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The atomization process of swirling sprays in gas turbine engines has been investigated using a LES-VOF model. With fine grid
resolution, the ligament and droplet formation processes are captured in detail. The spray structure of fully developed sprays and
the flow field are observed firstly. A central recirculation zone is generated inside the hollow cone section due to the entrainment
of air by the liquid sheet and strong turbulent structures promote the breakup of ligaments. At the exit of injector nozzle, surface
instability occurs due to disturbance factors. Axial and transverse mode instabilities produce a net-like structure ligament zone.
Finally, the generation mechanism of the droplet is analyzed. It is found that the breakup mechanism of ligaments is located at the
Raleigh capillary region. Axial symmetry oscillation occurs due to the surface tension force and the capillary waves pinch off from
the neck of the ligaments. Secondary breakup and coalescence occur at the “droplet zone,” resulting in a wider distribution curve
at the downstream area.

1. Introduction

Liquid atomization is an important process in internal com-
bustion engines. The quality of spray atomization directly
affects fuel combustion, which consequently determines
engine performance. In gas turbine engines, pressure swirl
injectors are widely used because of their good atomization
capability and geometrical simplicity [1]. In a pressure swirl
injector, liquid is injected through twisty slots; thus tan-
gential velocity is endued to the fluid in orifice and spray
cone emerges due to the centrifugal force. The liquid sheet
becomes unstable and breaks up into ligaments, and then
ligaments break up into droplets and secondary breakup
occurs downstream of the spray. The atomization of swirling
jet is a complex process that is affected bymany factors and its
mechanism needs to be understood properly [2].

Over the past several decades, a series of theoretical
and experimental investigations have been performed in
both industry and academia for a better understanding of
the atomization process of swirling jet [3–5]. Ponstein [6]
investigated the growth of disturbance of an annular swirling
liquid sheet based on instability analysis. In his research, the

viscosity of both phases has been neglected. Liao et al. [7]
developed a theoretical model to predict the performance of
simplex atomizer based on the study of an inviscid, swirling
annular liquid sheet. Ibrahim and Jog [8] studied the nonlin-
ear instability and breakup of an annular liquid sheet using
a perturbation expansion method, the effect of liquid Weber
number, initial disturbance, and gas swirl strength on the
breakup characteristics is investigated. So far, the literature on
theoretical investigation was based on many simple assump-
tions and it is difficult to predict the sheet breakup accurately
without taking into account the complex interaction between
liquid and gas.

Experimentally, studies are carried out to predict the
atomization characteristics (spray angle, liquid film breakup
length, and drop size distribution) of swirling spray [9–13].
Although there have been many investigations on the spray
characteristics of swirling jet, most of them focus on the
macroscopic properties of atomization, and investigations on
liquid film instability and ligament breakup process are still
lacking. Also, to observe the small and dense region where
ligaments and droplets occur, high spatiotemporal resolution
of visualization technology is needed. So far, the entire
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breakup mechanism of swirling jet has not been revealed yet
by experiment and further investigations are demanded.

In recent years, with the development of interface captur-
ing methods, numerical simulations have been carried out to
predict the breakup process of liquid jet. Ménard et al. [15]
used coupled level set/VOF/ghost methods to investigate the
atomization of a liquid jet injected into still gas. Desjardins
et al. [16] applied combined level set/VOF method to the
primary breakup of a straight liquid jet. De Villiers et al. [17]
used LES-VOF method to investigate the atomization of a
round jet influenced by nozzle flow. Herrmann et al. [18–20]
discussed the influence of gas/liquid density ratio on liquid
jet penetration and the primary breakup characteristics using
level set method and fine grid. Shinjo and Umemura [21, 22]
performed a detailed numerical simulation of straight liquid
jets of diesel fuel. As a result, they were able to characterize
ligament generation and surface instability development on
the liquid jet core influenced by aerodynamics. Siamas et al.
[23] investigated the surface instability and flow field of a
swirling annular jet using VOF method, but the simulation
only focuses on the region close to the nozzle exit. Using
high performance computer system and with fine grid res-
olution, the ligament and droplet formation process can be
captured correctlywhich is hard to be observed in experiment
investigation, allowing a detailed study of liquid atomization
mechanism.

In the present study, a volume of fluid (VOF) interface
tracking method and a large eddy simulation (LES) model
were used for computing the atomization process of swirling
sprays. The present research mainly focuses on the breakup
process of liquid film and the droplet formation process. The
ligament structure and droplet formation mechanism will be
identified.The remainder of this paper is organized as follows:
Section 2 presents the numerical methodology and the
simulation setup procedures. Section 3 presents the numer-
ical results and discussion. Finally, Section 4 presents the
concluding remarks.

