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ABSTRACT

This article proposes a model framework coupling in-nozzle flow and external spray and presents its application to the simulation of a com-
mercial pressure-swirl atomizer, focusing on the transient characteristics of the internal flow and subsequently the impact on the spray char-
acteristics. High-fidelity in-nozzle simulation of the liquid–gas interactions is performed using the volume-of-fluid (VOF) method. Then, a
corresponding Lagrangian simulation of sprays is performed where the parcels are injected using the information from the VOF predictions
instead of phenomenological models. Both the internal flow and the spray are compared to the experimental data that are available in the lit-
erature, and satisfactory agreement is obtained in terms of the in-nozzle velocity, film thickness, and Sauter mean diameter. The effect of the
different liquid properties and geometric features on the air–core formation, and consequently, on the spray characteristics have been
obtained directly through spray simulation coupled with nozzle flow. As indicated by the Eulerian simulation results, the viscosity plays a key
role in the formation of the air core, as the hollow-cone shape can degenerate into a solid cylindrical liquid jet under high viscosity condi-
tions. Additionally, significantly distinct spray characteristics in terms of droplet velocity, mean diameter, and penetration were predicted
depending on the formation of air core. Even if there is no stable air core in the nozzle, the spray is still discharged in a swirling motion. As
opposed to the converging angle and orifice length, the nozzle diameter has a direct correlation with the formation of air core and spray
atomization. This study implies that the in-nozzle flow field, which is usually ignored in fuel spray simulation, has a substantial impact on the
spray characteristics and should be taken into account for design optimization by applying the developed one-way coupling approach.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0194007

I. INTRODUCTION

Pressure-swirl (PS) atomizers are widely used in gas turbine
engines,1 internal combustion engines,2 spray cooling,3 and other
industrial applications4,5 due to the simple structure and excellent
atomization performance. The basic structure of PS atomizer usually
consists of several tangential ports, a swirl chamber, a convergent sec-
tion, and an exit orifice. Typically, the liquid enters the swirl chamber
via tangential ports where it gains high swirl velocity. The swirling liq-
uid is accelerated while flowing through the convergent section.
Furthermore, the air core can be formed under specific conditions, and
then the liquid sheet goes through primary breakup and secondary
breakup to form disintegrated liquid droplets. Despite the simple

geometry, the in-nozzle flow is complex and impacted by a number of
factors such as liquid properties, nozzle structures, flow field and pres-
sure distribution especially at nozzle exit, which are essential in deter-
mining the spray atomization process.

Numerous studies have shown that the nozzle geometry directly
affects the in-nozzle flow and subsequently the spray characteristics.
Experiments such as that conducted by Halder et al.6 on 21 transpar-
ent PS atomizers have shown that the Reynolds number and the nozzle
geometry can affect the shape and the size of a fully developed air core.
Cui et al.7 conducted a study examining the impact of geometric devia-
tions in orifices. The in-nozzle flow was visualized and examined how
it impacts the spray characteristics, showing that the smaller cylindrical
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nozzle has inhibitive effect on air–core development. Wei and Yong8

analyzed the impact of geometrical variations on Sauter mean diameter
(SMD) among 18PS atomizers, showing that the SMD increases with
the increase in tangential port area. It was also found that the smaller
the spray cone angle and the thicker the film at the injector exit, the
larger the SMD.

Computational fluid dynamics (CFD) plays a vital role in reveal-
ing the complex phenomena at in- and near-nozzle dense regions of
atomizers, especially for realistic small-scale nozzles that are challeng-
ing for optical diagnostics. Volume of fluid (VOF) methods can be
employed to simulate two-phase flow and sprays which solve the
transport function of void fraction and construct the interface between
liquid and gas using either piecewise linear interface construction
(PLIC)9 or high resolution interface capturing (HRIC) scheme.10 Liu
et al.11 employed a VOF method to predict the perforation disintegra-
tion process and atomization characteristics of the swirl liquid sheet.
However, these approaches usually need micro-level refined mesh res-
olution to capture the air–core interface and resolve the disintegrated
liquid droplets, which are prohibitively expensive in computational
resources for simulation of full-scale spray and combustion problems.
To address these challenges, the discrete droplet method (DDM) has
been developed and used for decades12,13 to model the process of liquid
spray atomization. In this approach, liquids are grouped and repre-
sented by Lagrangian parcels. The primary breakup of the intact liquid
core and the secondary breakup of the drops can be modeled by meth-
ods such as Kelvin–Helmholtz (KH), Rayleigh–Taylor (RT), Taylor
analogy breakup (TAB), and so on. Sim et al.14 applied the Lagrangian
discrete parcel model to simulate outwardly opening injectors and per-
formed detailed analysis on the aerodynamic breakup process of a
hollow-cone spray. However, the initialization of the injected parcels is
usually based on semi-empirical models or experimental measurement
data and neglects the impacts of in-nozzle flows, which considerably
reduces the predictability of the model.

