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Abstract High fidelity spray flame modelling without ad-hoc tuning of the injection parameters is proposed for an Euler-Lagrangian LES description of turbulent
combustion in swirled two-phase flow chambers. It is tested in a laboratory burner
(SICCA-Spray rig from EM2C), which comprises both a simplex pressure swirl
and an airblast atomiser. Relevant phenomena controlling the liquid spray inside
the injector including primary and edge atomisation from a pressure swirl and an
airblast atomiser respectively, secondary atomisation, evaporation and the formation and dynamics of the liquid film that forms on the inner injector wall are taken
into account. Particular attention has been applied to understanding the shape of
the droplet diameter probability distribution function and how each atomisation
model contributes to it. Results show excellent agreement of the spray statistics
measured experimentally with and without combustion. A sensitivity analysis of
the model parameters shows that the models are sufficiently insensitive to user
chosen parameters, which, together with their relatively low computational cost,
make these models ideal candidates for industrial applications.
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1 Introduction
The accurate prediction of swirl spray flames is important to improve the design
of gas turbine combustion chambers that run on a variety of liquid fuels (diesel,
kerosene, methanol, liquid ammonia, SAF (Sustainable Aviation Fuels) etc.). The
greatest challenge in this field is the modeling of the liquid fuel atomisation processes. Direct numerical simulations of atomisation [1–3] and droplet interactions
[4] are possible but require computational resources several orders of magnitude
higher than those required for LES (Large Eddy Simulations) of single-phase turbulent swirl flames.
These restrictions have led to the use of simplified phenomenological models
for spray atomisation, breakup and droplet interaction processes. The simplest
option is to inject the fuel as a fully formed fuel spray outside of the injector using
either Eulerian-Lagrangian or Eulerian-Eulerian methodologies [5–9] where the
fuel spray parameters (Sauter mean diameter, diameter and velocity probability
density functions) must be known before the simulation is run which necessitates
the use of expensive and time-consuming experiments. This approach also suffers
a lack of generality as a small change in the fuel injector design leads to a change
in the gaseous phase flow field and therefore impacts the atomisation process too.
These problems become critical for airblast atomisers during combustion instabilities where the velocity and diameter statistics vary with time through the
acoustic cycle [10]. Simulations show that changes in the droplet diameter distribution can lead to large fluctuations of heat release [11], and that the stability of
a combustion chamber is dependent on the size of the film resting on the atomiser
surface, which may become coupled to the oscillating airflow [12]. In [13], an Eulerian thin-film solution was calculated for the liquid film on the atomising edge
that allows interaction between the liquid film and the airflow inside the injector.
This solution was then used to provide an initial velocity condition for the atomised droplets. For some airblast atomisers, the atomiser is fed from a secondary
fuel spray atomised by a pressure swirl atomiser. Under steady state conditions,
the accuracy of the simulation is dependent on the proportion of fuel that strikes
the atomiser walls and feeds the fuel film [14], while under thermoacoustically unsteady flow conditions, the cone angle of the spray produced by the pressure swirl
atomiser varies and affects the stability of the combustion chamber [15].
A diagram of a fuel injector representative of aero-engines is shown in Fig.
1. This design reproduces the atomisation phenomena at laboratory scale in the
SICCA-Spray injector from EM2C [14, 16–20] which includes both a pressure swirl
and airblast atomiser producing two types of droplets (labeled Type 1 and Type 2
droplets respectively). Type 1 droplets undergo primary atomisation by the pressure swirl atomiser followed by secondary atomisation in the turbulent, swirling
airflow. Type 2 droplets undergo a similar process but they also impact the injector walls where a liquid film is formed. This liquid film is then re-atomised at the
injector lips of the airblast atomiser.
This study describes an attempt to use first-principle models for all two-phase
flow mechanisms in a combustion chamber except for the initial primary atomisation created by the simplex atomiser. This requires a complete set of models for
spray wall interaction, film, primary and secondary atomisation coupled to combustion: FIM-UR for atomisation at the pressure-swirl atomiser, FASTER for the
secondary atomisation, FILM for the liquid film and PAMELA for re-atomisation
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Fig. 1 A diagram showing the different physical phenomena present during the fuel atomisation process and the different models developed to handle each one.

at the injector lips. These models only require technical data provided with the
atomiser. All models are used together to show how an accurate spray swirl flame
can be modelled using LES. Furthermore, a sensitivity analysis of the input parameters is presented to highlight which parameters are important in reproducing
the correct downstream spray statistics.
Section 2 presents the experimental rig. Section 3.1 describes the LES methodology for the gaseous phase followed by descriptions of the liquid spray models in
Section 3.2. Finally, results are presented in Section 4, beginning with a comparison
of the gaseous non-reacting flow with experiments (Section 4.1), followed by the
spray simulation without combustion (Section 4.2) and finally the spray simulations with combustion (Section 4.3). Additional sections (Section 4.2.1, Appendix
A and Appendix B) describe the effects of the swirling flow inside the injector on
the spray dynamics, the sensitivity of the results to the choice of the models and
the sensitivity of the models to the input parameters respectively.

2 The SICCA-Spray injector
The spray models introduced in this paper, have been tested in the SICCA-Spray
rig of the EM2C laboratory at CentraleSupelec [14, 16–19]. It consists of a single
fuel injector fed by an air swirler with a centrally located pressure swirl simplex atomiser (Fig.2a). For non-reacting cases, the fuel injector discharges directly
into the atmosphere. For the reacting cases, a quartz tube is installed to mimic
a combustion chamber. Flow, flame and spray measurements have been undertaken using laser and optical diagnostic techniques such as LDV (Laser Doppler
Velocimetry), PIV (Particle Image Velocimetry), Mie scattering and PDA (Phase
Doppler Anemometry) [16, 17, 14].
The air swirler can be easily changed to test different designs (Fig.2c-d). It
promotes a swirling turbulent flow with a central recirculation zone and an Mshaped flame. The swirler used in this study is referred to as S716 in [20] with
a pressure drop of 5.74 kPa and a swirl number of 0.7. Experimental results are
presented for this swirler in [14, 20]. It is different from the swirlers presented
in other studies of the SICCA-Spray rig [12, 15, 16]. The pressure-swirl atomiser
produces a fuel spray in a hollow cone pattern. Some of the spray is ejected directly
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(a)