2. Numerical Method

2.1. Governing Equations. In large eddy simulation, the sub-
grid structures are modelled while the large eddy turbulent
structures are resolved on a computational grid.

In the present model, the simultaneous flow is treated
as immiscible, incompressible continuum fluids with an
effective viscosity and surface tension. The continuity and
momentum equations are as follows:
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SGS stress can be approximated by the SGS model. In the
present simulation, the Smagorinsky model [25] is used and
it can be written as
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Smagorinsky model coefficient of 0.18.
The liquid volume fraction 𝛾 represents the indicator

functionwith 𝛾 = 0 for gas and 𝛾 = 1 for liquid.The local den-
sity and viscosity in a computational cell are given in terms of
the liquid volume fraction by
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where subscripts 𝑙 and 𝑔 represent the liquid and gas phases,
respectively.

The indicator function obeys a transport equation as
follows:

𝜕𝛾

𝜕𝑡
+ ∇ ⋅ (𝑢𝛾) = 0. (6)

2.2. VOF Scheme. The interface of liquid phase and gas phase
can be computed with interface tracking or interface cap-
turing methods. For the interface tracking methods, such as
SLIC [26], PLIC [27], and their variations [28], the interfaces
are reconstructed using geometric formulations. While for
the interface capturing methods (CICSAM [29] and HRIC
[30]), algebraic methods are employed to identify the inter-
face locations. InHRICmethod, the compressive scheme that
is used to avoid the smearing of the interface could lead to
interface stepping problem. To remedy this, a switching strat-
egy that switches between compressive and noncompressive
scheme called CICSAMwas proposed by Ubbink [29]. In the
present paper, CICSAM is used to capture the interface of
liquid phase and gas phase.

CICSAM is implemented in the framework of Open-
FOAM [31] as an explicit scheme which uses normalised
variable diagram (NVD) and switches among different dif-
ferencing schemes to furnish a bounded scalar field. Such
approach could create an interface which is as sharp as
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that produced by geometric reconstruction schemes such as
piecewise linear interface.

The finite volume discretization of the volume fraction
convection equation based on the integral form is as follows:
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where 𝑃 indicates the center of control volume, 𝑓 is the cell
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Using the boundedness constraint in the upwind control
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where𝐷, 𝐴, and𝑈 are the donor, acceptor, and upwind cells.
The cell face values of 𝛾 are resolved by convection bound-

edness criteria (CBC). The HYPER-C based normalised
variable is given by
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where 𝑐 is the local value of Courant number at the face.

Ubbink [29] introduced the following weighting factor to
switch smoothly between the less compressive differencing
scheme and the upper bound of CBC:
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where 𝜅
𝑟

≥ 0 is a constant introduced to control the
dominance of different schemes. The recommended value is
𝜅
𝑟
= 1.

2.3. Numerical Methodology. The employed transient multi-
phase solver of OpenFOAM [31] utilizes a cell center-based
finite volumemethod and provides a comprehensive range of
discretization schemes that can be selected for each term in
the equations being solved. Crank-Nicholson method with
second-order accuracy is used for the time discretion of
governing equations. For general field interpolations, a linear
form of central differencing scheme is applied. Convective
fluxes are discretized with the Gauss linear scheme. Pressure
velocity coupling is addressed with the pressure implicit split
operator (PISO) algorithm.

2.4. Code Validation

2.4.1. A 2D Droplet Test. To validate the code accuracy in
capturing the liquid-gas interface, a test case of a 2D drop is
simulated similar to Zheng et al. [14]. In the test case, a drop
of radius 𝑎 = 1 is located in a square domain of 64×64, which
is sheared by a gas flow. At the top and bottom of the domain,
the tangential velocity is prescribed as 𝑈

0
and −𝑈

0
. The right

and left sides of the domain are set as velocity inlet and outlet
boundary. The velocity of the boundary is given by

𝑈 =
2𝑈
0
𝑦

𝐿
. (16)

Figure 1 shows the shape of the droplet at 𝑡 = 16, and
the circular droplet becomes elliptical due to the shear flow.
Figure 2 contains the evolution of the half-length of the
2D drop. The result shows good agreement with the value
calculated by Zheng et al. [14].