It is generally understood that the Eulerian–Eulerian approach
can provide detailed information of the two-phase flow yet it is more
expensive than Eulerian–Lagrangian approach. Therefore, coupling
these two approaches for spray simulation is promising because it could
take advantage of both. One type of approaches coupling Eulerian and
Lagrangian framework is Eulerian–Lagrangian spray atomization
(ELSA). In this approach fully Eulerian (mixture multiphase) is applied
in the near-nozzle regions while farther downstream the framework
switches to Eulerian–Lagrangian. Different models based on Eulerian
framework for atomization have been studied, e.g., the R–Y model pro-
posed by Vallet et al.15 can be applied to simulate near-nozzle dense
regions. Later on, Demoulin et al.16 coupled the R–Y model with a
Lagrangian description of the spray, wherein the primary breakup is
achieved. The transition from the Eulerian solution to Lagrangian sim-
ulation downstream is performed based on the interface surface den-
sity. Hoyas et al.17 employed ELSA model to simulate the whole spray
evolution and accurately captured many of the most important charac-
teristics of the spray, such as penetration and the axial velocity. This
coupling approach simulates both continuous phase and discrete phase
fluids simultaneously, hence can be referred to as an online coupling
approach. This approach can extend the physical length scales while
maintaining accuracy during the whole spray simulation. However, the
step for time-marching for the online coupling approach is still limited
by the Eulerian simulation (10�9 to 10�8 s), while typical full-scale

spray and combustion simulation with the Lagrangian approach usu-
ally use large time step (10�7 to 10�6 s). Thus, it remains challenging
for the online coupling approach to extend into efficient simulations of
realistic spray combustion problems.

On the other hand, an off-line one-way coupling approach was
developed18 by employing the in-nozzle simulation result as an input
for the following Lagrangian spray simulation, and it produced better
predictions for the near-nozzle dense mixture distributions.19,20 Most
of studies within this topic concentrated on the sprays from the engine
combustion network (ECN). Wang et al.21 conducted the diesel spray
simulations coupled with cavitating flow, showing that compared to
the conventional rate-of-injection (ROI) simulation, the spray struc-
ture of coupling simulation appeared asymmetric characteristic with
much larger spray cone angle and shorter spray penetration. Al-lehaibi
et al.22 investigated the spray and combustion characteristics of the
Spray A, C, and D injections using the one-way coupling approach in
commercial software CONVERGE.18 The simulation results agree well
with the experimental data in terms of the projected density, mass flow
rates, spray penetrations, mixture distributions, and ignition delays.
Nocivelli et al.23 simulated the ECN Spray G using a homogeneous
relaxation model (HRM) to predict the in-nozzle flow, which was then
used to initialize Lagrangian spray simulation. The results show that
one-way coupling model can capture the correct spray spatial and tem-
poral evolution of the liquid jets at fully open needle conditions but
lack accuracy in the injector opening and closing transients.

The application of one-way coupling approach to the simulation
of PS atomizers is so far still rare to see. In fact, the commercial imple-
mentation such as the one in software CONVERGE is only suitable for
solid cone sprays and cannot be directly applied to hollow cone sprays
generated from PS atomizer. Ju et al.24 attempted to model a PS atom-
izer with the one-way coupling approach. In their work, a mixture
model is used and an effective liquid film is defined, but the results
show that the spray cone angles are underestimated. Therefore, the
one-way coupling approach still requires further development to be
applied to PS atomizer sprays with hollow cone structure.

In this study, a high-fidelity simulation of the liquid–gas interac-
tions within the PS atomizers is performed using the volume-of-fluid
(VOF) method coupled with the Geo-reconstruct method. Then, a
novel Euler–Lagrangian one-way coupling method was developed for
PS atomizers, wherein the injected parcels are initialized using the data
from high-fidelity nozzle flow simulation instead of phenomenological
models. Both the internal flow and the spray characteristics are com-
pared with the experimental data available in the literature, and satis-
factory agreements are obtained since the one-way coupling approach
has the advantage over traditional Lagrangian model for prediction of
spray distribution at the nozzle exit. Furthermore, the effects of multi-
ple parameters on the air–core formation and subsequently on the
spray characteristics have been obtained directly through spray simula-
tion coupled with nozzle flow.

