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Characteristics of sprays produced by coaxial non-swirling and swirling
air-water jets with high aerodynamic Weber numbers
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Institute for Multiscale Thermofluids, School of Engineering, University of Edinburgh, James Clerk Maxwell Building,
Peter Guthrie Tait Road, Edinburgh, EH9 3FD, United Kingdom

(*Electronic mail: yifan.liang@ed.ac.uk)

(Dated: 10 September 2022)

This paper describes part of an experimental study on shear-based spray formation. A laminar liquid jet was ejected
inside co-annular non-swirling and swirling air streams. The aerodynamic Weber numbers (WeA) and swirl numbers (S)
of the flow cases ranged from 256 to 1426 and from 0 to 3.9, respectively. The aim of this paper is to investigate how
S and WeA influence the breakup of a central laminar liquid jet within the fiber-type atomization regime. High-speed
shadowgraphy was utilised to visualise the spray behaviour, while Phase Doppler Interferometry (PDI) was utilised to
measure the droplet size and velocity distributions. It was found that as S increases, atomization is improved in a way
that the droplets are blown outward from the central axis of the nozzle. However, for some specific flow cases, the
median droplet diameter (D) does not appear to be related to S. Those specific flow cases are discussed in this work.
For S ≥ 0.3, upward motion of droplets located at the central axis of the nozzle was observed, which was caused by
recirculating air flows. In addition, it was found that when S increases to 2.5, recirculating air flows start to penetrate
to the water exit, which momentarily stops portions of the central laminar water jets from exiting. This pattern will
be called turn-off behaviour in this report. In order to study the underlying mechanisms behind the turn-off behaviour,
proper orthogonal decomposition (POD) was performed on the shadowgrams. It was found that the timing of turn-off
initiation is random.

I. INTRODUCTION

Sprays are critical for many industrial applications and yet
there are no fully predictive models for spray formation, ow-
ing in part to an absence of detailed spray formation statis-
tics. Lefebvre and McDonell 1 pointed out that there are
three main breakup mechanisms which influence spray perfor-
mance, namely, turbulence in the liquid, aerodynamic forces
acting on the gas-liquid interface (also called“shear forces”
), and cavitation inside the nozzle. Hence, in order to set up
a database for spray formation, these three breakup mecha-
nisms should be separated from one another. Otherwise, com-
putational fluid dynamics (CFD) validation will become more
complicated and uncertain because spray formation might si-
multaneously result from interaction of those three breakup
mechanisms. The aim of the program described in this pa-
per (and in a companion paper published earlier by Liang, Jo-
hansen, and Linne 2 ) is to develop a comprehensive database
for spray formation caused by shear forces alone. In both
cases, the liquid jet was laminar. It is our view that the use
of a laminar liquid jet simplifies model validation.

In our earlier, companion paper, Liang, Johansen, and
Linne 2 performed a morphological study over a wide range
of operating conditions and established a regime map charac-
terised by the swirl number S (defined in Equation 5 below)
and the aerodynamic Weber number WeA (defined in Equation
2 below). A database containing the spray morphology infor-
mation from the earlier paper is available to interested par-
ties3. In that work, four types of breakup regimes were iden-
tified (first-wind induced, second-wind induced, bag breakup
and fiber-type atomization), as shown in Figure 1. In the first
paper, Liang, Johansen, and Linne 2 investigated spray for-
mation caused by shear forces acting on a laminar liquid jet
within the first-wind induced, second-wind induced and bag

FIG. 1. Regime map characterised by S and WeA. Note that the first-
wind induced, second-wind induced and bag breakup regimes were
investigated in an earlier, companion paper (reproduced from Liang,
Johansen, and Linne 2 , with the permission of AIP Publishing). The
fiber-type atomization regime is investigated and discussed in this
paper.

breakup regimes (the first three regimes in Figure 1). They re-
ported and analyzed liquid breakup lengths, axial location of
first droplet formation, large-scale, shear instabilities (all via
high-speed shadowgraphy and image analysis) and air flow
fields (via Stereo Particle Image Velocimetry, SPIV) for those
three breakup regimes. In that work, both S and WeA deter-
mine the type of breakup regime for a laminar liquid jet in
a coaxial swirling air flow. For those three breakup regimes,
however, WeA is much smaller than what is required for fiber-
type atomization.

This paper focuses on spray formation within the fiber-type
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atomization regime or on the boundary of fiber-type atomiza-
tion regime, where WeA is much higher than the flow cases
investigated in the companion paper. Few droplets were ob-
served when investigating the first three breakup regimes, and
the drop sizes were large when compared with the flow cases
reported in this paper. Here the flow-field shortened and many
smaller drops were observed. Because the high WeA flow-
fields were so different from the three flow-fields in the less
highly atomizing regimes, it was necessary to apply a differ-
ent set of measurements and a different approach to analysis
in the work reported here.

A complete, detailed, shear-based spray formation database
should include the quantities measured in the earlier paper,
together with the results reported here. In the work reported
here, we investigated how S and WeA influence the breakup
of a central laminar liquid jet under fiber-type atomization.
Phase Doppler Interferometry (PDI) was utilized to measure
the droplet size and velocity distributions (PDI was not used
in the earlier work). The Stereo Particle Image Velocime-
try (SPIV) results reported by Liang, Johansen, and Linne 2

have some relevance to the high WeA flows and they will be
discussed here as well. In addition, we observed a turn-off
behaviour for two flow cases with high WeA, and it was an-
alyzed using proper orthogonal decomposition (POD) in this
paper (this behaviour is discussed in more detail in Sec. III B).
A database containing the spray morphology and droplet size
and velocity distributions reported in this paper has been pre-
pared and it is available to interested parties4.