(b)

(c)

Fig. 2 (a) The SICCA-Spray experimental setup [16], (b) A cross-section of the injector
showing the air swirler and the position of the pressure swirl atomiser. Atomised droplets are
shown in white while the liquid film is shown in black for the non-reacting LES simulations.
(c) Exploded view of the SICCA-Spray injector [24]. (d) Schematic of the air swirler [24].

into the combustion chamber while some of the fuel spray first makes contact with
the inner surface of the injector where a fuel film is formed (Fig.2b). This film
is then pulled downstream by the airflow to the ring formed at the point where
the injector meets the combustion chamber backplane. This junction forms the
atomising edge of an airblast atomiser where the fuel from the film is atomised
into the combustion chamber.

3 Numerical methodology
3.1 Gaseous phase
All LES are computed using the AVBP solver (https://www.cerfacs.fr/avbp7x/)
[25–27] . It is massively parallel, explicit in time and solves the compressible multispecies Navier-Stokes equations. Convective fluxes are solved using the Two-StepTaylor-Galerkin C (TTGC) finite element scheme [28] whilst diffusive fluxes are
solved using the 2∆ diffusion operator [29]. The code is third-order accurate in
space and time. Turbulence closure is provided for through use of the WALE
(Wall-Adapting Local Eddy-viscosity) subgrid scale model [30].
A cut through the computational domain for both reacting and non-reacting
cases is shown in Fig. 3, which also displays the relevant boundary conditions.
In both cases air is injected into the upstream plenum at a rate of 2.6 g/s using
a NSCBC (Navier-Stokes Characteristic Boundary Condition) [31]. A no-slip velocity boundary condition is used for all walls except for inside the injector body
where a log-law wall function is used. For the reacting simulations, a fixed temperature is imposed for the combustion chamber backplane with a temperature

(d)
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(a) Non-reacting domain
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(b) Reacting domain

Fig. 3 A cut plane through the computational domains highlighting the mesh and boundary
conditions used.

of Tbkpl = 450 K as measured in experiments. For the injector walls the outside
temperature was set to Tinj = 420 K as approximated during experiments, while
the swirler walls were set to an outside temperature of Tsw = 370 K as approximated in experiments. Following previous studies [12], for the chamber walls, an
experimentally determined temperature profile was applied. In both reacting and
non-reacting simulations the flow is discharged into a large hemispherical plenum
whose curved surface is fitted with a NSCBC [32] outlet boundary condition where
static pressure is relaxed towards pout = 101325 Pa. On the upstream side of the
exit plenum a small coflow inlet velocity is applied to mimic air entrainment.
The computational domain is meshed using tetrahedral elements. In the flame
stabilisation zone, the mesh size increases from between 0.24 mm to 0.6 mm and
in the vicinity of the injector lips (Fig. 3a), it decreases to 0.11 mm. At the walls
of the injector, it goes to 0.1 mm to capture the boundary layers leading to y +
values of the order of 50-100 wall units, which justifies the use of a law of the
wall boundary condition on these surfaces. The mesh is also refined on the surface
of the combustor backplane to 0.22 mm and near the combustion chamber wall
where it is set to 0.45 mm.
3.1.1 Combustion modelling
For the reacting case, kinetics are described using a reduced reaction scheme for
heptane, comprising 6 species and 2 reactions [33]. A pre-exponential adjustment
(PEA) upon local equivalence ratio is added to reproduce the correct laminar flame
speed for rich mixtures. To account for subgrid scale turbulence-chemistry interaction, the classical DTFLES (Dynamic Thickened Flame Large Eddy Simulation)
model [34] with the Charlette efficiency function [35] is used. Being a not fully
premixed flame, the Takeno index [36] is used to deactivate thickening of diffusion
flame regions.
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3.2 Liquid Phase
For the liquid fuel spray phase, the Eulerian-Lagrangian formulation is used where
the fuel spray is represented using a number of numerical parcels, each of which
represents a number of spray droplets that share the same physical properties
(location, velocity, temperature, mass, composition). At each time step the source
terms for each parcel are calculated (drag forces, heat and mass transfer) and
the state of each parcel integrated explicitly in time. The source terms are also
applied to the Navier-Stokes equations governing the gaseous phase to ensure that
the effect of the fuel spray is felt by the gas flow [12].
The Abramzon and Sirignano model [37] assuming constant evaporation Prandtl
and Schmidt numbers [38] is used for evaporation. For n-heptane these have been
fixed to Prev = 0.976 and Scev = 1.343 respectively [12]. Drag forces are computed using the correlation of Naumann and Schiller [39]. When interacting with
the thickened flame the rate of evaporation and the amount of drag experienced by
the particles is augmented. The two-phase extension of the DTFLES model (TPTFLES) model [40] is used that divides the source terms by the thickening factor
to preserve the ratios between the evaporation, droplet relaxation and chemical
timescales.
To model the atomisation processes in turbulent swirl spray flames, multiple numerical models are required (Fig.1): 1. atomisation from the pressure-swirl
atomiser (Laminar FIM-UR); 2. formation and propagation of the liquid film on
the injector wall (FILM); 3. atomisation from the airblast atomiser (Automatic
PAMELA); and 4. secondary breakup of atomised droplets (FASTER). Each model
is presented hereafter.
3.2.1 Laminar FIM-UR
The FIM-UR (Fuel Injection Method by Upstream Reconstruction) model [9] is
used to inject Lagrangian parcels in a hollow cone spray pattern with a mean
half cone angle of θS from a ring with inner radius Ra and outer radius R0 . The
inner diameter corresponds to the diameter of the air core that forms along the
centreline of the swirling flow inside the atomiser (Fig. 4a). It is calculated using
the empirical formula of Rizk and Lefebvre [41]:
Aair
=
Aexit



Ra
R0

2

=

sin2 (θS )
1 + cos2 (θS )

(1)

It is assumed that the droplets released with an angle of θS are injected at the
midpoint between Ra and R0 (Fig. 4b). Assuming that the trajectories of all
droplets are coincident at a point x0 behind the plane of injection allows for an
equation to be developed that links the radial position of the injection to the angle
of injection. Taking the outer radius of the injector as the radius of injection results
in the highest angle of injection:
tan(θmax ) =

2R0 tan(θS )
R0 + Ra

(2)

In the SICCA-Spray rig, the fuel spray coming from the pressure-swirl atomiser
undergoes a so-called explosive breakup process [14] that makes it difficult to define
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(a) Schematic of the FIM-UR model [9].