2.4.2. Experiment of Swirling Spray. To validate the accuracy
of the LES-VOFmodel in simulating the atomization process
of swirling spray, a set of experiment results are carried out
to compare with the simulation results. As shown in Figure 3,
the experiment system contains a water supply system and
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Figure 1: The shape of the drop at 𝑡 = 16.
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Figure 2: The droplet half-length for simulation and Zheng et al.
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Figure 3: Schematic of the experimental system.

an optical system. The water supply system is composed of
water tank, air tank, pressure transducers, and solenoid. The
optical system is composed of CCD camera and LED panel
light. The atomization process and spray angle are measured
using instantaneous spray images taken by the CCD camera.

In the experiment, water is used as the stimulant of
liquid fuel and injection pressures are set as 0.4MPa and
0.8MPa. Figure 4 compares the snapshots of experiments
and simulations for the spray. Similar spray patterns are
observed for direct image comparison. In particular, general
characteristics of liquid jet such as the spray angle and
breakup length show up good agreement between simulation
and experiment.

3. Results and Discussion

3.1. Simulation Setup. In the present investigation, the inter-
nal flow of the injector and the atomization process were
simulated entirety.The geometry of the pressure swirl hollow
cone injector is shown in Figure 1. The injector has two
twisty slots and during the injection process, liquid fuel flows
through the twisty slot; thus tangential velocity is endued
to the fluid in orifice and spray cone emerges due to the
centrifugal force.

For the objective stated in the present paper, the cold
flow conditions are set similar to aviation kerosene injection.
Three cases are calculated, the injection pressures (Δ𝑃) are
0.4MPa, 0.6MPa, and 0.8MPa, respectively, and the ambient
pressures are 0.9MPa. The detailed flow conditions are listed
in Table 1.

Figure 5 also shows the three-dimensional calculation
domain and boundary condition of the present simulation.
As shown in Figure 1, the axial extent of external domain
is 12mm and the divergence angle of the conical frustum
is 70∘, large enough to contain the whole cone spray. The
resolution of the finest mesh is 7.5 𝜇m, small enough to
capture small droplets of 10∼20𝜇m. For the computational
grid, the total number of cells is 15 million, and the boundary
conditions include a nonreflective outlet, uniform pressure
on the cylindrical boundary, and no-slip walls. For each
case, the computational time is approximately 360 h on a 72-
processor computer cluster.

3.2. Spray Structure and Flow Field. For a pressure swirl
injector, as the liquid injection pressure increases from
zero, the spray structure passes through five stages such as
“dribble,” “distorted pencil,” “onion,” and “tulip” stages and
fully developed spray [1]. As shown in Figure 6, the sprays
are fully developed at the working injection pressure of 0.4∼
0.8MPa.

For a fully developed swirling spray, the pressure differ-
ential and the swirl inside the orifice created a liquid film
at the exit of the injector. The disturbance at the nozzle
and the relative velocity between the liquid and the ambient
gas induce K-H instability to the liquid film. The surface
wave grows as the liquid film moves away from the injector
nozzle and eventually breaks up into several ligaments.These
ligaments are deformed due to the aerodynamic and surface
tension, generating droplets. Downstream of the spray, sec-
ondary breakup and coalescence occur and daughter droplets
are generated.

As shown schematically in Figure 7, a hollow cone
swirling spray can be divided into three zones. Zone A is the
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Table 1: Flow conditions.

Injection pressure
𝑝 (MPa)

Ambient pressure
𝑝 (MPa)

Gas density
𝜌
𝑔
(kg/m3)

Liquid density
𝜌
𝑙
(kg/m3)

Liquid viscosity
𝜇
𝑙
(Pa s)

Gas viscosity
𝜇
𝑔
(Pa s)

Surface tension coefficient
𝜎 (N/m)

0.4, 0.6, 0.8 0.9 1.29 780 0.8𝑒 − 3 1.79𝑒 − 5 0.026

56∘ 54∘

(a) Δ𝑃 = 0.4MPa

60∘ 59∘

(b) Δ𝑃 = 0.8MPa

Figure 4: Comparison of experimental and simulation photography of the spray at 0.4MPa and 0.8MPa injection pressure (Δ𝑃), 0.1MPa
ambient pressure, and 𝑡 = 3ms.

Inlet

Atmosphere

Figure 5: Geometry of the injector, calculation domain, and boundary condition.