In order to study the spray performance of a coaxial
non-swirling gas-liquid jet, Varga, Lasheras, and Hopfinger 5

ejected a water or ethanol jet into coflowing air without swirl.
The Reynolds numbers for the water jet ranged from 543 to
16567, and the aerodynamic Weber numbers ranged from 6
to 437. They utilised Phase Doppler Interferometry (PDI)
to obtain the droplet size distributions, and developed a phe-
nomenological breakup model to predict the Rayleigh-Taylor
wavelengths and primary mean droplet sizes, both of which
provided good agreement with their experimental data. Yang
et al. 6 started from a stability analysis on the coaxial non-
swirling air-liquid jet, and proposed a theoretical correlation
to predict the Sauter mean diameter (D32). The working fluids
they used for the central liquid jet were water and ethanol, and
their Reynolds numbers for the water jet ranged from 1597 to
5301. Their correlation for D32 collapsed well onto the ex-
perimental data given by Varga, Lasheras, and Hopfinger 5 .
Lasheras, Villermaux, and Hopfinger 7 used high-speed shad-
owgraphy and PDI to investigate a coaxial non-swirling air-
water jet. The liquid Reynolds numbers ranged from 569 to
5689. For near-field breakup and atomization, they proposed
an entrainment model to describe qualitatively the dependence
of the measured liquid shedding frequency on the gas to liq-
uid momentum flux ratio (M). For far-field breakup and at-
omization, they proposed two atomization models to explain
the dependence of the breakup and coalesence of the droplets
on the local turbulent dissipation rate in the gas stream, re-
spectively. They found that secondary breakup and coales-
cence of the droplets in the far field of the spray jet are
mainly influenced by the total kinetic energy flux (mainly

contained in the air jet) per unit total mass of air and wa-
ter. Hardalupas and Whitelaw 8 investigated a coaxial non-
swirling air-water jet over a wide range of liquid Reynolds
numbers, Rel(104−5.5×104), and aerodynamic Weber num-
bers, WeA(200 − 3500). They utilised PDI to measure the
D32 distributions, and studied the effects of the liquid tube
diameter, converging gaseous jet exit and liquid tube recess
on the D32 distributions. Eroglu and Chigier 9 ejected a water
jet into coflowing air without swirl, and measured the initial
drop size and velocity distributions using PDI. Their liquid
Reynolds numbers ranged from 1097 to 4379. They found
that D32 grows when liquid supply pressure increases or air
supply pressure diminishes. They also found that the droplet
mean velocities reach their minimum at the central axis of the
nozzle, and the maximum droplet mean velocities appear on
the periphery of the spray.

In order to investigate how air swirl influences spray perfor-
mance, Hopfinger and Lasheras 10 investigated the breakup of
a water jet by a coaxial swirling air jet over a wide range of
liquid Reynolds numbers, Rel(740−11400), and gas to liquid
momentum flux ratios, M(1− 1000). They found that when
the swirl number (S) goes beyond a critical swirl number (Scr),
hollow-cone spray structures caused by the central recircula-
tion of the swirling air flows were observed. The hollow-cone
spray structures were also observed by Machicoane et al. 11

when they used high-speed X-ray radiography to investigate a
central water jet surrounded by a coaxial air jet with and with-
out swirl over a wide range of Rel(1100−6500), M(6−202)
and S(0 − 1). Hardalupas and Whitelaw 12 investigated the
breakup of a turbulent water jet by a co-annular air stream
with S in the range of ∼ 0−7.9. They used PDI to measure the
diameters, velocities and liquid fluxes of the droplets over a
wide range of aerodynamic Weber numbers, WeA(230−630).
They observed hollow cone-spray structures caused by the
central recirculation of the swirling air flows with high S,
which was consistent with what Hopfinger and Lasheras 10

found. Hardalupas and Whitelaw 12 found that the droplet size
is related to the local Weber number (WeD) of the droplet (here
WeD = ρg(ug − ul)

2d/σl , where ρg is the density of the gas,
ug is the local velocity of the gas phase, ul is the local velocity
of the droplet, d is the droplet diameter, and σl is the surface
tension of the liquid). They also found that when S > 0.3,
atomization is improved because droplets are blown outward
away from the central axis of the nozzle. However, for the
breakup of a central laminar liquid jet by a coaxial swirling
air stream, the droplet size and velocity distributions remain
unknown and are explored in this paper.

Lasheras and Hopfinger 13 measured the droplet size distri-
butions for the breakup of a central liquid jet surrounded by
a coaxial swirling air stream with S in the range of 0− 0.4,
and pointed out that when S goes beyond Scr, the spray can be
divided into three regions in terms of D32: an external region
where D32 reaches its maximum; an internal region where the
central recirculating air flow happens and D32 reaches its min-
imum; and a middle hollow conical region where the D32 dis-
tribution is bimodal. They also found that this middle hollow
conical region is pushed outward with the increase of S, and
that the sizes of the droplets located in that region are inde-
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pendent of S, while the sizes of the droplets located in the
inner region depend on S. Lasheras and Hopfinger 13 pointed
out that the mechanism of the atomization of the droplets in
the outer region is primary breakup. However, for the breakup
of a central laminar liquid jet by a coaxial swirling air stream
with S in the range of ∼ 0.4−3.9, the droplet size and velocity
distributions remain unknown and are explored in this paper.