II. NUMERICAL METHODS
A. In-nozzle flow field model

The VOF method25 is applied to solve the gas–liquid two-phase
flow within the PS atomizer and the near-nozzle dense spray. In this
method, both fluids are assumed to be incompressible and resolved on
a computational mesh. The velocity difference across the interphase
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inside a single computational cell is neglected. The government equa-
tion reads as follows:

q
@u
@t

þ u � ru

� �
¼ �rpþr � lruþ lðruÞT

� �
þ rjdSn; (1)

where l is the velocity field, q is the density, p is the pressure, l is the
viscosity, r is the surface tension, j is the local interface curvature, dS
is a Dirac distribution concentrated at interface S, and n is a unit vector
normal to the interface. The surface tension term is modeled with the
continuum surface force model. In a cell where both phases exist, the
following equation holds:

q ¼ qlaþ qgð1� aÞ; (2)

l ¼ llaþ lgð1� aÞ: (3)

The subscripts g and l indicate gas phase and liquid phase, respectively;
a is the void fraction in a cell. In the VOF method, the transport equa-
tion for a is solved for the two-phase immiscible incompressible flows

@a
@t

þ u � ra ¼ 0: (4)

In addition, the piecewise-linear interface calculation (PLIC)
scheme is applied to capture the sharp interface between air–liquid
interactions. A Pressure-Implicit with Splitting of Operators (PISO)-
based scheme is used for solving the pressure–velocity coupling. A
laminar flow regime is assumed since the swirl dominant flow itself
tends to luminaries the flow, as indicated by Chinn et al.26 The
second-order upwind scheme is used to discretize the convective
terms, and the first-order temporal discretization with Courant num-
ber of 0.15 is used to ensure stability.

B. One-way coupling model

The main idea of the one-way coupling method is to compute the
internal flow using the VOF method, and the data of flow conditions
of both phases near the nozzle orifice are recorded at a user-defined
time frequency. After the VOF simulation is finished, a corresponding
EL simulation of sprays in a large domain is performed, and the parcels
are injected using the information from the VOF simulation. In the EL
framework, the liquid film of the spray is described through a series of
blobs (also called ligaments), while droplets are subsequently detached
downstream. The approach is already known for engineering and
widely used in literatures.27–30 The EL simulation is performed using

CONVERGE 3.0 leveraging its advanced meshing ability for complex
geometry.

The schematic of the one-way coupling model is shown in Fig. 1.
First, the cell information on the cross section near the nozzle exit,
including the nozzle diameter, the mass flow rate of each phase across
the interface, the cell centroid coordinates, the cell velocity in x, y, and
z directions, the volume fraction of the liquid phase of the cell, the
derived contraction coefficient Ca and other variables are recorded at a
fixed time step.

The transition of continuous liquid into discrete parcels employs
the approach introduced in CONVERGE manual18 as follows.

(1) At a given step, if the cells with a liquid volume fraction greater
than the user-defined threshold, at least one particle will be ejected
at the corresponding position. Otherwise, the cells with a liquid
volume fraction smaller or equal to the threshold will not inject
any parcels due to the very small amount of liquid fuel.

(2) Traverse the liquid volume fractions of all grids in the map, and
sum the liquid volume fraction which greater than the threshold.

(3) Divide the time-integrated total liquid mass across the region
interface by the sum of the acceptable liquid volume fraction
determined in step 2. The result is the mass per unit volume
fraction and guarantees that cells with larger liquid volume frac-
tion do inject more mass.

(4) Multiply the mass per unit volume fraction by the liquid volume
fraction of each cell, and the result is the mass that needs to be
injected into each cell.

(5) The injected parcel position will be perturbed using random
numbers and limited inside a box with length, width, and height
of dx, dy, and dz, i.e., inside the VOF grid.

For the hollow cone spray, the derived contraction coefficient Ca
is calculated through Eq. (5) to ensure that the initial parcel diameter is
equal to the liquid film thickness at the nozzle exit. R and r are the
radius of orifice and air core, respectively. do and D are the diameter of
parcels and orifice, respectively. The cross-sectional area of the air–
core is assumed to be circular, allowing for the determination of r
through the accumulation of the cell areas where the liquid volume
fraction remains below a specified threshold

Ca ¼ 1
4

R� r
R

� �2

; (5)

do ¼
ffiffiffiffiffiffi
Ca

p
� D: (6)

FIG. 1. Schematic of the one-way coupling model.
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According to Gao et al.,31 for the hollow cone spray, the Kelvin–
Helmholtz Rayleigh–Taylor (KH–RT) model32 performs better at
above-atmospheric pressure conditions, while the linear instability
analysis and Taylor analogy theory (LISA-TAB) model gives relatively
better predictions for the atmospheric pressure condition. In this
study, the KH–RT model (shown in Fig. 2) is adopted for the primary
and secondary breakup considering the potential application of the
developed model for realistic combustion problem. Once blobs are
started, the aerodynamic instabilities (i.e., KH waves) are responsible
for the primary breakup of the injected parent liquid blobs. Child
drops are created during this process with the radius of new droplets
rc ¼ B0KKH and the breakup time sKH ¼ 3:788B1D =XKHKKH , where
sKH andKKH are included in the following equations:

XKH ¼ 0:34þ 0:38We1:5

ð1þ OhÞ 1þ T0:6ð Þ
ffiffiffiffiffiffiffiffiffi
r

qdr3

r
; (7)

KKH ¼ 9:02r
1þ 0:45

ffiffiffiffiffiffi
Oh

p� �
1þ 0:4T0:7ð Þ

1þ 0:865We1:67ð Þ0:6 ; (8)

where Oh ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Wel=Rel

p
is the Ohnesorge number and T ¼ Oh

ffiffiffiffiffiffiffiffiffi
Weg

p
is the Taylor number. The secondary breakup of these drops is mod-
eled by comparing the competing effects of the KH and RT mecha-
nisms. In addition to the models mentioned above, the Lagrangian
spray simulation also features the Frossling evaporation model33 and
the no-time counter (NTC) particle collision model34 that have previ-
ously been successfully applied in combustion engine simulations.

C. Geometry and boundary conditions

The nozzle geometry and mesh scheme of the in-nozzle compu-
tational domain are shown in Fig. 3. For the whole domain, the hexa-
hedral cells are generated, and fixed embedded are applied
surrounding the central axis to increase grid resolution within the gas–
liquid two-phase flow region. Both the length and diameter of the ori-
fice are 0.6mm. The inlet boundary is set as velocity inlet to ensure a
fuel mass flow rate of 18.5 kg/h, while the outlet is set as pressure outlet
at 1.0 bar. No-slip conditions are applied to the walls.

To validate the numerical model, two other PS atomizer geome-
tries are modeled and investigated numerically, which are a large-scale
transparent nozzle by Maly et al.35 and a real size metal nozzle by
Jedelsky et al.36 The two nozzles will be used to valid the in-nozzle flow

and spray breakup, respectively, and note that the detailed in-nozzle
experimental measurements are only available in large-scale nozzle.
Figure 4 shows the computational domains of the nozzles for model
validation. Both nozzles have three tangential inlet ports which are
evenly distributed. The large-scale nozzle has a straightly converging
section, while the real size one has a hemispherical-shaped swirl cham-
ber. All the dimensions of the two nozzles are reported in Table I.

The operating fuels for three nozzles are p-cymene, jet A-1, and
diesel, respectively, as seen in Table II. More details about the experi-
mental setup can be referred to Refs. 35 and 36.

The computational domain of the external spray is shown in
Fig. 5. The diameter of cylindrical computational domain is 80mm,
with a height of 40mm. The in- and near-nozzle flow results serve as
boundary conditions for the external spray simulation; thus, there is
no need to define nozzle positions, flow coefficient, rate of injection
(ROI) profile, and so on. The side and bottom of domain are set as the
pressure outlet condition, while the top surface is considered fixed
wall. The temperature and pressure of entire domain are 300K and
1.0 bar, respectively, which are the same as experimental values.

III. MODEL VALIDATION
A. Test of grid independence

For grid-dependency study, one of the key parameters for nozzle
flow is the number of mesh cells across the exit orifice which
determine the accuracy of the air–core dimension. Ghate and
Sundararajan37 suggest a mesh with roughly 26 cells in orifice diameter
do, while Galbiati et al.38 found grid independence for a much finer
mesh, approximately 40 50 cells in orifice radius ro. In this study, pre-
dictions of volume fraction and velocity magnitude at 0.1mm
upstream of the nozzle exit using fine, medium, and coarse meshes are
presented, corresponding to the black, red, and blue lines in Fig. 6. The
total number of cells for the three mesh schemes is 4 695042 cells,
2 502 366 cells, and 906 321 cells, corresponding to 27, 22, and 16 cells
in ro, respectively. It is seen that at a quasi-steady state, the trend of
velocity and volume fraction is basically the same under three meshes.
In the central air–core region of the nozzle, the velocity magnitude pre-
dicted by the three meshes shows negligible difference. In the gas–
liquid two-phase region, the coarse mesh (represented by the black
line) predicted a deviation in the volume fraction due to the presence
of the large velocity gradients. In other words, the coarse mesh

FIG. 2. Schematic of the modified KH–RT spray breakup model.
FIG. 3. The computational domain scheme of pressure swirl atomizer (a) geometry
scheme and (b) mesh scheme.

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 36, 033314 (2024); doi: 10.1063/5.0194007 36, 033314-4

Published under an exclusive license by AIP Publishing

 08 April 2025 05:40:49

pubs.aip.org/aip/phf


underpredicts the diameter of air core due to poor resolution, while
the distributions of volume fraction predicted by the medium and fine
meshes are almost the same. Therefore, the mediummesh with a mini-
mum size of grid of 13.64lm is adopted for subsequent in-nozzle

FIG. 4. Computational geometry of (a) the large-scale transparent nozzle and (b) the real size metal nozzle.