(b) Diagram showing the maximum and minimum (in
the original FIM-UR model) spray angles.
Fig. 4 The FIM-UR model for the simplex atomiser.

a mean half cone angle and broadens the thickness of the spray cone. As proposed
in [14], the broadening of the spray cone is captured by injecting droplets at an
angle randomly selected from a normal distribution with a fixed mean and standard
deviation. In the proposed version, the minimum spray angle (θmin ), differently
from the original FIM-UR model, is considered as an additional input parameter.
For the analysed SICCA-Spray case an optimised mean and minimum angle of
θS = 65 degrees and θmin = 10 degrees respectively have been chosen with an
atomiser radius of the atomiser (R0 ) of 50 microns.
In the original FIM-UR model the axial velocity of all injected droplets is set
to the bulk velocity of the fluid passing through the orifice:

Up =

ṁp
ρp π(R02 − Ra2 )

(3)
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However, a radius of R0 corresponds to the wall of the atomiser where the velocity
must be zero. Similarly at a radius of Ra , the mean axial velocity must be zero
because there is no net flow of air out of the atomiser. Although the flow inside the
upstream swirl chamber is turbulent, the rapid acceleration of the fluid through the
orifice and small length of the orifice means that the velocity profile is more likely
to be laminar (parabolic). Following these considerations, in the newly proposed
Laminar FIM-UR model, the velocity profile is prescribed as a function of the
radius r:
ux,p (r) = a(r2 − r(R0 + Ra ) + R0 Ra )

(4)

for Ra < r < R0 , with:

a=

Up R2
2(R4 /4 − R3 (R0 + Ra )/3 + R2 R0 Ra /2)

(5)

where Up is the bulk velocity in Eqn. (3) and:
R4 = R04 − Ra4 , R3 = R03 − Ra3 , R2 = R02 − Ra2

(6)

As in the original FIM-UR model, the fuel is bounded by the wall of the orifice at
the point of atomisation and at a radius of R0 : this has the effect of constraining
the radial velocity to zero. In order to obtain the required cone angle, the tangential
velocity of the droplets is set to:
uθ = ux tan(θ)

(7)

Finally, the droplets exhibit a certain level of stochastic variation, so that the
velocities are modified to become:
ux,p = ux,p + r1 σu

(8)

ur,p = r2 σu

(9)

uθ,p = ux tan(θ) + r3 σu

(10)

where σu is the desired level of stochastic variation in the velocity and r1 , r2 , r3 are
random numbers in the interval of [-1,1]. An additional random number generator
is used to choose an injection angle θ that lies between the minimum θmin and
maximum θmax spray cone angles and a radius that lies between Ra and R0 . The
injection velocity is then found using Eqns. 3-10.
In order to choose the diameter of the injected droplets both a Rosin-Rammler
(RR) and modified Rosin-Rammler (MRR) distribution have been tested. The
cumulative distribution of the RR distribution is given by:
1 − Q(dp ) = exp(−(dp /X)q )

(11)

1 − Q(dp ) = exp(−(ln(dp )/ln(X))q )

(12)

whilst for the MRR it is:
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Fig. 5 The RR (solid line) and MRR (dashed line) distributions for X = 40 microns for
various spreading parameters (a) and the result of fitting the MRR to the RR distribution (b).

where X is a scale parameter, q is a spreading parameter and Q is the proportion
of droplets smaller than dp in the distribution. In the case of the RR distribution,
the scale parameter (X) can be linked to the SMD (D32 ) through [42]:
XΓ
D32 =
Γ





2
q

3
q

+1

+1





(13)

where Γ is the gamma function. Unfortunately a similar expression does not exist
for the MRR distribution which makes the distribution more difficult to use as the
droplet SMD is often included in the specifications of a certain atomiser nozzle.
Nevertheless the MRR distribution better represents the largest droplets in the
distribution [43]. Although there may be a small number of these large droplets,
they contain a non-negligible quantity of fuel. Because of their greater size they
take longer to evaporate, penetrating further into the combustion chamber.
In this study, the SMD (D32 ) and spreading parameter (q) were unknown.
The solution is not overly sensitive to the choice of X and q providing that: (a)
the distribution contains very few droplets less than 10 microns and; (b) that the
distribution is sufficiently broad to represent the largest droplets (which implies
use of the MRR distribution in preference to the RR distribution). This is because
(a) the smallest droplets are least likely to deposit on the walls of the injector and
hence dominate the droplet distribution downstream; (b) the secondary breakup
model can break large droplets into smaller ones but cannot account for agglomerations of smaller droplets; and (c) the downstream distribution is dominated by
the secondary breakup process which is relatively insensitive to the size of the
input droplets [44]. The sensitivity of the results to the choice of distribution is
demonstrated in Appendix A. After an optimisation of the droplet distribution
in order to match the experimental results under both reacting and non-reacting
conditions, an SMD of 50 microns was selected and a RR distribution generated
that resembled a close to Gaussian shape. In this study, in order to convert the RR
distribution into an equivalent MRR distribution, the equivalent MRR distribution
was generated by performing a best fit operation over the first 25% of diameters.
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(a) The accumulation of the fuel at the
prefilming edge.

(b) The formation of ligaments and the
breakup into droplets .