Dunand, Carreau, and Roger 14 used PDI, tomography and
an optical fiber probe to investigate the breakup of a turbulent
water jet by a coaxial air jet with S and M in the ranges of
∼ 0−0.6 and ∼ 3−13.3, respectively. They found that when
S goes beyond Scr, large droplets with ballistic trajectories ap-
pear on the jet periphery, while small droplets are located in
the hollow-cone region caused by the recirculating air flows.
They also found that when S < Scr, big droplets are located
near the central axis of the nozzle, while small droplets appear
on the outer edge of the jet. However, their central liquid jet is
turbulent, which means that the atomization is simultaneously
caused by two breakup mechanisms (turbulence in the liquid
and shear forces). In order to develop a comprehensive valida-
tion database for research groups in CFD, those two breakup
mechanisms should be isolated from each other. In this work,
droplet size and velocity measurements were performed for
spray formation caused by shear forces, in part by removing
turbulence from the liquid jet.

In order to understand how the strength of the air swirl af-
fects the instability of the central water jet, some stability anal-
yses have been performed on the coaxial liquid jet surrounded
by a swirling gas stream15–17. However, for the breakup of a
coaxial liquid jet in a swirling gas stream, a drop size model
has not been developed, and a droplet size database that can
be used to provide validation on a drop size model needs to be
established. Although research on the droplet sizes of coaxial
non-swirling jets has been done5–9, only a handful of stud-
ies on the droplet sizes of coaxial swirling jets have been re-
ported. Hardalupas and Whitelaw 12 measured the droplet size
and velocity distributions for the breakup of a turbulent water
jet by a co-annular air stream with S in the range of ∼ 0−7.9.
However, the droplet size and velocity distributions for the
breakup of a central laminar water jet by a swirling air stream
with S in the range of ∼ 0− 7.9 remain unknown. Although
Lasheras and Hopfinger 13 investigated the droplet size distri-
butions for a coaxial swirling air-liquid jet with S in the range
of ∼ 0−0.4, the droplet size and velocity distributions for the
breakup of a central laminar water jet by a swirling air stream
with S in the range of ∼ 0.4− 3.9 remain unknown and are
explored in this paper.

The paper is organized as follows. Section II describes the
experimental setup and procedure. Section III presents the
annular air flow fields obtained from the companion paper2,
droplet size and velocity distributions, and POD analysis on
the turn-off behaviours. Section IV develops conclusions for
this part of the program work.

TABLE I. Vane angles for all the air swirlers.

Sa θ b

0.3 21.1◦

0.8 45.8◦

1.2 57.1◦

1.5 62.6◦

2.5 72.7◦

3.1 75.9◦

3.9 78.7◦

a Swirl number
b Vane angle

II. EXPERIMENTAL SETUP AND PROCEDURE

A. Overall Setup

In this paper we report experimental results based on the
same experimental facility described by Liang, Johansen, and
Linne 2 . That paper described the experimental apparatus in
full detail. Here we present a shorter introduction to the sys-
tem. The central liquid jet and annular gas stream are wa-
ter and air, respectively. Two mass flow controllers (MFC)
(Bronkhorst Inc) are used to control and measure the air and
water flow rates. The nozzle is the same as the one investi-
gated by Liang, Johansen, and Linne 2 (see Fig. 2). The inner
diameters of the liquid and co-flow tubes are 4 mm and 10
mm, respectively. The outer diameters of the liquid and co-
flow tubes are 5 mm and 14 mm, respectively. In order to
introduce swirl into the air, a swirler is added to the inner sur-
face of the co-flow tube. There are eight types of air swirlers
with different vane angles. A vane angle is defined as the an-
gle between a tangent at the tip of the vane and a vertical line.
The magnitudes of the vane angles for those air swirlers are
shown in Table I. All the air swirlers have four-star shapes.
The cross-sectional areas of the air outlets with and without
the air swirler are 28.09 mm2 and 58.9 mm2, respectively. The
lengths of the water tubes and co-flow tubes are 140 mm and
43 mm, respectively. The Reynolds number of the central wa-
ter jet is kept at 480 for all the flow cases to ensure that the
laminar pipe flow becomes fully developed before it leaves
the nozzle exit. According to White 18 , Schlichting and Ger-
sten 19 and White 20 , the entrance length (Le) for a laminar
pipe flow is given by:

Le = 0.06×ReDI ×DI , (1)

Where, DI is the inner diameter of the pipe, and ReDI is the
Reynolds number based on DI . The Le for the laminar water
flow in this work is given by:

Le = 105.12 mm < 140 mm (length of the water tube),

which means that the central laminar water flow becomes fully
developed before it leaves the nozzle exit. This conclusion
was confirmed by high-speed shadowgrams of the jet in the
absence of any air flow.
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FIG. 2. Images of the atomizer. (a) Broken-out view of the atomizer. (b) Broken-out view of the co-flow tube without air swirler attached on
it. (c) Broken-out view of the co-flow tube with the air swirler (reproduced from Liang, Johansen, and Linne 2 , with the permission of AIP
Publishing).

