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In many combustion and agricultural applications atomizers are used to increase the
surface area of the liquid to ensure high rates of mixing and improve evaporation. The
most common, simple, and reliable atomizer is the pressure swirl atomizer. This atomizer
is said to have quality and effective atomization compared to others and induces swirling
motion to the liquid and gives a hollow cone spray with air core as it emerges from the
exit orifice. To enhance the understanding and prediction of the atomizing characteristics
various atomization models are used and need to be investigated experimentally. This
paper presents a validation of the Σ−Yliq atomization model of two-phase flow in a
pressure swirl atomizer using commercial CFD star-cd code and laser-diffraction based
drop measurements. To obtain the best results for the droplet mean diameter between
the prediction and the experiment in terms of turbulence different k-e models were
evaluated. The results show that the computational predictions of Sauter Mean Diameter
(SMD) for the model have a good agreement with most of the experimental
measurements in the radial positions when standard k-ɛ turbulence was used. However,
more divergence was observed between the predictions and the experimental
measurements when the RNG and Realizable k-ɛ turbulence models were used in the
predictions. It was also observed that the model has good agreement with the mean
droplet measurements on the spray centreline and radial axis with a percentage error of
less than five percent.

Keywords: Pressure Atomizer Swirl, Atomization Model, Sauter Mean Diameter
(SMD), Validation