Fig. 6 The two main steps used to model the atomisation process for airblast atomisers ([23]).

The final distribution is shown in Fig. 5 which was obtained with X = 52.19
microns and q = 8.87.
3.2.2 FILM
If a Lagrangian particle impacts the inner surface of the injector, it is assumed to
form part of a liquid film that grows on the surface and moves downstream to the
airblast atomiser edge. Particles entrapped in the film move according to a local
cell average velocity calculated using the Saint-Venant equations [45, 46, 22]. The
height of the film in each cell is calculated from the total volume of fuel droplets
and the surface area of the atomiser surface lying in each cell.
3.2.3 Automatic PAMELA
When the liquid film reaches the injector lip, it is atomised into Lagrangian particles via the Automatic-PAMELA (Primary Atomisation Model for prEfilming
airbLAst injectors) model. This model, originally developed by Chaussonnet et al.
[47, 23], then improved by Carmona et al. [48, 49] allows the re-atomisation of the
liquid droplets in the film in a realistic way based on local flow information, local
liquid film information and the atomiser geometry information. It is based on a set
of correlations established and calibrated from the experiments of Gepperth et al.
[50] by Chaussonnet et al. [47, 23]. The model assumes that the film atomisation
process occurs following 4 steps (Fig. 6): (1) The liquid feeds a reservoir located
at injector lip. (2) Due to the surrounding high-speed gas flow, a part of the liquid
contained in the reservoir is sheared and accelerated downstream of the injector.
(3) A Rayleigh-Taylor instability develops over the liquid reservoir surface in the
spanwise direction. (4) This instability is ripped off by the high-speed air stream
into bags and ligaments that quickly disintegrate into a spray. The droplet diameter distribution of the generated spray is assumed to follow a Rosin-Rammler
cumulative distribution function (CDF):
1 − Q(dp ) = exp(−(dp /X)q )

(14)
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The SMD (D32 ) is assumed to be related to the characteristic Rayleigh-Taylor
instability wavelength (λRT ) at the atomiser edge:
D32 = C2 λRT

(15)

and together with Eqn. 13, this becomes:
X = C2 λRT

Γ (2/q + 1)
Γ (3/q + 1)

(16)

where Γ refers to the Gamma function and C2 is a model constant. The Rayleigh
Taylor instability wavelength (λRT ) is estimated from:
λRT

2π
=
rρ u g

s

6 C1 hpref σ
ρg

(17)

where C1 is a model constant, hpref is the prefilmer height, σ is the liquid surface
tension, ug is the gas velocity and rρ is a ratio of the liquid (ρl ) and gas (ρg )
densities defined as:
√
ρl
rρ = √
(18)
√
ρl + ρg
Equation 16 can be recast into a practical relation that directly links X with the
surrounding flow characteristics:
hpref Γ (2/q + 1)
X = C12 p
Wepref Γ (3/q + 1)

(19)

√
where C12 = 2π C2 6 C1 is a model constant and Wepref is a Weber number
based on the thickness of the prefilmer:
Wepref =

ρg hpref (rρ ug )2
σ

(20)

The shape parameter q is determined using:
C3
+ g(hpref )
q= √
Weδ

(21)

This equation has been established from the analysis of experimental CDFs by
[23] and involves an other model constant C3 and a Weber number based on the
gaseous boundary layer thickness (δg ):

Weδ =

ρg u2g δg
σ

(22)

g(hpref ) is related to the prefilmer thickness through:


g(hpref ) =

C4
hpref

2

+ C5

(23)

with C4 and C5 also being model constants. All constants C1 , C2 , C12 , C3 , C4
and C5 have been tuned during a calibration process described in [48, 49] (Tab.
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1). In many cases, the airblast atomiser thickness (hpref ) is linked explicitly to the
geometry, however in the case of the SICCA-Spray rig, the atomiser is formed by
the join of two edges without a defined thickness. The value of hpref is therefore
a free parameter in the case of an edge atomiser such as the one in the SICCASpray rig. In this study it was set to hpref = 1 mm to best agree with reacting and
non-reacting experimental data.

C1
0.381

C2
0.112

C12
1.0643

C3
5.13

C4
4.29 mm

C5
−1.68 · 10−1

Table 1 Calibrations constants of the Automatic-PAMELA model established in [48, 49].

The time scale of the atomisation process τtot is expressed as the sum of the
Rayleigh-Taylor instability time scale τRT and the breakup time scale τbu . Both
are proportional to a capillary time scale τc [23]:
τRT = 10 τc

(24)

τbu = 1.8 τc

(25)

where the capillary time scale is estimated by the following equation:


τc =

σ
a3 |ρl − ρg |

1/4

(26)

with the acceleration of the instability crest given by:
a=

1
ρg
1
(rp ug )2
2 C1 hpref ρl

(27)

The characteristic time scale τtot is finally expressed as the sum of time τRT and
τbu :
τtot = 11.8 τc
(28)
The gas velocity seen by the liquid film (ug ) and the gaseous boundary layer
thickness (δg ) must be locally estimated. The Automatic-PAMELA model [48, 49]
computes the gas velocity assuming a logarithmic velocity profile:


ug = uτ

1
ln(h+
f )+B
κ



(29)

with B = 5.41, κ = 0.41 and h+
f is the film height expressed in wall units:
h+
f =

hf uτ
νg

(30)

and uτ is the friction velocity calculated thanks to the wall shear stress τw at the
atomising edge,
r

uτ =

τw
ρg

(31)

Finally, δg in Eqn.(22) is defined as the distance from the wall where the local
velocity exceeds 99% of the bulk velocity.
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3.2.4 FASTER
Secondary atomisation occurs in the free-stream and after primary atomisation as
modelled using the FIM-UR or PAMELA models. The model for the secondary
atomisation of droplets (Fig.1) is called FASTER (Fast Atomisation Stochastic
Treatment wEber ohnesoRge). Based on the FAST (Fast Atomisation Stochastic
Treatment) approach [21], FASTER assumes that the breakup of droplets occurs
similarly to Kolmogorov’s discrete model of solid particle-breakup [51] i.e. that
each breakup event is statistically independent. Apte et al. [44] showed that Kolmogorov’s model, in the long-time limit, could be rewritten in the form of a differential Fokker-Planck equation where the log-normal probability distribution of
child droplets depends only on the first two moments of the distribution (⟨ξ⟩, ⟨ξ 2 ⟩):
1
f (rc , t) =
rc