B. Operating Conditions for the Atomizer

The characteristics of twin-fluid atomization are related to
the fluid material properties and the relative velocities be-
tween those two fluids. In this work, three non-dimensional
parameters were used to describe the operating conditions of
the twin-fluid atomizer. They are aerodynamic Weber number
(WeA), the liquid Reynolds number (Rel), and the gas to liquid
momentum flux ratio (M), given by:

WeA =
ρg (Ug −Ul)

2 Dl

σl
, (2)

Rel =
UlDl

νl
, (3)

M =
ρgU2

g

ρlU2
l
. (4)

Here, ρl is the density of the liquid, ρg is the density of the
gas , Ug is the gas velocity, Ul is the liquid velocity, Dl is the
diameter of the liquid tube, Dg is the diameter of the co-flow
tube, σl is the surface tension of the liquid, νl is the kinematic

viscosity of the liquid, νg is the kinematic viscosity of the gas.
Ul and Ug are the axial bulk velocities of the liquid jet and
gas stream at the nozzle exit, respectively. Additionally, the
swirl number (S), which is the ratio of the axial flux of swirl
momentum to axial flux of axial momentum, is generally used
to describe the operating conditions of a co-annular swirling
jet. According to Giannadakis, Perrakis, and Panidis 21 and
Ivanic, Foucault, and Pecheux 22 , it is given by:

S =

∫ ∞
0 UyUθ r2dr

RO
∫ ∞

0 U2
y r dr

, (5)

where Uy is the axial velocity, Uθ is the tangential velocity and
RO is the outer radius of the co-flow tube (see Fig. 2). Correla-
tions for geometrical swirl numbers depend on the type of air
swirler. Details about the correlations for geometrical swirl
numbers can be found in Giannadakis, Perrakis, and Pani-
dis 21 . According to Hardalupas and Whitelaw 12 , based on
the type of the air swirler used in this project, the geometrical
swirl number is given by:

S =
2
3

tanθ
1−

(
DO
DG

)3

1−
(

DO
DG

)2 , (6)
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TABLE II. Operating conditions for the atomizer. B: bag breakup
regime; F: fiber-type atomization; BF: boundary of fiber-type atom-
ization (reproduced from Liang, Johansen, and Linne 2 , with the per-
mission of AIP Publishing).

Case ṁg (kg/h) WeA M S Breakup regime Ul (m/s) Rel
1 16 256 384 0

B

0.11 438

2 18 324 486
3 16 1126 1689 0.34 18 1426 2139
5 16 1126 1689 0.8 B
6 18 1426 2139 BF
7 16 1126 1689 1.2 B
8 18 1426 2139 BF
9 8 282 423 1.5

F

10 10 440 660
11 8 282 423 2.512 10 440 660
13 8 282 423 3.114 10 440 660
15 8 282 423 3.916 10 440 660

where θ is the swirl vane angle, D0 is the external diameter of
the liquid tube, and DG is the diameter of the vane pack hub.

The operating conditions of the atomizer are shown in Ta-
ble II. The conditions presented there are a subset of the
larger set of conditions reported by Liang, Johansen, and
Linne 2 . Lasheras and Hopfinger 13 pointed out that at large
WeA (greater than 316), the breakup of a coaxial non-swirling
air jet occurs in the forms of fibers, which produces finer
droplets. This is called fiber-type atomizaion. As mentioned
in Sec. I, the aim of this paper is to investigate how S and WeA
influence the breakup of a central laminar liquid jet within the
fiber-type atomization regime. Here, the magnitudes of WeA
were chosen based on the rule that the operating conditions
under each swirl number should be within that atomization
regime. However, in this work, there is an experimental limit
to the maximum of WeA that can be reached. Hence, for a few
flow cases with S ≤ 1.2, the operating conditions are within
the bag breakup regime. The critical swirl number for our
nozzle is equal to 0.8 (following Hopfinger and Lasheras 10 ).

C. Experimental Procedure

For high-speed shadowgraphy, a Phantom VEO 710L high-
speed camera acquired images of the jets. The spatial resolu-
tion was 119 µm/pixel and the exposure time was 30 µs. This
spatial resolution was based on the fact that locating the cam-
era closer to the jet to achieve better resolution would have
flooded it with water. The selected exposure time was much
smaller than the time scales in the coaxial air flows, which
ensures that each individual shaodowgram is an instantaneous
image.

A liquid jet turn-off behaviour was observed when S in-
creased to 2.5 (this behaviour is described in more detail in
Sec. III B). In order to study the underlying mechanisms be-

hind the turn-off behaviours, POD was performed on the high-
speed images (the approach to POD is described in detail in
Liang, Johansen, and Linne 2 ).

A phase Doppler particle analyzer (Artium Inc) was used to
measure the size and velocity distributions of the droplets pro-
duced by the atomizer. The measurable droplet size and veloc-
ity ranges were from 1 µm to 195 µm, and from −133 m/s
to 368 m/s, respectively. The sprays were measured at two
downstream positions of 5Dl and 10Dl , and at five radial po-
sitions of −7.5Dl , −5Dl , −2.5Dl , 0, 2.5Dl , 5Dl and 7.5Dl .
Those measurement positions were chosen based on the rule
that the PDI probes should be placed in a region between the
dense zone and periphery of the spray. For each flow case,
5000 samples were collected at each measurement point. A
2-D translation stage was not available owing to experimen-
tal limitations. Therefore, the horizontal and vertical nozzle
support beams were marked using a camera calibration, and
the nozzle was moved by hand to change the positions of the
measurement probes relative to the nozzle. The uncertainty
of moving the nozzle by hand was evaluated and found to be
between 0.5 mm and 1 mm (∼ 5%−10% of the radial interval
between two measuring points).