ΔP = 0.4MPa

(a)

ΔP = 0.6MPa

(b)

ΔP = 0.8MPa

(c)

Figure 6: Spray structures of fully developed spray at different injection pressures.
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Figure 7: Spray profile of a hollow cone swirling spray. (a) Simulation, (b) experiment.

(a) (b)

(c) (d)

Figure 8: Velocity field of a central plane (Δ𝑃 = 0.6MPa, (a) 𝑡 = 1.0ms, (b) 𝑡 = 1.5ms, (c) 𝑡 = 2.0ms, and (d) 𝑡 = 3.0ms).

“liquid film zone,”where surface instability occurs and grows.
Zone B is the “ligament zone,” where liquid film breaks up
and ligaments are generated. Zone C is the “droplet zone,”
where ligaments break up into droplets. Droplet deformation,
secondary breakup, and coalescence occur in this region.

Figure 8 shows the velocity vector field of a central plane
for the spray. Due to the complex droplet motion and inter-
action between gas and liquid, strong vortices are generated
near the gas-liquid interface. Inside the hollow cone section,
a vortical flow field is generated at downstream locations and
the recirculation zone is generated due to the entrainment of
air by the liquid sheet. Strong turbulent structure is created

inside the recirculation zone, thus promoting the breakup of
ligaments and droplets secondary atomization.

Figure 9 shows the axial velocity profile of different times
at center line for the spray at Δ𝑃 = 0.6MPa, which indicates
the characteristics of the recirculation zone. As shown in
Figure 10, two recirculation zones exist in the hollow cone
spray; they are called the geometric recirculation zone and the
central recirculation zone. The geometric recirculation zone
exists near the exit of the injector nozzle, which is emerged
due to the bluff body effect of cylindrical liquid sheet. For this
case, the length of the geometric recirculation zone is about
2D. Downstream of the spray cone, the central recirculation
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Figure 10: Ligament formation from liquid sheet (Δ𝑃 = 0.6MPa,
𝑡 = 3ms).

zone is generated near the location of 𝑥/𝐷 = 4, located at
the “ligament zone.” As time passes, the central recirculation
zone grows larger and moves downstream. The length of the
central recirculation zone is about 6D, which is larger than
the length of the geometric recirculation zone.

3.3. Ligament Formation. The breakup process of swirling
liquid sheet could be described as follows: at the exit of
injector nozzle, initial perturbation is generated due to dis-
turbance factors such as inner-nozzle turbulence, boundary
layer effect, and aerodynamic force. As shown in Figure 10,
surface waves can be observed in the axial direction and the
transverse direction as pointed out by dashed lines and solid
lines, respectively. As the wave grows, ligaments are created.
Two types of ligaments exist in the spray. One is the strip-
type ligament created by the transverse instability.This type of
ligaments spread along the axial direction and capillary waves
are created on the ligament due to surface tension. Another
type is the ring-like ligament created by the axial instability.
These two types of ligament interweave and net-like structure
of ligament zone can be observed.

The features of surface waves directly affect the primary
breakup of liquid film and the droplets distribution status.
Figure 11 shows the spray structure observed from the front

U

15.23

12

8

4

0

Figure 11: The front elevation of spray structure (Δ𝑃 = 0.6MPa,
𝑡 = 3ms).

elevation, from which the droplets distribution status can be
observed. Due to the net-like structure of ligament, droplets
are dispersed around the circumferential direction.

3.4. Droplet Formation from Ligament. In Section 3.3, we
have indicated that, for a swirling jet, liquid sheet breaks up
into several ligaments firstly, and then droplets pinch off from
ligaments. The ligaments generated from the liquid sheet are
similar as several liquid jets with no “injection nozzle” and
the breakup mechanism of ligaments is approximate to the
breakup of a liquid jet. As the velocity of liquid jet increases,
four regimes of breakup mechanism can be distinguished on
a plot of Re versus Oh. They are Rayleigh capillary region,
first wind-induced region, second wind-induced region, and
atomization region [32]. The local Reynold’s number and
local Ohnesorge number are defined by

Oh =
𝜇
𝑙

(𝜌
𝑙
𝑎𝜎)
1/2
,

Re =
𝜌
𝑙
𝑎𝑢

𝜇
𝑙

.

(17)

The plot of ligament local Re and Oh for the cases of the
present study is shown in Figure 12. In the present study, the
Renumber of ligaments is scattered in a range of 600∼800 and
the Oh number of ligaments is scattered in a range of 0.01∼
0.02. As shown in Figure 13, the four regions are separated
by lines. The points in the present study are located at the
Rayleigh capillary region.

