and 7b, respectively. uid column and the droplets experience deflection in the
The diameter of the N3 nozzle is the greatest, resulting in  direction of the air flow. The N3 nozzle exhibits a uniform

"

Figure 6. Effect of air crossflow velocity on the liquid column  Figure 7. Effect of air crosstlow velocity on the liquid column
and droplet dispersion for nozzle N2, flow rate 0.02 ml/s. (a)  and droplet dispersion for nozzle N3, flow rate 0.02 ml/s. (a)

u, =0 m/s, (b) u, = 1m/s, (c) u, =3 m/s, (d)ug =5m/s. u, =0m/s, (b) u, = 1m/s, (c) u, =3 m/s, (d) u, =5 m/s.
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Figure 8. Experimentally obtained dimensionless jet projection profiles for increasing momentum flux ratios (a) low, (b)
medium, (c) high.
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Figure 9. Effect of air crossflow velocity on the dimensionless breakup lengths for increasing momentum flux ratios for

three different nozzle diameters. (a) N1 (b) N2, (c) N3.

surface on both the upwind and downwind sides of the jet
column, without any noticeable surface irregularities, much
like the nozzles, N1 and N2.

The available empirical relations for the jet projection
is defined generally as a function of momentum flux ratio
only and some of them are defined by introducing the jet
Reynolds number to the relation. However they are pro-
posed for considerably low q values where especially gas
Weber number is significant. In Figure 8a, b and c the
experimentally obtained liquid jet projections are shown
for increasing q values at three categories, low, medium and
large q values, respectively. It is observed that the liquid jets
moved in the upstream direction with increasing q values,
similar to the observations in the literature [4]. Available

empirical relationships do not accurately predict the exper-
imentally obtained liquid jet profiles as a result of the wide
range of q values.

The variation of dimensionless breakup length with
increasing air velocities for each of the three nozzles is sum-
marized in Figure 9. Although the momentum flux ratio is
high at low air velocities, the breakup length increases as the
air velocity decreases. Similar results are reported by Peters
and Birouk in the literature with higher turbulence inten-
sity [30]. In the second nozzle, Figure 9b, the dimension-
less breakup length exceeds 60. In the third nozzle, Figure
9c¢, the increase in momentum flux has even decreased the
breakup length at low air velocities. Alternatively, Figure
10 displays the changes in dimensionless breakup length
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across three different nozzles as air velocity increases with
varying flow rates. For all nozzles, an increase in flow rate
resulted in a longer breakup length at low and medium
flow rates. In nozzle 1, further increases in flow rate led to

a slight decrease in breakup length (Figure 10a). For noz-
zle 2 (Figure 10b), a further increase in flow rate caused
the breakup length to plateau. In nozzle 3 (Figure 10c), the
highest flow rate resulted in a sharp decrease in breakup
length, indicating earlier droplet formation. Additionally,
the breakup length is longest in nozzle 2 and shortest in
nozzle 1.

For a liquid jet introduced into a crossflow, penetra-
tion depth indicates the distance the jet can travel into the
airflow before it mixes substantially with the surrounding
air and loses its distinct profile. In this study, the pene-
tration depth is scaled by the nozzle diameter to become
dimensionless. Figure 11 illustrates the dimensionless
penetration depth for varying nozzle diameters and Jet
Weber numbers. For nozzle 1, the penetration depth is
zero at both low and medium air velocities. In contrast,
nozzles 2 and 3 exhibited greater penetration depths at
higher air velocities.

Finally the droplet size distribution along the sample is
determined and the statistical distributions are shown in
Figure 12. The measured points are almost in the form of
normal distribution, similar to the observations of Kong et
al. [18]. In Figure 12, the droplet size distribution along the
jet is shown for N1, at maximum crossflow velocity, 5m/s
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and for increasing flow rates. The mean droplet diameter
decreased with increasing flow rate. The distribution is
thicker and lower for low rates and for increasing flow rates
they are thinner and higher. The droplet size distribution
shows two distinctive peaks for all flow rate regimes. For
flow rate 0.01, the probability of small and large droplets
is almost the same, however as the flow rate increase the
smaller size droplets (daughter) are more common com-
pared to larger droplets.

The studies in the literature generally focused on inves-
tigation of liquid jets subjected to subsonic and supersonic
crossflows. There are very few attempts for low air velocity
cases where We,~4 [18]. In this study the analysis is focused
on low gas Weber number in the range of 0 < We, < 1 which
leads to considerably high momentum flux ratios. The low
turbulence intensity is ensured in wind tunnel which resulted
with droplet shapes to be almost spherical and only column
break up regime is observed. Although some surface fluctu-
ations are observed, no bag and bump break up regimes are

observed and the man diameter of the droplets are between
100 — 200 pm, as reported in the literature [18, 30].

CONCLUSION

Most literature studies focus on liquid jets in subsonic
and supersonic crossflows, with few addressing low air
velocity cases where We,~4. This study examines low gas
Weber numbers (0 < We, < 1), resulting in high momen-
tum flux ratios. Low turbulence intensity in the wind tunnel
ensured nearly spherical droplet shapes, with only column
breakup observed. Despite some surface fluctuations, no
bag or bump breakup regimes occurred, and droplet diam-
eters ranged between 100-200 pm.

In this study the liquid jet in a laminar air crossflow is
studied experimentally. Three different nozzles with 4 dif-
ferent air velocities are subjected to three different liquid
flow rates are investigated. The conclusions can be summa-
rized as the following:
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o For increasing air crossflow velocity, the liquid jet bends
towards the air velocity.

o For increasing air flow velocity the breakup length
decreased. The maximum dimensionless breakup
length is observed in nozzle N2.

« At constant air velocity, the increase in momentum flux
ratio first increased then decreased the breakup length.

o At small and medium flow rates, the breakup length
increased; however, at higher flow rates, it either reached
a plateau or resulted in earlier breakup.

o The dimensionless penetration depth increased with air
velocity.

o The smaller size droplet density is enhanced with
increasing liquid flow rate.

o The liquid jets moved towards the upstream direction
with increasing q, however due to wide range of q values
the empirical relations in the literature failed to predict
them accurately.

The low-speed crossflow of liquid jets shows promise for
use in evaporative cooling systems with low maintenance
costs. In these systems, droplet atomization significantly
enhances evaporation. Further investigation is needed to
understand the relationship between nozzle geometry, the
breakup mechanism, and evaporation.

NOMENCLATURE

d diameter
D hydraulic diameter
DI De-ionized water

g gravitational acceleratiom
u air velocity

v jet velocity

PIV  Particle Imaging Velocity meter
q momentum flux ratio

Q volumetric flow rate

Re  Reynolds Number

St Strouhal number

T temperature

VED Variable Frequency Drive
We  Weber Number

Greek symbols

U viscosity

p density

o surface tension

0 tip angle

Subscrits

a air

g gas

h heater

i et

N nozzle
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