As mentioned in Sec. I, we utilised SPIV to investigate the
annular air flow fields in the companion paper2. Since droplet
size and velocity distributions were related to the annular air
flow fields (this is discussed in more detail in Sec. III A), the
SPIV set-up will be briefly introduced here. 3.5 µm graphite
particles were used as the seed material, with a Stokes number
much less than 1. A 10 Hz dual-pulse Nd: YAG laser (Quan-
tel Inc.) at a wavelength of 532 nm was used to illuminate
the seed particles. Two Phantom VEO 710L cameras with
Scheimpflug mounts acquired images of the swirling and non-
swirling air jets. The laser sheet thickness at the jet center-
line was 2.1 mm, as measured by a WinCamD (DataRay Inc).
The laser sheet was aligned with the center of the nozzle exit.
A programming timing unit (PTU, Lavision Inc) was used to
synchronize the laser and the two cameras. The double-frame
raw images were processed using Davis 10.2 to calculate 2D
vector fields for each camera. More detail about the SPIV
set-up can be found in Liang, Johansen, and Linne 2 .

III. RESULTS AND DISCUSSION

A. Droplet Size and Velocity Distributions

The breakup of coaxial air-water jets involves the interac-
tion between the gas and liquid phases. Hence, the annular
air flow fields can influence droplet size and velocity distribu-
tions. The annular air flow fields and vorticity maps, which
were obtained via SPIV, are presented here (see Fig. 3 and
Fig. 4). Significantly more detail, including turbulence statis-
tics, can be found at the online database3. Liang, Johansen,
and Linne 2 found that a central reversal air flow occurs when
S ≥ 1.2 (see Fig. 3). Recirculating air flows affect the droplet
velocity distributions (this is discussed in more detail in the
rest of this subsection). In the companion paper, it was re-
ported that radial expansion of the annular swirling air jets
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was observed near the nozzle exit, and it becomes larger as
S goes up. When S remains constant, the extent of the radial
expansion of the annular swirling air flows does not change as
WeA is varied. Note that SPIV measurements were done for
the annular air flows with medium WeA (≤ 440). We did not
do SPIV for part of the flow cases with 440 <WeA ≤ 1426 in
this paper, owing to a particle density problem, although there
is no dependence of the radial expansion on WeA. When WeA
increases, the topologies of the air flow fields do not change,
except for the magnitudes of the velocity vectors. The value
of S determines the extent of the radial expansion of the an-
nular swirling air flows. Note that we discuss the annular air
flows with specific WeA, despite the fact that the liquid was not
flowing when we did SPIV measurements. By this we mean
to designate the air flows used to create a specific WeA. Since,
when flowing, the liquid jet flow rate was not changed, it is
the air flow rate that sets WeA.

Figure 4 shows how the outer and inner shear layers evolve
when S varies, based on a vorticity map. Note that the def-
inition of a shear layer is the layer where the velocity gradi-
ent starts2. It was found that the inner and outer shear layers
shifted towards the nozzle exit when S increased (see Figure
4). There is no dependence of shear layer evolution on WeA.
This can be explained by the fact that S determines the ex-
tent of the radial expansion of the annular swirling air flows,
as mentioned above. In this paper, we found that recirculat-
ing air flows and vortices, which were proved in the compan-
ion paper2, influence droplet size and velocity distributions,
as discussed in more detail in the rest of this subsection.

Figure 5 shows the radial distributions of the median
droplet diameters (D) for various swirl numbers at two down-
stream positions of 5Dl and 10Dl . Note that the median
droplet diameter is presented here instead of the Sauter mean
diameter (D32).

As mentioned in Sec. II C, for each operating condition,
5000 droplet samples were collected at each measurement po-
sition. At a certain measurement position, if the diameter of
a droplet is more than 1.5 times the interquartile range, away
from the 25th or 75th percentiles of the droplet size data, they
will be considered "outliers". For each droplet size dataset, the
ratio of the number of "outliers" to the overall number of sam-
ples falls within the range of ∼ 0.9%−8.3%. Although those
ratios are fairly low, it was found that at specific symmetrical
measurement positions, if there is a very large "outlier" ex-
isting at either of those measurement positions, it will cause
a significant difference in the value of D32 there. D32 tends
towards the tail of positively skewed droplet distributions be-
cause the numerator of D32 contains the sum of the droplet di-
ameters to the power of three. In effect, large droplets have a
greater weight in the calculation of D32. D32 can vary widely
if there are significant outliers, when compared to the more
robust median statistic. The median is insensitive to outliers
while still including them in the calculation. Therefore, the
median droplet diameter is presented here.

For each operating condition, the radial distribution of
droplet diameters is symmetric with respect to the central axis
of the nozzle exit. The droplet diameter distributions for all
the operating conditions can be found in Liang, Johansen,

and Linne 4 , and the raw PDI data are included. For S = 0,
droplets were detected from r = −2.5Dl to r = 2.5Dl at the
downstream position of 5Dl . As S increases to 0.3, the radial
range within which the droplets distribute themselves expands
to [−5Dl , 5Dl ] at that downstream position (see Fig. 5a and
Fig. 5b). With further increase in S, droplets start to appear
at the radial positions of r =±7.5Dl , as expected (see Fig. 5a
and Fig. 5b). This can be explained by the fact that as S in-
creases, the droplets start to spread along the radial direction
due to the radial expansion of the annular swirling air flows,
as shown in Figure 3. Note that with the addition of air swirl,
the radial ranges within which the droplets distribute them-
selves expand to [−7.5Dl , 7.5Dl ] at y = 10Dl (see Fig. 5c and
Fig. 5d).