∞

Z
0

"

#

−(log(rp /rc ) + ⟨ξ⟩νt)2
1
p
exp
f0 (rp )drp
2
2⟨ξ 2 ⟩νt
2π⟨ξ ⟩νt

(32)

where ν is the breakup frequency, f0 is the parent droplet distribution, rc is the
radius of the child droplet, rp is the radius of the parent droplet and t is the time.
In the case of a single parent droplet undergoing breakup, f0 is reduced to a delta
function and νt = 1 leading to a cumulative distribution function (T (rc )):
"

1
1
T (rc ) =
+ erf
2
2

ln(rc ) − ln(rp ) − ⟨ξ⟩
p
2⟨ξ 2 ⟩

!#

(33)

It was observed in [52] and [53] that the breakup of sprays exhibits a fractal
like behaviour that implies a lack of preferential scale. As this property closely
resembles the turbulent energy cascade, Apte et al. [44] assume that u3r /dp ∼
u3r,cr /dcr (cr represents the critical values above which, breakup occurs) leading
to:


⟨ξ⟩ = k1 log

Wecr
We



(34)

where We= ρg dp u2r /σl is the Weber number, Wecr is the critical Weber number
with a critical droplet diameter dcr (above which, a droplet will breakup), k1 is
a constant with a value around unity (set to k1 = 0.8 in this study), dp is the
diameter of the parent droplet, σl is the liquid surface tension, ρg is the density
of the surrounding gas and ur is the relative velocity between the droplet and
the surrounding air. For the second moment ⟨ξ 2 ⟩, Apte et al. [44] argue that as
the diffusion coefficient in the Fokker-Planck equation is related to the energy of
Brownian motion, this energy is analogous to the disruptive energy that seeks to
break up the parent droplet and that the ratio of this energy to the capillary force
on the droplet is represented by the maximum stable droplet diameter dcr . This
leads to an equation for the second moment of the distribution:
⟨ξ⟩
− 2 = k2 log
⟨ξ ⟩



dp
dcr



(35)

where k2 is also a constant close to unity (set to k2 = 1.2 in this study). The
parameter dcr is provided thanks to the evaluation of a critical Weber number
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W ecr = ρg dcr u2r /σl that can be approximated using the correlation of Brodkey
[54]:
W ecr = 12(1 + 1.077Oh1.6 )

(36)

where Oh= µl /(ρl dp σl )0.5 is the Ohnesorge number and µl is the liquid viscosity.
Droplets with a Weber number higher than the critical Weber number are assumed
to breakup into smaller droplets.
Droplet breakup however, is not an instantaneous process. Three important
timescales control droplet breakup [55]: (1) the time until initiation of breakup,
(2) the time until primary breakup and, (3) the time until total breakup. The
first time is defined as the point where breakup begins, the second is when the
original droplet is no longer distinguishable and the third is when the breakup
process is complete. For the FAST and FASTER models, there is no distiction between these events i.e. breakup happens at a time tbu and is completed within one
time step. This breakup time can be non-dimensionalised to yield a dimensionless
characteristic breakup time T :
r

tbu = T

ρ l dp
ρg u r

(37)

In the FAST model, TAB (Taylor Analogy Breakup) [56] and the model of Apte
et al. [44], the breakup time tbu is defined as:
r

tbu = B

ρ l rp
ρg u r

(38)

where B is a non-dimensional coefficient that, based on a theoretical anaylsis
of
√
the time required for the breakup of a spherical particle, is set to B = 3 [56].
However, B is often used as a tuneable parameter to improve the agreement of
simulations with experimental data [57]. Comparing Equations (37) and (38), it
is clear
√ that B = 2T . It should be noted that in [56] it is clearly stated that
B = 3 is appropriate for high Weber numbers. In Pilch and Erdman [55], the
characteristic time until primary breakup is given as T = 1.25
√ for We> 350 based
on experimental observation. The theoretical value of B = 3 ≈ 1.73 from [56] is
close to the experimentally determined B = 2T = 2.5 and either of these numbers
therefore seem reasonable for high Weber number (and low Ohnesorge number)
cases. Unfortunately, in the case of SICCA-Spray, the Weber number is often
significantly lower than 350. In [55], an additional correlation is given for the time
until initiation of breakup (Tin ) based on experimental observation:
Tin = 1.9(We − 12)−0.25 (1 + 2.2Oh1.6 )

(39)

Figure 7 shows Eqn.(39) with B = 2T = 2Tin plotted for different Weber and
Ohnesorge numbers including a typical Ohnesorge number for the SICCA-Spray
rig (Oh= 0.012). It also shows a typical Weber number for the SICCA-Spray rig
(ur = 60 m/s, dp = 80 microns, We= 18) and the value B = 1.73, as given by the
TAB model. For low Weber numbers (We< 35), using B = 1.73 results in breakup
times that are too low (Fig. 7) because primary breakup should not occur before
initiation of breakup. The FASTER model uses the definition for the time until
breakup given by Eqns.(39) & (37) that also ensures that the model can be used
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Oh = 0.001
Oh = 0.334
Oh = 0.667
Oh = 1.0
Oh = 0.012
B = 1.73 (TAB)
We = 18
We = 35

B

101

100
101

102
We

103

Fig. 7 The breakup coefficient B as given by the TAB model (B = 1.73) [56, 44] and for
various different Ohnesorge numbers as given by Eqn.(39). A typical Weber number for the
SICCA-Spray rig (We=18) is also reported.