1. INTRODUCTION
Pressure swirl atomizer also known as simplex atomizers are of different types
ranging from plain orifice to dual orifice atomizers. The fundamental principle of
this atomizer is that liquid is induced in the tangential ports and the combination of
the swirling and the translation motion of the liquid result in the liquid leaving the
exit orifice as a hollow cone sheet with the formation of air core in the centre. The
hollow cone sheet disintegrates into ligaments and then forms droplets Lefebvre et
al. (2017), Rashad et al. (2016), Cui et al. (2017). Liu et al. (2019) and Malý et al.
(2018) studied the motion of liquid in the pressure swirl atomizer and indicate that
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the flow mechanism inside and outside the atomizer is complex and not well
understood. Amongst several causes, factors such as the operating condition, design,
and size of the atomizer tested, complex atomization process, as well as limitations
of drop measurement instrument and techniques are very key considerations. In
terms of design, the pressure atomizer has inlet ports, swirl chamber, and an outlet
orifice. The tangential inlet ports are of several channels and designs and introduce
liquid fuel to the swirl chamber which imparts swirl energy to the liquid fuel and
also contains air-core vortex. In this chamber, a portion of the swirl motion of the
liquid is converted to axial velocity for the liquid to emerge as a hollow cone spray.
The outlet orifice has contraction or convergence and contains holes for the liquid
to be discharged Dafsari et al. (2017), Liu et al. (2017).
In these parts of the pressure swirl atomizer, the pressure exerted on the wall
by the liquid, the tangential and the axial components of the velocity, and air-core
characteristics are some of the important parameters analysed. These parameters
significantly affect the discharge coefficient at the exit orifice, mean droplet sizes
and distribution, spray cone angle, velocity distributions, and the liquid film
thickness of the spray emanating from the atomizer. Several researchers including,
Hu et al. (2019) and Wu et al. (2020), Shin et al. (2019), Ortman and Lefebvre (1985),
and Zhang et al. (2017) and Dafsari et al. (2019) studied the influence of injection
pressure on spray cone angle. The results obtained show that within a given range
of injection pressures, the equivalent spray angle is inversely related to the change
in pressure. Ortman and Lefebvre also show that starting from atmospheric
pressure, the spray cone angle first widens and then contracts with increases in the
liquid pressure. The most common research on a pressure-swirl atomizer is the
influence of pressure on the mean drop size. Several researchers including Lefebvre
and Wang (1987), Belhadef et al. (2012), and Emekwuru and Watkins (2010) did
extensive work in this regard. They show that the mean drop sizes emanating from
the pressure-swirl atomizer decrease with increasing pressure. It is also observed
that within the swirl chamber the pressure is constant but decreases sharply in both
the convergence zone and the outlet orifice. The liquid velocity which has axial,
tangential, and longitudinal components also depend mainly on the injection
pressure and affect the degree of atomization Khani et al. (2020). The internal
characteristics and the nozzle dimensions are not the only factors that govern
atomization performance. Other factors relating to the liquid and ambient gas
properties also affect greatly the mean droplet size and distribution. The
instabilities and break-up of the liquid sheet are promoted by the gas density due to
aerodynamic interaction but prevented by the liquid properties such as surface
tension and viscosity. The ambient gas varies widely in pressure and temperature
and influences strongly the mean droplet sizes and the spray angle. it is indicated
that the ambient gas increases with decreasing spray angle until a maximum spray
value is reached which does not affect the spray angle. Due to the higher inertia of
the liquid phase, liquid density also alters the performance of the atomizer and the
atomization characteristics, and it has been shown that its effect on the mean
droplet size is quite minimal Lefebvre and McDonell (2017). In many studies, the
liquid viscosity is the most important liquid property analysed in this atomizer. As
indicated by Lefebvre although its influence on atomization is not that significant as
the surface tension, however, its relevance is because it does not only influence the
mean drop size and distribution but flow rate and the spray formation as well. A
key effect of increase in liquid viscosity is its reduction influence on the Reynolds
number and the prevention of liquid sheet natural instability and break up. The
overall effect is that it delays the disintegration of the liquid jet or sheet and
increases the droplet sizes in the spray.
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However, in a pressure swirl atomizer, a slight rise in the viscosity maximizes
the flow rate which is achieved by increasing the liquid film thickness in the
discharge orifice which in turn makes the effective flow area to be raised. But
beyond the optimal liquid viscosity, this trend changes and the flow rate reduce with
increase in liquid. The liquid flow rate does not only depend on the liquid properties
but also on the geometrical sizes and the pressure difference across the atomizer
Wimmer and Brenn (2012). Beheshti et al. (2007) assessed Ʃ −Y model in an airassisted atomizer and predicted the effects of liquid properties and injection
regimes on the atomization quality It was shown that the model predictions and
experimental data have a good agreement for a wide range of variations of density
and surface tension of the liquid as well as the injection regimes for liquid and gas
jet exit velocities. They noted however that the model is limited in the fact that it
only attempts to resolve the Sauter mean diameter (SMD) and as such is unable to
resolve effects caused by a wide distribution of droplet size in polydispersed sprays
such as ballistic drop spreading. They concluded that this is acceptable in the
current application because existing experimental data for gaseous and aerosol jets
show a lower spreading rate for an increasingly heavy central jet suggesting that
variable density effects are more dominant than ballistic spreading Gharbi et al.
(1996), Trask (2010), Beheshti et al. (2007).
In modelling two-phase flow in pressure swirl atomizers using computational
fluid dynamics (CFD) two approaches are commonly used. The Eulerian approach
where the spray is treated as a continuum within the computational flow domain
and the Lagrangian technique tracked the droplets in the flow domain. Lin et al.
(2009) and Xiong et al. (2009) carried out a study on non-swirling effervescent
atomization spray using a combination of a Eulerian k-ɛ turbulence model to
capture the droplets and gas-phase interaction in the secondary break-up and use
the Lagrangian approach to model the disperse droplet phase. In this study, the
droplet velocity is calculated in a far-field using a single-phase approach developed
for high-density variation. In using the Eulerian method to solve two-phase
problems the state equations of each phase are solved and the interaction between
the two phases must be accounted for. This requires complex modelling and a high
number of equations as each fluid is transported Bishop (1975), Drew (1983),
Mirjalili et al. (2017). This work focuses on the entirely one-fluid Eulerian model
which potentially brings the advantage to compute only the transport of one single
fluid with a high-density variation Belhadef et al. (2012). This novel and general
mathematical model developed and presented by Vallet et al. (2001) for an entirely
Eulerian model called the Ʃ-Y atomization model has the potential for all the basic
necessary capabilities. It describes atomization from the first principle. However, its
validation in pressure swirl atomizer is insufficient and has not been demonstrated
well enough at the time being and therefore needs further research and
improvement.

2. MATERIALS AND METHODS

The experiment was performed using the Malvern Spraytec drop measuring
instrument as shown in Figure 1. Liquid water in 0.4l container was pumped to the
mainline with the aid of a 240V power source. The speed of the pump was controlled
by a 300W triple source which enables the supply voltage to be varied. In measuring
the mean droplet sizes at the various flow rate, the voltage supplied to the pump
was varied since the flow rate could not be measured directly. The voltages of 0.5, 1,
1.5, 2 and 2.5 were used. The pressure transducer was used to measure pressure
drop across the apparatus and the pressure in the system is detected by a pressure
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sensor which converts it to an analogue signal to be read by the digital multimeter
which then changes back to pressure. The circuit set up for the pressure
measurement apparatus was in the range of 4-20mA containing a 500Ω resistor. The
designed atomizer was clamped to a vertical stand to allow easy changing, and the
liquid was sprayed downwards into the laser beam. The stand was built to
accommodate variations in all directions above the laser beam. To prevent the
deflection and splashback of the liquid absorbent tissue paper was put in the
container.
Figure 1