D reduces somewhat as WeA increases, as expected, since
the magnitudes of the aerodynamic forces acting on the liq-
uid jets and the droplets increase. For S = 0 at r = ±2.5Dl ,
D increases somewhat further downstream (see Fig. 5). This
can be caused by the collisions between droplets, which con-
sequently leads to droplet coalescence. Droplet coalescence
was also observed by Lasheras, Villermaux, and Hopfinger 7

when they used high-speed shadowgraphy and PDI to inves-
tigate a coaxial non-swirling air-water jet. They found that
secondary breakup and coalescence of the droplets in the far
field of the spray jet mainly depend on the total kinetic en-
ergy flux (mainly contained in the air jet) per unit total mass
of the spray jet. Their total kinetic energy per unit time per
unit total mass of air and water ranges from 23 kJ/(kg · s)
to 1.9 × 106 kJ/(kg · s), and in this work, it ranges from
9.5× 103 kJ/(kg · s) to 1.4× 104 kJ/(kg · s) which is a sub-
set of their kinetic energy range.

Dunand, Carreau, and Roger 14 ejected a turbulent water jet
into a coaxial air jet with S and M in the ranges of ∼ 0− 0.6
and ∼ 3− 13.3, respectively. They found that when S goes
beyond Scr, small droplets are located in the hollow-cone re-
gion caused by the recirculating air flows, while large droplets
appear on the jet periphery. They also found that the droplet
size distributions with S < Scr are opposite to the ones with
S > Scr. However, in this work, D tends to be unrelated to
S (see Fig. 5 and Fig. 6). This is because the spray mor-
phologies for the breakup of the central laminar and turbulent
liquid jets are different. Hollow-cone spray structures were
not observed in this work due to the low kinetic energy con-
tained in the central laminar liquid jet (this is discussed in
more detail in Sec. III B). As mentioned in Sec. I, Hardalupas
and Whitelaw 12 investigated the breakup of a central turbu-
lent water jet by a co-annular air jet with S in the range of
∼ 0− 7.9. They utilised PDI to measure the diameters, ve-
locities and liquid fluxes of the droplets over a small range of
aerodynamic Weber numbers, WeA(230− 630). They found
that for S = 0 with WeA in the range of 494− 598, the me-
dian droplet diameters at Y = 26Dl ranged from 148 µm to
159 µm. Those median droplet diameters are much larger
than the median droplet diameters generated by the coaxial
non-swirling jet in this work (< 20 µm) (see Figs. 5a and
5b). This implies that turbulence in the liquid generates big-
ger drops. This point can be explained by the fact that droplet
sizes partly depend on spray morphologies which are differ-
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ent for the breakup of the central laminar and turbulent liquid
jets. As one of the breakup mechanisms, turbulence in the liq-
uid influences spray morphologies in a way that changes the
jet velocity profile and makes a difference to the shear insta-
bility. The sizes of the droplets, which are peeled off from
the liquid jet surface due to shear instability, are therefore
influenced by the turbulence in the liquid. Lasheras, Viller-
maux, and Hopfinger 7 measured D32 at r = 0 at the axial
range of [10Dl , 133Dl ] when they investigated a non-swirling
air-water jet with Rel ranging from 494 to 2086, and with WeA
of the order of 1267. They found that D32 increases with Rel
at all measurement positions, which also indicates that tur-
bulence in the liquid tends to generate bigger drops. Simi-
larly, Eroglu and Chigier 9 ejected a water jet into coflowing
air without swirl. They measured the radial distributions of
D32 at y = 10Dl for Rel ranging from 1453 to 2519, and for
WeA of the order of 277. They found that D32 increases as
Rel increases, which is consistent with what Lasheras, Viller-
maux, and Hopfinger 7 found.

Figure 7 shows the relationship between the swirl numbers
and the axial velocities of the droplets at the downstream posi-
tion of 5Dl . The coordinate system is shown in figure 2. The
statistical distributions of the axial velocities of the droplets
are shown using box plots (see Fig. 7). Note that the central
line of each box indicates the median. The top and bottom
edges of each box represent 25th and 75th percentiles, respec-
tively. Whiskers extend to the most extreme points. If sample
values are more than 1.5 times the interquartile range away
from the bottom or top edges of the boxes, they will be con-
sidered "outliers" and will be plotted using circular symbols.
It was found that when S ≥ 0.8, some of the droplets (< 25%)
located at the central axis of the nozzle start to move upward.
This can be explained on the basis of recirculating air flows,
as shown in Figure 3 and discussed by Liang, Johansen, and
Linne 2 . For S = 0.3 and S = 0.8, the differences between the
medians of the axial velocities at r =±2.5 are of the order of
53%. It can be found that for S = 0.3 and S = 0.8, 75% of the
statistical distributions at r =±2.5Dl overlap with each other
(see Fig. 7). Note that recirculating air flows occur for S = 0.3
and S = 0.8 which are indicated by the positive axial veloci-
ties of droplets (see Fig. 7). Although 75% of the statistical
distributions at r = ±2.5Dl overlap with each other, recircu-
lating air flows and vortices (as indicated in Fig. 4) can cause
variation in the median of the axial velocities. When S in-
creases from 0.3 to 0.8, the radial location where the droplets
with higher velocities were detected changes from r = 2.5Dl
to r = −2.5Dl . This can be explained on the basis of the re-
circulating air flows which are indicated by upward motion
of droplets for S = 0.3 and S = 0.8 (see Fig. 7). Note that
Figures 3 and 4 are the average 3D vector fields and vortic-
ity maps, respectively. The average results were presented
since the frequency of the dual-pulse Nd: YAG laser was low
(10 Hz). However, when we observed instantaneous air flow
fields using a high-speed laser, we observed vortices and cen-
tral recirculating air flows which were unsteady. The inten-
sities and streamlines of recirculating air flows and vortices
vary with time. When S increases from 0.3 to 0.8, switching
of the high velocity point from r = 2.5Dl to r = −2.5Dl can