Strutt and Rayleigh [33] introduced the mechanism of
breakup of a low speed cylindrical liquid jet (ligament).
For unstable cylindrical ligaments, axisymmetric oscillation
occurs and grows due to the surface tension force, and liga-
ments break up into dispersed droplets eventually. According
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Figure 13: Four regimes of breakup mechanism in dependence on local Re number and Oh number.

to the Rayleigh theory, the ideal diameter of resultant droplet
is estimated as

𝐷 = 1.89𝑑. (18)

Figure 14(a) shows the ideal model of Rayleigh breakup;
the ligament is expected to break up into droplets of same
diameter with even space. Figure 14(b) shows the ligament
breakup example of numerical simulation. The wavelength
of capillary wave is about 4.0∼4.3 times the diameter of the
ligament. The capillary waves pinch off from the neck of the
ligament and spherical droplets are formed due to the surface
tension force. The diameter of droplet is about 1.7∼2.0 times
the ligament diameter, which shows a similar tendency to the
ideal model. But the actual flow field is complex, the droplet
generation process is more random, and the droplet diameter
distribution range is wider than the ideal model.

Figure 15 shows the temporal droplet formation process
(Δ𝑃 = 0.6MPa). The breakup of ligament is much more

complex than the ideal model of Rayleigh theory. At the
primary breakup zone, ligaments break up into numerous
irregularly shaped droplets. After the primary breakup, sec-
ondary breakup and coalescence occur downstream of the
spray. As pointed out by the blue arrow in Figure 15, small
droplets generated by primary breakup collide due to their
velocity difference. Larger droplet is formed after the collision
and its shape becomes spheroid under the effects of surface
tension. Another important behavior of primary breakup
droplets is secondary breakup. As shown in Figure 15, pointed
out by the red arrow, the large ligament generated by primary
breakup becomes deformeddue to the aerodynamic force, the
neck becomes thinner and is pinched off by surface tension,
and smaller droplets are generated.

The secondary breakup and coalescence directly affect
the distribution characteristic of droplets. Figure 16 shows
the droplet size distribution at different axial location (Δ𝑃 =
0.6MPa). At the primary breakup zone (Figure 16(a)), most
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Figure 14: Rayleigh mode of ligament breakup: (a) ideal model, (b) ligament breakup example of numerical simulation.
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Figure 15: The temporal droplet formation process (Δ𝑃 = 0.6MPa).

of the droplets are generated by the Rayleigh breakup of
ligaments and the size of droplets is about 100∼175 𝜇m,
and the size distribution of droplets is intensive at this
region. At the downstream location, secondary breakup and
coalescence create larger and smaller droplets, resulting in a
wider distribution curve as the axial direction increase.

4. Conclusions

In the present study, a LES-VOFmodel is used for computing
the atomization process of swirling sprays in gas turbine

engines. With fine grid resolution, the ligament and droplet
formation processes are captured in detail. The mechanisms
of ligament and droplet formation are investigated by analyz-
ing the simulation results at various injection pressures. The
findings are summarized as follows.

The hollow cone swirling spray can be divided into three
zones. They are the “liquid film zone,” the “ligament zone,”
and the “droplet zone.” Inside the hollow cone section of
the “ligament zone,” a central recirculation zone is generated
due to the entrainment of air by the liquid sheet and strong
turbulent structures promote the breakup of ligaments.
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Figure 16: Droplet size distribution at different axial location (Δ𝑃 = 0.6MPa): (a) 7mm axial location, (b) 9mm axial location, and (c) 11mm
axial location.

At the exit of injector nozzle, surface instability occurs
due to disturbance factors such as inner-nozzle turbulence,
boundary layer effect, and aerodynamic force. The features
of surface waves directly affect the primary breakup of liquid
film. Axial and transverse mode instabilities produce a net-
like structure ligament zone.

According to the local Re and Oh of ligaments in the
present study, the breakupmechanism of ligaments is located
at the Raleigh capillary region. Axisymmetric oscillation
occurs due to the surface tension force and the capillary
waves pinch off from the neck of the ligament.The diameters
of droplets formed by the primary breakup are about 1.7∼
2.0 times the ligament diameter. Secondary breakup and
coalescence occur at the “droplet zone,” resulting in a wider
distribution curve as the axial direction increase.

The results presented here can contribute towards a full
understanding of the breakup of swirling jet and can be
helpful in the design of injector system in gas turbine engines.
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