TABLE I. Geometric details of nozzles for validation.

dc do hp hc lo lp bp rc lc

Milan et al. 29.1 4.58 3.85 12.5 1.8 15.2 6.3 … 8.5
Jedelsky et al. 3 0.45 0.5 1.1 0.2 0.8 0.33 1.5 …

TABLE II. Operating conditions and relevant fuel properties for testing cases.

Large
scale

Real size
nozzle

This
study

Fuel P-cymene Jet A-1 Diesel
Fuel density (kg/m3) 848 795 848
Fuel viscosity (kg/m s) 0.000 85 0.0016 0.0027
Surface tension (kg/s2) 0.028 0.029 0.028
Injection velocity magnitude (m/s) 0.41 5.15 7.19
Ambient pressure (bar) 1.0 1.0 1.0

FIG. 5. The computational domain scheme of external spray.

Physics of Fluids ARTICLE pubs.aip.org/aip/pof

Phys. Fluids 36, 033314 (2024); doi: 10.1063/5.0194007 36, 033314-5

Published under an exclusive license by AIP Publishing

 08 April 2025 05:40:49

pubs.aip.org/aip/phf


simulation in order to achieve balance in computational cost and pre-
diction accuracy.

Likewise, the grid dependency also plays an essential role for
Eulerian–Lagrangian spray approach. The interaction of air–liquid
phase cannot be accurately accounted for if using a coarse mesh, and
the liquid penetration length (LPL) is typically under-predicted when
there are too many injected parcels in a cell.39 In order to determine
the best mesh size for external spray simulation, a grid sensitivity test
is also conducted after the in-nozzle flow simulation. Six mesh resolu-
tions were tested using adaptive mesh refinement (AMR) which is
applied to the velocity field. AMR is activated when the sub-grid veloc-
ity fluctuations rise above 0.1m/s. Fixed grid embedding was also
applied near the nozzle exit to increase grid resolution in the spray
dense region. Figure 7 shows the grid dependency of the liquid pene-
tration prediction. The predicted LPL was defined as the distance from

the nozzle exit to the location when 95% of the total liquid mass was
encompassed. With a grid size larger than 0.5mm, the LPL is notice-
ably under-predicted. For cell sizes 0.25mm and finer, the LPL predic-
tion converges and is grid-independent. Therefore, it is concluded that
an AMR mesh with a minimum cell size of 0.25mm is sufficient to
achieve grid-independence with acceptable computational cost. In
addition, the sensitivity of parcel number is also tested by doubling the
mass per parcel, and the results show that the parcel number effect on
LPL is marginal as indicated by the comparison between the red line
and the orange line in Fig. 7.

B. In-nozzle flow model validation

To verify the CFDmodels of in-nozzle flow, the large-scale nozzle
shown in Fig. 4(a) was simulated and compared against the experi-
mental results of Maly et al.35 The radius distribution of axial and tan-
gential velocity at axial distances of 11 and 8mm from the atomizer
cap, normalized by the mean velocity within the inlet port (vp), is
shown in Fig. 8. Red lines are the CFD results, which show excellent
prediction of transient behavior, although the peak axial velocity at the
bottom of swirl chamber was slightly under-predicted, as shown in
Fig. 8(c). The tangential velocity increases first and decreases along the
radius outward from the centerline, behaving as a Rankine vortex with
a smooth transition between two flow regimes of free-vortex and solid-
body rotation.40,41

Figure 9 shows the void fraction profile across the nozzle exit ori-
fice and the contour of liquid volume fraction distribution. The air
core is formed near the centerline of nozzle. Iso-surfaces of 0.5 void
fraction are constructed to define the liquid–gas interface. Thus, the
calculated diameter of air core is 0.00269m with a 10.03% error com-
pared to the experimental value of 0.002 99m. By comparing with
experimental results, the accuracy of in-nozzle model is considered
sufficient to capture the liquid–gas interface and is used to study the
effects of operational parameters and nozzle geometry henceforth.

C. One-way coupled spray model validation

An Eulerian in-nozzle simulation of real size PS nozzle shown in
Fig. 4(b) was performed first to determine the near-nozzle boundary
conditions, which was then used in the validation of one-way coupled
spray modeling.

Figure 10 shows the comparison of CFD predictions and experi-
ments for spray tomography and cone angle. The predicted spray cone
angle is 38.4� and exhibits a 2.78% deviation from the cone angle mea-
sured by Jedelsky et al.,36 demonstrating an excellent accuracy of the
developed one-way coupled spray model in predicting the macroscopic
spray characteristics.