Figure 1 Experimental Setup

The PFS 1392B1 atomizer used was produced by PNR Ltd which is a nozzle
manufacturing company based in the UK. The specifications of the atomizer are inlet
and exit diameters of 3.7 and 3.5mm respectively with a rated spray angle of 70
degrees and 3.90 per minute as flow rate at 3.0 bar gauge pressure as shown in Table
1. Liquid water was used for the experiment with density, viscosity property values
as 1000 kg/m3, 0.001kg/ms, and 0.072 kg/s2 respectively Crowley et al. (1990)
Emekwuru and Watkins (2010). The parameters of the Malvern instrument are
shown in Table 2.

Table 1

Table 1 Atomizer Specification
Material

Atomizer length
L (mm)

Height H
(mm)

Atomizer Exit
diameter (mm)

Liquid Inlet
diameter (mm)

Stainless
steel

34

24

3.5

3.7

Table 2

Table 2 Spraytec Specification Malvern-Instruments (2007)
Parameter

Value

Laser power
Data acquisition rate
Measurement Time

Max 4mW He-Ne Laser,
10kHz- Rapid mode
1Hz-Continuous mode

30 seconds - Rapid mode

60 minutes -Continuous mode
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Lens Focal Length

300mm and 750mm

System Power

100/240v, 50/60 Hz

Mean drop size range

0.1-2500 um

3. RESULTS AND DISCUSSIONS

Figure 2 shows the graph of turbulent intensity decays along the axial position
by comparing the standard k-epsilon and RNG k-epsilon turbulence models. It can
be observed that the standard k-epsilon model predicted a higher decay in the
average turbulent intensity as compared to RNG k-epsilon. In comparing the two
𝑘𝑘 − 𝜀𝜀 turbulence models, the inlet turbulent intensity was kept constant. In theory,
turbulence is affected by swirl in the mean flow. Since the RNG model accounts for
this rotational motion appropriately by modifying the turbulent viscosity, larger
decay could be counted for and therefore the turbulence in the flow gets uniformly
distributed in the swirl chamber and the computational domain as compared to the
standard 𝑘𝑘 − 𝜀𝜀 model. In Figure 3, it can be seen that 10% of turbulent intensity is
nearer to the experimental data points and the standard k-epsilon model utilize in
this atomization is the best because it tends to produce the smallest SMD and the
best match and configurations with the experimental results when compared to the
RNG and Realizable K-epsilon turbulence models (Figure 4). It is observed that the
turbulent intensity is greater in the periphery of the spray than the center spread of
the nozzle, and this conforms to the observation made by Yoon et al. (2011). This is
due to the droplet which decreases momentum in the outside spray making an
enormous impact by the inflow of surrounding air. Towards the downstream of the
spray, the turbulent intensity gets smaller because the momentum of relative
velocity is sharply reduced and there are less actions of air current for droplet which
is related with the highly small amount of air brought by its surroundings. However,
there were no significant changes in the droplet velocity when the three turbulent
models were compared as shown in Figure 5.
Figure 2

Re=22,500
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Turbulent intensity (%)
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Figure 2 Turbulent Intensity Decays Along the Axial Position by Comparing the Standard and RNG
K-Ε Turbulence Models
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Figure 3
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Figure 3 Effect of Turbulent Intensity on SMD

Figure 4
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Figure 4 Effect of Turbulence Models on SMD at y=60mm