√
in the case of high Ohnesorge numbers. In contrast, FAST uses B = 3 and
Eqn.(38).
FASTER first compares the age of a droplet to the breakup time as calculated
using Eq. (38) where B = 2Tin and Tin is calculated using Eq. (39). The droplet
diameter is then compared to the critical droplet diameter given by the critical
Weber number in Eqn.(36). When the diameter exceeds this critical value and the
time exceeds the breakup time, the droplet is transformed into a series of child
droplets whose radii are computed from Eqn.(33). The child particles have the
same properties as the parent except for their radius and velocity. Their velocity
is calculated from two contributions, the first is the velocity from the parent and
the second is a random tangential velocity component with the magnitude of:
|ubu | =

rp
tbu

(40)

This tangential velocity is imposed randomly in a plane normal to the relative
velocity between the particle and the gas.

4 Results and discussion
4.1 Single Phase
The configuration was simulated first without fuel spray or combustion. Results
were compared against LDV (Laser Doppler Velocimetry) measurements of the
same configuration at EM2C, CentraleSupelec. Mesh independence was verified
by using two meshes (M1 and M2 ) where the mesh size was reduced from 0.4 mm
to 0.1 mm in the injector swirler passages. The mesh M1 contains 24 million cells
while M2 contains 30 million cells. Mean velocity profiles are compared at three
different planes downstream (x = 2.5 mm, x = 5 mm and x = 10 mm in Fig. 1) in
Fig. 8. Across both meshes and across the three planes the results show excellent
agreement except at the plane furthest downstream for the radial velocity, which
is consistent with the results of [12, 14].
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(a) Axial velocity

(b) Radial velocity

(c) Azimuthal velocity
Fig. 8 Mean velocity profiles measured by LDV in the experiment and the LES predictions
using M1 and M2 at x = 2.5 mm, x = 5 mm and x = 10 mm in Fig. 1.
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(a) Axial velocity

(b) Radial velocity

(c) Azimuthal velocity
Fig. 9 RMS velocity profiles as labelled in Fig.8.
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Fig. 10 The histogram for droplet diameter 5 mm downstream of the injector exit as measured in non-reacting experiments. This histogram has been coloured according to the radial
measurement location of the collected droplets. The overall curve is the sum of all radial positions (0 to 8 mm)

Figure 9 shows the RMS of the mean velocity profiles from the two simulations
and the experiment. The agreement between LES and experiment is extremely
good. The largest errors are seen at far radial distances from the centreline of the
injector. As the results for both meshes are similar, the mesh densities chosen for
mesh M1 were used in all simulations.

4.2 Fuel spray without combustion
Figure 10 shows the numerical histogram of the particle count for droplets measured 5 mm downstream of the injector exit plane in the experiments under isothermal conditions. The distribution can be thought of as being the superposition of
two peaks: one at 6 microns and a second lower peak in the region of 7-10 microns. Figure 10 also shows the relative contribution that droplets make to this
PDF (Probability Density Function) as a function of radial measurement location: droplets measured close to the centreline have a very small variation in their
observed diameters with a mean at around 5 microns.
Numerical predictions are compared to experimental observations in two planes
at x = 5 mm and 10 mm downstream from the injector lips (Fig.1). Figure 11
shows the histograms, droplet diameter profiles and axial velocity profiles for both
simulations and experiments. The histograms are stacked, thereby showing the
relative contributions of the droplets passing through the different models (FIMUR, FASTER, PAMELA): a green colour indicates that the droplets present at
this location were produced by secondary atomisation (FASTER) following primary atomisation by FIM-UR; the blue colour indicates droplets that have been
produced by the secondary atomisation model (FASTER) after being released by
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(a) PDF of droplet diameter
at x = 5 mm

(b) mean droplet diameter
at x = 5 mm

(c) mean droplet axial velocity
at x = 5 mm

(d) PDF of droplet diameter
at x = 10 mm

(e) mean droplet diameter
at x = 10 mm

(f) mean droplet axial velocity
at x = 10 mm

Fig. 11 Particle diameter probability, radial distribution and mean droplet axial velocity at
x = 5 mm (a-b-c) and at x = 10 mm (d-e-f) (Fig.1) for the non-reacting simulation.

edge atomisation (PAMELA); cyan indicates FIM-UR released droplets observed
in the measurement plane without undergoing additional atomisation; and salmon
indicates droplets released by the edge atomising model (PAMELA) without subsequent secondary atomisation. It is noted that most droplets are generated by the
secondary breakup model FASTER after primary atomisation without impacting
the wall.
The droplet diameter profiles (Fig.11b and 11e) show very good agreement
except for the SMD at 5 mm downstream indicating that there are too many
large droplets at this point in the domain. However, 5 mm further downstream,
this discrepancy vanishes, which indicates that the FASTER secondary breakup
model does a good job of breaking up these droplets. The particle mean axial
velocity profiles (Fig.11c and 11f) show excellent agreement except close to the
centreline where the velocity is slightly too low for the measurements made 10
mm downstream and slightly too high further radially outwards (Fig.11f).
The quality of LES for two-phase flows can be checked by considering droplet
velocity-size correlations. Figures 12 and 14 show a set of two-dimensional histograms giving the probability of a droplet of a certain diameter possessing a
certain axial velocity at x = 5 mm and x = 10 mm (Fig.13). Results are presented for both experiment (a,b,c) and simulation (d,e,f) taken at different radial
locations (r=3,5 and 7 mm in Fig.13). Droplets at a radial distance of 5 mm have
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(a) At r = 3 mm
for the experiment

(b) At r = 5 mm
for the experiment

(c) At r = 7 mm
for the experiment

(d) At r = 3 mm
for the simulation

(e) At r = 5 mm
for the simulation

(f) At r = 7 mm
for the simulation

Fig. 12 The probability of droplets having a certain axial velocity (up,x ), conditioned by their
diameter as measured x = 5 mm downstream of the exit of the injector (Fig. 1).