In addition to the comparison of spray cone angle, the distribu-
tion of Sauter mean diameter (SMD) along the radius at an axial loca-
tion of 12.5mm downstream of the nozzle exit is compared and
shown in Fig. 11. The one-way coupled model accurately predicts the
trend of SMD distribution, which initially increases and then slightly
decreases along the radial direction. The value of predicted SMD
matches the experiments very well especially for the spray dense region
although the SMD value in the hollow region near centerline shown by
experiment is not captured by the model. In addition, a numerical sim-
ulation of the external spray under the same conditions was conducted
using the conventional Lagrangian model, shown as the red line in

FIG. 6. The radial distribution of velocity and volume fraction with different mesh
resolutions at 0.1 mm upstream of the nozzle exit.

FIG. 7. Comparisons of liquid penetration length with different mesh resolutions and
larger averaged mass per parcel.
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Fig. 11. Here, a Rosin–Rammler distribution with an initial SMD of
200lm is applied for the injected parcels under constant injection
rate. The half cone angle is set as 39.5� which is obtained from the
experimental data. The constants within the KH–RT model remain
unchanged compared to the one-way coupling model. In the conven-
tional Lagrangian model, the predicted SMD is approximately 2.5
times the experimental values at the same radial position, and the
width of spray distribution is significantly narrower than the experi-
ment. While the results by conventional Lagrangian model can be

definitely improved by model constant tuning, this comparison indi-
cates the superior predictivity of the one-way coupled approach over
the traditional one.

IV. RESULTS AND DISCUSSION

The hollow-cone spray characteristics can be impacted by a num-
ber of parameters such as injection pressure, nozzle structure, liquid
properties, and operating conditions. In this section, the developed

FIG. 8. Comparison of CFD predictions and experiments35 for velocity profiles in the swirling chamber (a) and (c) axial velocity and (b) and (d) tangential velocity.

FIG. 9. The void fraction across the nozzle exit orifice.

FIG. 10. Comparison of CFD predictions and experiments36 for spray tomography
and cone angle (left) experiment (right) simulation. The experimental images
are reprinted with permission from Jedelsky et al., Int. J. Heat Mass Transfer 121,
788–804 (2018). Copyright 2018 Elsevier.
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one-way coupled model is leveraged and parametric study is per-
formed to focus on the formation of air–core inside the nozzle and,
consequently, its effects on external spray characteristics. The investi-
gated operating and geometry parameters are shown in Table III. All
these cases are based on the nozzle shown in Fig. 3. For cases 7–12, the
ambient pressure is set as 7.2 bar to simulate the real pressurized

environment so that the results can provide valuable implications for
spray process characterization and nozzle design in a real gas turbine
combustor. As the orifice length decreases, the convergence angle
increases accordingly from 51.4� to 59.6� keeping other geometry
parameters unchanged. When the nozzle diameter changes from the
baseline of 0.6 to 0.4mm and 0.8mm, corresponding adjustments in
the swirl chamber diameter are necessary to maintain a consistent con-
vergence angle.

A. Effects of mass flow rate

Figure 12 shows the contours of void fraction under different
mass flow rate conditions (4.5, 12.3, and 18.5 kg/h). The air penetration
sustains the conical shape of the liquid film as the diesel mass flow rate
increases. It can be seen that the air core collapses on itself at the small-
est mass flow rate, resulting in a solid cylindrical liquid jet. Due to the
swirl motion, the liquid jet is not entirely straight but exhibits a distinc-
tive crumpled shape similar to findings reported by Di Martino et al.42

The disappearance of air core under diesel mass flow rate of 4.5 kg/h
can be explained by the low Reynolds number at exit. Lee et al.43 sug-
gest that no air core is present inside a swirl chamber under Re � 2550
due to insufficient centrifugal forces. Here, the Reynolds number is
defined as Re ¼ qvd=l, where v and d are the velocity and diameter of
the nozzle exit. When the diesel mass flow rate was 4.5 kg/h and the
flow reached a quasi-steady state, the average velocity at the nozzle out-
let cross section was 6.23m/s, corresponding to Re � 1174, which is
lower than the critical Re required for the formation of an air core.

FIG. 11. Comparison of CFD predictions and experimental SMD radial distribution.

TABLE III. Operational and geometry parameters used in the simulations.