Figure 5
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Figure 5 Influence of Turbulence Models on the Mean Liquid Velocity, Modelling
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Figure 6 shows the comparison of the model with measurements for droplet
Sauter Mean Diameter (SMD) at y=60, 80, 100 and 120 mm. The agreement between
the model and experimental radial profiles at 60 mm downstream of the nozzle is
good. The trend shows that the Sauter mean diameter SMD increases with
increasing radial distances which is qualitatively correct, but the rate of change is
small with the mean diameter of the large droplets found on the periphery of the
spray under-predicted and the small mean drop size at the vicinity of the spray
centreline perfectly predicted. At the axial position of 80 mm from the exit of the
nozzle, the agreement between the Ʃ − 𝑌𝑌𝑙𝑙𝑙𝑙𝑙𝑙 atomisation model and experimental
radial droplet mean diameter distributions is satisfactory with good prediction of
the droplet size at the spray periphery but higher than the value predicted at
position 60 mm axial distance from the nozzle exit. The rate of increase of droplet
size with radial distance is correct and the size of the largest droplet at the spray
periphery is well predicted. There is also a good agreement between the radial
positions at 100 mm downstream of the nozzle for the model and the measurement
with the droplet SMD having a slight under-prediction of less than an average of 3%.
The result at this axial position also shows that most of the predicted SMDs near the
inner region of the spray are below the experimental values. In addition, the SMD
increases at similar rates with radial distances for both results at this axial position.
The radial profiles for the mean droplet sizes (SMDs) between the calculations and
the experiments at the axial position 120 mm from the exit of the nozzle are closer
with the SMD being small near the centreline of the spray and SMD reasonably
predicted. The trend of increasing droplet size with radial distance is observed and
agrees with the work of many researchers in predicting the mean drop sizes from a
pressure swirl atomizer Lefebvre and Wang (1987), Emekwuru and Watkins
(2010). The mean drop diameter of the experimental results of the largest droplet
at the periphery of the spray is higher than its predicted values. However, the SMD
at a radial distance near the spray centreline is closely predicted in relation to the
measurements. The more uniform and continuously increasing Sauter mean
diameter with radial distance may be attributed to the farthest axial distance from
which the drop sizes were measured and may also be due to the coalescence of
smaller droplets and this has been accounted for in the model. The small drop sizes
observed around the spray symmetry axis may be attributed to collisions between
the liquid droplets and aerodynamic drag interactions with the entrained air as a
result of the hollow cone spray pattern emanating from the nozzle Lefebvre and
Wang (1987). The collisions result in unstable interactions between the drops and
in turn lead to the breaking down of droplets smaller than their original sizes. This
is also supported by the observation made by Yoon et al. (2011) that the separation
of small droplets near the centreline arises due to the complex interaction between
fluctuating turbulent length scales and air entrainment. This causes the mean gas
motion to drive the smaller droplets towards the centreline of the spray. Larger
droplets follow more ballistic trajectories subject to initial velocity vectors resulting
from the liquid sheet breakup process and turbulent dispersion since they are not
affected much by the air entrainment. However, in the downward part of the spray,
the inward entrainment velocities are decreased to the point where smaller droplets
are significantly dispersed from the centre line. Overall, the computational
predictions of SMD for Ʃ − 𝑌𝑌𝑙𝑙𝑖𝑖𝑖𝑖 atomisation model shows a very good agreement
with most of the experimental measurements in the radial positions when standard
k-ɛ turbulence was used. However, more divergence was observed between the
predictions and the experimental measurements when the RNG k-ɛ turbulence
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model and Realizable k-ɛ turbulence model were used in the predictions as shown
in Figure 7 and Figure 8.
Figure 6

Figure 6 Validation of Droplet SMD, Model with Experiment, Standard k-ɛ Turbulence Model
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Figure 7

Figure 7 Validation of Droplet SMD, Model with Experiment, RNG k-ɛ Turbulence Model
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Figure 8

Figure 8 Validation of Droplet SMD, Model with Experiment, Realizable k-ɛ Turbulence Model

Figure 9 illustrates the validation of the model with the experimental results on
the spray centreline. It can be observed that the model has good agreement with the
measurements with a percentage error of less than an average of 5% between the
model and the experiments at axial distances of 60 mm and 120mm. Better
predictions are observed at axial distances 80mm and 100mm. Figure 10 shows
more clearly how sensitive SMD is to the pressure differentials. This is because as
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pressure increases the faster maximum growth rate of the liquid film occurs and will
lead to the linear stability of the surface wave of the thread film getting worse. So,
the interaction between the liquid phase and the gas phase becomes stronger and
the film can break up more easily. This will make the droplet SMD get smaller as
pressure increases.
Figure 9
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Figure 9 Validation of SMD at Spray Centre Axis, Model, and Experiment

Figure 10
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Figure 10 Effect of Pressure on SMD, Model and Experiment
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4. CONCLUSIONS
A validation of mean drop sizes at both centreline and radial positions was
performed using laser-diffraction-based drop size measurement and Ʃ −
𝑌𝑌𝑙𝑙𝑙𝑙𝑙𝑙 atomization model. It is shown that the model predictions have good
agreement with the experimental measurements when standard k-ɛ turbulence was
used. The experimental results are also consistent with the model predictions when
the effect of pressure differential on the SMD was analysed. In all, it can be concluded
that the computational predictions of SMD for the Ʃ − 𝑌𝑌𝑙𝑙𝑙𝑙𝑙𝑙 atomization model shows
good validation with the experimental measurements.
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