be explained on the basis of the unsteadiness of recirculating
air flows and vortices. It was found that when S ≥ 0.3, upward
motion of droplets located at the central axis of the nozzle was
observed at the downstream position of 10Dl . For each mea-
surement position, the axial velocity of the droplet increases
as WeA increases, as expected. This can be explained by the
fact that when shear forces increase, liquid lumps pinch off
from the liquid core with higher velocities. Momentum trans-
fer between the liquid lumps and surrounding high-speed air
occurs7. This causes the acceleration of liquid lumps, together
with breakup and coalescence of drops (Lasheras, Villermaux,
and Hopfinger 7 ). The breakup of those liquid lumps can lead
to droplets with high velocities.

Figure 8 shows the relationship between the swirl numbers
and the radial velocities of the droplets at the downstream po-
sition of 5Dl . It was found that for S in the range of ∼ 0−0.8,
most of the droplets (≥ 75%) located at r =±2.5Dl are blown
outward away from the central axis of the nozzle at the down-
stream position of 5Dl . However, when S increases to 1.5,
75% of the droplets located at r = 2.5Dl are blown inward to
the central axis of the jet. As S increases to 2.5, 50% of the
droplets located at r =±2.5Dl move inward (see Fig. 8). This
can be explained by the fact that when high swirl (S ≥ 1.2)
is added into the annular air jet, a strong central recirculating
air flow occurs (see Fig. 3). As a result, the reversal air flows
change the statistical distributions of the radial velocities of
the droplets.

B. Turn-off behaviour

The high-speed shadowgrams indicate that when S in-
creases to 2.5, recirculating air flows start to penetrate to the
water tube, which momentarily stops portions of the central
laminar water jets from exiting, called the turn-off behaviour
here. Those central recirculating air flows were observed in
the SPIV measurements (see Fig. 3f). Figure 9b illustrates
the turn-off behaviour for flow case 15 (S = 3.9, WeA = 282).
Note that Figures 9a and 9b were produced by applying back-
ground subtraction to the high-speed shadowgrams. In or-
der to study the turn-off behaviour qualitatively and quanti-
tatively, spatial POD was performed on the high-speed im-
ages for all the swirling flow cases mentioned in Table II. The
spatial POD can be determined using singular value decom-
position (SVD)2,23. How spatial POD was applied to the jet
shadowgrams was presented in the companion paper2. There-
fore the algorithm for spatial POD is only introduced here. A
rectangular matrix can be decomposed with SVD23. Accord-
ing to Strang 24 , after decomposed with SVD, a n by m matrix
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FIG. 5. Distributions of median droplet diameters (D) for S = 0−1.2 at y = 5Dl and y = 10Dl . (a) Distributions of D for cases 1, 3, 5 and 7 at
y = 5Dl . (b) Distributions of D for cases 2, 4, 6 and 8 at y = 5Dl . (c) Distributions of D for cases 1, 3, 5 and 7 at y = 10Dl . (d) Distributions
of D for cases 2, 4, 6 and 8 at y = 10Dl .
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K ∈ Rn×m,U ∈ Rn×r,V ∈ Rm×r,Σ ∈ Rr×r,

σ1 ≥ σ2 ≥ . . .≥ σr > 0,

where, r is the rank of the matrix K, σi, i = 1,2, ...,r, de-
note singular values, the superscript T denotes transpose, and
ui,vi, i = 1,2, ...,r are called left singular vectors and right
singular vectors, respectively24. ui, i = 1,2, ...,r, are also
called the POD modes23. For visualisation of the POD modes,
the left singular vector ui can be rearranged into a matrix with
the same dimension as the shadowgrams. Since the matrix V
contains the temporal components of matrix K, performing
a Fourier transform on matrix V generates the frequency of
each mode2. Generally, the singular value distribution of a
POD mode is used to evaluate how important that POD mode

is among all the principal components. According to Liang,
Johansen, and Linne 2 , the singular value distribution (εi) of a
POD mode is given by:

εi =
λi

∑ j=r
j=1 λ j

, i ≥ 1, (8)

where λi is the singular value for that POD mode, and r is
total number of non-zero singular values and the rank of K in
Eq. 7.

It was found that the turn-off behaviours appear as the first
modes for cases 12 and 15 (see Fig. 10 and Fig. 11). This
is consistent with what we observed using high-speed shad-
owgraphy. Note that for each figure, the values are normal-
ized by their respective maxima. The positive and negative
magnitudes reveal the spatial patterns which occur at differ-
ent moments. Figures 10 and 11 show that for each first
POD mode, there is a central region with large positive values
(> 0.5), which accounts for the turn-on condition, while there
are small regions with small negative values (<−0.5) near the
nozzle exit, which accounts for the turn-off condition. Note
that the turn-off condition is caused by recirculating air flows
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FIG. 6. Distributions of median droplet diameters (D) for S = 1.5−3.9 at y = 5Dl .

which stop portions of the central laminar water jets from ex-
iting, rather than stopping all of the water jets (see Fig. 9).
This is why there are small blue regions near the nozzle exit
in the first POD mode, which represents a few of the water
jets exiting from the water tube when the turn-off behaviour
occurs. In figures 10 and 11, the interpretation on the topology
of each POD mode is consistent with what was observed using
high-speed shadowgraphy. The first POD mode was used to
reconstruct the shadowgrams, and it was found that the turn-
on and turn-off conditions occur in the reconstructed images.
This confirms that the first POD mode accounts for the turn-
on and turn-off conditions. The reconstructed images using
the first four POD modes, and the high-speed videos for all
the flow cases can be found in the online database4. Note that
ε ′1 is much larger than ε1, which implies that the turn-off be-
haviour (as revealed by the first POD mode) becomes more
dominant when S increases from 2.5 to 3.9 (see Fig. 10 and
Fig. 11).