Case Mass flow rate (kg/h) Viscosity (mPa s) Orifice length (mm) Orifice diameter (mm)

1–3 4.5, 12.3, 18.5 2.7 0.6 0.6
4–6 18.5 1.0, 2.7, 10 0.6 0.6
7–9 12.3 2.7 0.9, 0.6, 0.3 0.6
10–12 12.3 2.7 0.6 0.4, 0.6, 0.8

FIG. 12. Spatial distribution of void fraction under different mass flow rate.
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Figure 13(a), the void fraction at 0.1mm upstream of the nozzle
exit, is presented under different mass flow rates. The air core exhibits
an eccentric distribution possibly related to the location of inlet ports.
Furthermore, the radial distributions of average velocities are shown in
Fig. 13, including the absolute velocity (b), tangential velocity (c), and
axial velocity (d). Near the nozzle wall, the fluid velocity is lower due
to the presence of viscous layer. While in the central air core region,
the gas tangential velocity is nearly zero because the air sucked into the
nozzle is driven by the axial pressure difference rather than tangential
force. In the case of lower diesel mass flow rate of 4.5 kg/h where no air
core is established, insufficient internal gas liquid momentum
exchange within the nozzle results in a velocity profile where the cen-
tral region exhibits higher velocity compared to the near-wall region.
The lower jet velocity is unfavorable for the breakup of external spray
which will be shown later. As the diesel mass flow rate increases, the
flow velocities near the nozzle exit also increase especially for liquid
phase in the axial direction.

Furthermore, based on the VOF simulation data, the one-way
coupling simulation for external spray is performed under different
mass flow rates (4.5, 12.3, and 18.5 kg/h), and the results in clip-planes
through the nozzle are shown in Fig. 14. Although a solid cylindrical
liquid jet is observed under the case of 4.5 kg/h, the diesel fuel dis-
charged from the nozzle exhibits a swirling motion and still forms a
hollow cone spray as indicated by the sparse dots in the central region.
At the mass flow of 18.5 kg/h, the spray retains its hollow-cone shape
near the nozzle exit, but small droplets in the far field spread out by
vortex induced by relative velocity difference between injected spray
and quiescent air. In addition, Fig. 15 compares the predicted distribu-
tions of projected density on cross-planes near the nozzle exit and in
the far field. The cross section of the hollow cone is not a regular circle.
Near the nozzle exit, relatively higher density profiles are predicted
near center because of the solid cylindrical liquid jet operating at
4.5 kg/h. In the far field, all cases demonstrate similar results and higher
peak values are found due to the collision and coalescence of droplets.

FIG. 13. The radial distribution of velocity and void fraction near the nozzle orifice under different mass flow rate (a) void fraction, (b) velocity magnitude, (c) tangential velocity,
and (d) axial velocity.
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B. Effects of viscosity

In this section, an evaluation of the effects of liquid viscosity on
in-nozzle flow and external spray characteristics is conducted by using
one-way coupled model. Figure 16 shows the liquid spray pattern
under different liquid viscosity (1.0, 2.7, and 10.0 mPa s), suggesting
the significant sensitivity of air core formation on the liquid viscosity.
At a liquid viscosity of 1.0 mPa s, the air core penetrates the entire noz-
zle and forms an umbrella-like shape at the top. As the viscosity
increases, the in-nozzle air core gradually contracts and disappears.
Unlike the wrinkled liquid film pattern at lower liquid viscosity, the
liquid film at a liquid viscosity of 10.0 mPa s is predominantly smooth,
indicating that the viscosity can suppress not only the formation of air
core but also any disturbance on the liquid–gas interface.

Figure 17 compared the liquid penetration and average SMD at
15mm downstream of the nozzle exit for different viscosity. It can be

seen that the influence of liquid viscosity on the liquid penetration
length is relatively minor, regardless of whether an air core forms
within the nozzle. As the liquid viscosity increases, the delay for drop-
lets to reach the sampled location remains relatively constant, while
the SMD gradually increases. When the liquid viscosity increases from
2.7 to 10.0 mPa s, the SMD is increased by 170%. This is attributed to
the initial diameter of parcels increases with an increased liquid film
thickness near the nozzle exit due to the disappearance of the air core.
In addition, the increased liquid viscosity suppresses droplet disinte-
gration and breakup according to the KH–RT model,32 leading to an
increase in SMD.

C. Effects of nozzle geometry

Figures 18(a)–18(c) show the effects of nozzle geometry including
convergence angle and orifice length (cases 7–9) on the in-nozzle flow

FIG. 14. Spray tomography under different mass flow rate.

FIG. 15. Predicted distributions of projected density of external spray under different mass flow rate.
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characteristics. As the convergence angle increases and the orifice
length decreases, the length of the air core gradually decreases but the
penetration remains slightly greater than the orifice length. There are
asymmetric vortex structures within the air core inside the nozzle as
indicated by the streamlines in Figs. 18(a) and 18(b). The position of
these vortex shifts downstream when the air core tends to collapse on
itself. When the orifice length decreases to 0.3mm, the vortex within
the air core disappears.