(a)

(b)

Fig. 13 The location of the probes for measuring the velocity-diameter joint PDFs at x = 5
mm (a) and x = 10 mm (b).
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(a) At r = 3 mm
for the experiment

(b) At r = 5 mm
for the experiment

(c) At r = 7 mm
for the experiment

(d) At r = 3 mm
for the simulation

(e) At r = 5 mm
for the simulation

(f) At r = 7 mm
for the simulation

Fig. 14 The probability of droplets having a certain axial velocity (up,x ), conditioned by their
diameter as measured x = 10 mm in Fig. 1.

a higher axial velocity than those at the other measurement locations (r = 3, 7
mm). This highlights the importance of imposing the laminar velocity profile on
the droplets at the point of injection using the Laminar FIM-UR model. Experiments and simulations are generally in good agreement. Nevertheless, it is noted
that the measurement location 5 mm downstream and 5 mm radially outwards
(Fig.12e), droplets with the smallest diameters have a velocity in the simulations
that is noticeably lower than in the experiments (Fig.12b).
It is important to note that the appearance of high velocity, large diameter
droplets is conditional on a sufficient number of droplets being injected by FIMUR. This highlights the importance of using the modified Rosin-Rammler distribution instead of the Rosin-Rammler distribution that does not contain these larger
droplets.
4.2.1 PDF double peak origin
To better understand the formation of this double peak shape a simulation was
run with a preset Rosin-Rammler distribution optimised to fit the experimental
data and injected using the FIM-UR model (black dotted line of Fig. 15a). In this
simulation, the evaporation model was turned off. Doing so, it would be expected
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(a)

(b)

(c)

Fig. 15 The probability of droplets having a certain diameter taken at a plane x = 5 mm
in Fig. 1 throughout the simulation (a), over the entire domain at t = 0.2 ms after the first
injection (b) and over the entire domain t = 1.2 ms after the first injection (c).

that the distribution retrieved downstream accurately resembles the injected distribution, and therefore the experimental observations. Figure 15a shows this is
not the case: there are significantly more droplets in the smaller diameter range
than the larger ones arriving at the measurement plane 5 mm downstream of the
injector exit and the two peak distribution is clearly visible. Figures 15b and 15c
show the distribution given by all of the droplets in the domain at two time instants after the injection begins. As time progresses, the proportion of droplets
which are being tracked in the freestream is dropping, meanwhile the number of
droplets that are treated as being part of the ‘FILM’ on the inner surface of the
injector is increasing. The distribution of the droplets being absorbed by the FILM
is not uniform and is instead skewed with a mean around 7-8 microns. This indicates that the double peak of the downstream distribution is caused by droplets
that fall within a certain size range being preferentially absorbed into the liquid
film.
This is caused by a “centrifuging” effect: the largest droplets, with a large
Stokes number (Stk= τp /τg is the ratio of the droplet relaxation time to a characteristic time in the gaseous phase), are not greatly affected by the surrounding
air-flow and instead travel in a nearly ballistic path radially outwards from the
central injector. On the contrary, the smallest droplets, characterised by a very
small Stokes number, follow the airflow very closely. As most air does not make
contact with the walls of the injector, these droplets do not end up in the film.
For droplets between these extremes, they begin to accelerate up to the speed of
the swirling flow, however, as their density is much higher than the surrounding
air, they begin to be centrifuged out of the air and onto the inside surface of the
injector to be enveloped by the film.

4.3 Reacting case
Once validated under cold conditions, the same injection parameters are used in the
reactive flow simulation. The droplet diameter PDFs at x = 5 and x = 10 mm are
shown in Figs.16a and 16d respectively. The comparison against the experimental
profiles with combustion is very good in both cases. The mean diameter and SMD
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(a) PDF of droplet diameter
at x = 5 mm

(b) mean droplet diameter
at x = 5 mm

(c) mean droplet axial velocity
at x = 5 mm

(d) PDF of droplet diameter
at x = 10 mm

(e) mean droplet diameter
at x = 10 mm

(f) mean droplet axial velocity
at x = 10 mm

Fig. 16 Reactive case: (a-f) as labelled in Fig.11

profiles are shown in Figs.16b and 16e. Unlike in the cold case, the SMD profile
matches the experimental values almost perfectly at the 5 mm downstream plane.
The velocity profiles shown in Fig.16c show very good agreement with experiment
except in the innermost region were the droplet count is very low and the errors
high. Further downstream (Fig. 16f) the axial mean velocity shows more deviation
from the experimentally measured values on the inner half of the profile.
The conditional probability histograms at x = 5 mm downstream are shown in
Fig. 17. The experimental histograms (Figs. 17a-c) show a clear deviation from the
cold flow (Figs. 12a-c). The two different velocity branches (35 m/s and 10 m/s)
are more clearly pronounced in this case and the higher velocity branch is stronger
in the reacting case than in the non-reacting. In comparison with simulation values
(Fig.17e) at r = 5 mm, the experimental histograms are similar but do not show
such a strong lower velocity branch (Fig. 17b). The lower velocity branch (around
10 m/s) is also dominant at the 7 mm radial location in the simulations (Fig.17f)
but totally absent in the experiment (Fig.17c). This is most likely due to droplets
that are atomised by the airblast atomiser being preheated by the hot injector wall
during experiments, leading to more rapid evaporation. This effect is not captured
in the simulations as heat transfer to the liquid film is not considered in the
model. Despite the differences between simulation and experiment, the existence
of a higher velocity branch in Fig.17e is only possible thanks to the use of the
MRR distribution for the FIM-UR injection and a minimum injection angle which
broadens the injection cone. Without the use of the MRR distribution the only
large droplets to reach the measurement plane are released by the PAMELA model
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(a) At r = 3 mm
for the experiment

(b) At r = 5 mm
for the experiment

(c) At r = 7 mm
for the experiment

(d) At r = 3 mm
for the simulation

(e) At r = 5 mm
for the simulation

(f) At r = 7 mm
for the simulation

Fig. 17 The probability of droplets having a certain axial velocity (us,x ), conditioned by their
diameter as measured at x = 5 mm in Fig. 1.

which, due to the zero injection velocity, can only contribute to the low velocity
branch. Fig. 18 shows the same histograms for the plane 10 mm downstream. In
this case, the agreement is good except for more droplets appearing in the high
velocity (50 m/s) branch 7 mm radially outwards from the centre in the experiment
(Fig. 18c) and slightly more droplets appearing in the low velocity branch (20 m/s)
for the simulation (Fig. 18e).
Figure 19 shows the result of OH* measurements of the reacting experimental
rig and heat release measurements from the simulation. The M-shaped turbulence
spray flame can be seen to have an extremely similar stand-off height between the
simulations and experiment and a similar length. Most heat release is found in the
two outer lobes of the flame instead of the central region.