In order to study the turn-off behaviour quantitatively, a fast
Fourier transform was performed on the first column of ma-
trix V to yield the frequency of the turn-off behaviour which
is revealed by the first POD mode (see Eq. 7). A broad spread
of frequencies of almost equal amplitude was observed in the
frequency spectra of the first POD modes for those two flow
cases. This means that the timing of turn-off initiation is
random for cases 12 and 15. However, it was found from
the high-speed shadowgraphy measurements that for case 12,
each turn-off event exists for around 7.5× 10−4 s, while for
case 15, it exists for a period of time between 3.33 ms and
6.67 ms. This is as expected, since as S increases, a wide
range of recirculating air flows occur (see fig. 3), and as a re-
sult they stop portions of the central laminar water jets from
exiting for a longer time. Note that the durations of each turn-
off event are consistently the times given here. This observa-
tion is in contrast to the timing of turn-off initiation, which
tends to be random. The liquid mass flow controller could po-
tentially have an effect on the turn-off behaviours because it is
designed to maintain flow, but if it does we expect the effect to
be small. The duration of each turn-off event is much shorter

than the update time of the liquid mass flow controller (50
ms). The controller would not respond fast enough to over-
power the turn-off events. If anything, the turn-off behaviours
may have a small effect on the average liquid flow rate. The
high-speed videos for all the flow cases mentioned in Table II
can be found in Liang, Johansen, and Linne 4 .

Turn-off behaviour has not been reported by other re-
searchers mentioned in Sec. I, since their central liquid jets
were turbulent. They observed hollow-cone spray structures
instead, which was not observed in this work. An equilibrium
among the static pressure, the kinetic energy of the liquid jet
and gas flow, and the ambient pressure should be achieved
to sustain the hollow-cone spray structure2,10. However, in
the present study, the kinetic energy inside the central lami-
nar water jet is not high enough to fulfil that requirement, and
as a result for the high swirling flow cases (S ≥ 2.5), the up-
ward air flows with high momentum tend to momentarily stop
portions of the central laminar water jets from exiting instead.

IV. CONCLUSIONS

The goal of the work reported here, together with that of
Liang, Johansen, and Linne 2 , is to develop a comprehensive
database for spray formation caused by shear forces, in part
by removing turbulence from the liquid jet. In order to inves-
tigate how the strength of the air swirl influences spray for-
mation, air swirl is introduced into the annular air flows using
four-vane swirlers with S in the range of 0.3− 3.9. PDI was
utilised to measure the droplet size and velocity distributions.
High-speed shadowgraphy was utilised to visualise the spray
behaviour, and the turn-off behaviours were observed for the
high swirling flow cases (S ≥2.5). POD was performed on the
shadowgrams to study the underlying mechanisms behind the
turn-off behaviour. The droplet size and velocity distributions,
results of the POD analysis, and high-speed videos for all the
flow cases, are stored in the online database4. The following
statements are concluded from the measurements.

1. As S increases, the atomization of a central laminar wa-
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FIG. 7. Axial velocity distributions of droplets for S = 0−3.9 at y = 5Dl .

ter jet is improved in a way that the droplets are blown out-
ward from the central axis of the nozzle, which is consistent
with what Hardalupas and Whitelaw 12 found when they in-
vestigated the breakup of a turbulent jet by a coaxial swirling
air stream. However, in the present study, for the coaxial jets
within bag breakup regimes with Rel = 438 and S in the range
of ∼ 0−0.3, D was found to be not related to S. For the coax-
ial jets within fiber-type atomizaton regime or on the boundary
of fiber-type atomization regime with Rel = 438 and S in the

range of ∼ 0.8−3.9, D was found to be not related to S. For
S ≥ 0.3, upward motion of droplets located at the central axis
of the nozzle was observed, which was caused by recirculating
air flows.

2. When S increases to 2.5, recirculating air flows start to
penetrate to the water tube, which momentarily stops portions
of the central laminar water jets from exiting. This is called
the turn-off behaviour. The timing of turn-off initiation is ran-
dom.
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FIG. 8. Radial velocity distributions of droplets for S = 0, 0.8, 2.5 and 3.9 at y = 5Dl .

FIG. 9. Shadowgrams that reveals the turn-off behaviour (S = 3.9, WeA = 282). (a) Turn-on condition. (b) Turn-off condition.

ACKNOWLEDGMENTS

This work was supported in part by EPSRC grants number
EP/P020593/1 and EP/P011438/1.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study
are openly available in Edinburgh DataShare at
https://doi.org/10.7488/ds/34784.



14

FIG. 10. First four POD modes for case 12 (S = 2.5, WeA = 440). The singular value distributions of the first (ε1), second (ε2) and third (ε3)
modes are 0.0063, 0.0047, 0.0031 and 0.0026, respectively.

FIG. 11. First four POD modes for case 15 (S = 3.9, WeA = 282). The singular value distributions of the first (ε ′1), second (ε ′2) and third (ε ′3)
modes are 0.0166, 0.009, 0.0082 and 0.0065, respectively.
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