In addition, the effect of the diameter of swirl chamber and orifice
(cases 10–12) is shown in Figs. 18(d)–18(f). The spray cone angle
increases with the enlargement of the diameter of swirl chamber and
orifice. At an orifice diameter of 0.4mm, the air core collapses on itself
resembling the low mass flow rate condition in Fig. 12(a). However,
the aerodynamic interactions under high ambient pressures are stron-
ger, leading to a more pronounced collapse of the liquid jet. Despite
the fact that the spray cone angle is zero near the nozzle exit, the swirl-
ing liquid expanded the spatial distribution of the droplets. With an
increase in diameter of swirl chamber and orifice, an air core gradually
emerges and penetrates within the nozzle.

Figure 19 compared the liquid penetration and average SMD at
15mm downstream of the nozzle exit under different nozzle geometry.
Normally, the diameter of a fully developed air core increases with the
shortening of the orifice length.44 However, the air core failed to pene-
trate the entire nozzle under different nozzle geometries in this study,
and the convergent angle also decreases simultaneously with the
decrease in orifice length, leading to a shrinking air core region. When
the orifice length decreased from 0.9 to 0.3mm, the air core gradually
collapsed, resulting in an increase in the calculated Ca from 0.0418 to
0.0488 based on Eq. (5). Therefore, the initial diameter of parcels
which is equal to liquid film thickness increased from 122.67 to
132.54lm. The high ambient gas density intensifies the interaction
between the gas–liquid phases, resulting in minimal discrepancies in
near-field SMD despite the different liquid film thicknesses for various
orifice lengths.

The effect of the diameter of swirl chamber and orifice on exter-
nal spray characteristics (cases 10–12) is shown in Figs. 19(c) and
19(d). The slope of the liquid axial penetration length reflects the axial
velocity of the liquid film as shown in Fig. 18. With an increase in

FIG. 16. Liquid spray pattern using an iso-surface of a ¼ 0:5 under different liquid viscosity.

FIG. 17. Time evolution of (a) the liquid penetration length and (b) SMD under different liquid viscosity.
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orifice diameter, the droplet velocity decreases. The near-field SMD
decreases with the reduction of nozzle diameter. Interestingly, the
nozzle with an absence of air core (do¼ 0.4mm) achieves better
atomization performance, yielding an approximate SMD of 22lm at
a quasi-steady state. This phenomenon is attributed to the signifi-
cantly higher axial velocity of the liquid jet near the orifice compared
to the hollow cone liquid film formed under other nozzle geometries,
which operates at identical mass flow rate. Consequently, this intensi-
fies the interaction between the spray and the high-density ambient
air, resulting in more vigorous breakup and smaller droplet
diameters.

V. CONCLUSION

In this study, a high-fidelity simulation of in-nozzle flow was
performed for a pressure swirl atomizer, employing the VOF method
coupled with the Geo-reconstruct algorithm to capture the sharp
liquid–gas interface on a 13.64-lm-resolution computational mesh.
Then, a novel Euler–Lagrangian one-way coupling method for hol-
low cone spray was proposed, wherein the injected parcels are initial-
ized using the data from high-fidelity nozzle flow simulation. Both

the internal flow and the spray characteristics results were validated
with the experimental data available in the literature in terms of
velocity distribution, liquid film thickness, spray cone angle, and
SMD distribution. For different operation conditions and geometric
parameters, the in-nozzle air core formation and hollow-cone spray
characteristics were examined qualitatively and quantitatively. This
result reveals the importance of in-nozzle flow that is usually ignored
in spray simulations and provides more guidance for the PS atom-
izers design and spray model development. The conclusions are as
follows:

(1) Compared with the conventional Lagrangian spray model, the
developed one-way coupled model exhibits an error of 2.78% in
predicting the spray cone angle, showing comparable predictive
capability. However, the SMD predicted by conventional
Lagrangian spray model is approximately 2.5 times the experi-
mental values. Conversely, the developed one-way coupling
model demonstrates very well predictions especially for the
spray dense region, indicating a considerable enhancement in
prediction accuracy.

FIG. 18. Spatial distribution of void fraction under different nozzle geometry.
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(2) The hollow cone liquid film from a pressure-swirl atomizer can
degenerate into a solid cylindrical liquid jet under specific oper-
ating conditions and the degree of collapse increases with the
increase in ambient pressure. With an increase in liquid mass
flow rate, centrifugal forces gradually overcome viscous forces,
causing ambient air to be drawn into the nozzle without rota-
tional motion. Increasing liquid viscosity suppresses not only
the formation of an air core but also the disturbances at the liq-
uid–gas interface.

(3) When the air core fails to penetrate the entire nozzle under dif-
ferent nozzle geometry, the liquid film thickness gradually
increases. Among these parameter variations (while keeping liq-
uid mass flow rate constant), viscosity plays a vital role in the
formation of the air core compared to pressure difference. As
opposed to the converge angle and orifice length, the orifice
diameter has a direct correlation with the formation of the air
core and spray atomization.
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