5 Conclusion
In conclusion, models required to describe the atomisation processes of a fuel spray
in a swirled, air-blasted injector using a Lagrangian formulation for the liquid fuel
have been developed, tested and optimised to represent a turbulent swirl spray
flame inside an academic test rig (EM2C, CentraleSupelec). These models include
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(a) At r = 3 mm
for the experiment

(b) At r = 5 mm
for the experiment

(c) At r = 7 mm
for the experiment

(d) At r = 3 mm
for the simulation

(e) At r = 5 mm
for the simulation

(f) At r = 7 mm
for the simulation

Fig. 18 The probability of droplets having a certain axial velocity (us,x ), conditioned by their
diameter as measured at x = 10 mm in Fig. 1.

Fig. 19 The mean OH* measurements from the experiments and the mean heat release field
from the LES.
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the primary atomisation at the pressure-swirl injector, a film model when droplets
impact the inner walls of the swirler film and are again atomised at the swirler lips,
as well as a secondary atomisation model when droplets propagate in the chamber
and in the swirler. Comparisons have been made of the spray statistics downstream
of the fuel injector under non-reacting and reacting conditions showing a good
agreement with experimental measurements. The comparison of the mean flame
shape also agrees with experimental flame visualisation.
An unusual shape of the droplet diameter PDF measured downstream of the
injector lips has been shown to be due the centrifuging of droplets of a particular
size in the swirling flow inside the fuel injector. A sensitivity analysis has shown
that the controlling model parameters are the injection parameters of the FIM-UR
model used for the pressure swirl atomiser: the spray angle and the diameter of
the injector are the key parameters controlling the rate at which droplets breakup.
They also determine the quantity of droplets that exit the injector without filming
on the injector walls.
Future work will focus on improvements to the thermal modelling of the liquid
film and its relationship to the droplet statistics downstream of the injector and
the flame shape. Self-excited thermoacoustic instabilities in the SICCA-Spray and
MICCA [58] rigs will also be studied.
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A Result sensitivity to modelling

Table 2 List of simulations run to test the effect of different modelling approaches.
Simulation
A
B
C
D

Model removed

and resplaced by

RR distribution
θmin = 15◦
Eqn.(4)
FASTER

MRR distribution
θmin = 2Ra tan(θS )/(R0 + Ra )
Eqn.(3)
FAST

In order to highlight the importance of the modifications made to the original FIM-UR
and FAST models, four additional reacting simulations were run (Tab.2). Three of these simulations focus on the modifications that were made to the FIM-UR model: (A) the use of a
modified Rosin-Rammler distribution, (B) the additional of a laminar velocity profile, and (C)
the inclusion of a manually set minimum injection angle to broaden the spray cone. The final
simulation (D) replaces the FASTER secondary atomisation model with the original FAST formulation. Figure 20 shows the probability density function of the droplet velocity conditioned
by the droplet diameter as measured at x = 5 mm downstream of the injector plane and at
r = 3 mm radially outwards from the injector centreline. These figures should be compared to
Figs. 17a-d. Each of these four model modifications results in a similar problem: the lack of the
very largest droplets at this central location in the domain. In the case of the Rosin-Rammler
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(a) Simulation A

(b) Simulation B

(c) Simulation C

(d) Simulation D

Fig. 20 The probability of droplets having a certain axial velocity, conditioned by their diameter as measured 5 mm downstream of the exit of the injector and at a radial location of 3
mm from the center of the jet for 4 different simulations.

distribution, the lack of a long tail in this distribution means that the small number of very
large droplets created by the atomiser is not captured resulting in an overall shift to smaller
droplet diameters downstream of the injector. The largest difference is seen in the case of
the minimum spray angle being set automatically by FIM-UR: in this case, the only droplets
that can reach the central region of the domain are those with very low Stokes numbers as
no droplets that are injected directly from the pressure-swirl atomiser can reach the combustion chamber without undergoing breakup or impacting the injector wall. The injection of the
droplets with a flat velocity profile equal to the bulk velocity results in the largest observed
droplets having too high a velocity at this measurement location and, due to their higher
velocity, these droplets breakup too quickly leading to a smaller maximum observed size. As
explained in Section 3.2.4, the original FAST model uses a breakup timescale that is too small
for low Weber number cases such as in the current study. Figure 20d shows that the effect of
this timescale being too small is that droplets breakup too quickly leading to a lack of larger
sized droplets at the measurement plane. A comparison between Figures 20 and 17 evidences
the improvement resulting from the proposed formulations of FIM-UR and FASTER.
These effects are also highlighted in the measurements of SMD and droplet mean diameter
as shown in Fig.21, which can be compared to Fig.16b. This figure shows that the reduction
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(a) Simulation A

(b) Simulation B

(c) Simulation C

(d) Simulation D

Fig. 21 The mean droplet diameter and SMD as a function of radial measurement location
as measured 5 mm downstream for 4 different simulations.

in the maximum observable droplet size at r=3 mm translates into a corresponding drop in
the SMD (and in some cases the mean droplet diameter) close to the centreline of the domain.
It is also observable that in the cases of the use of the RR distribution and the change in
minimum spray angle, that the SMD is too high at r=8 mm. This may be due to a higher
proportion of droplets hitting the injector walls, leading to an increase in the thickness of the
liquid film and a corresponding increase in the mean diameter generated by the PAMELA
airblast atomisation model.

B Result sensitivity to input parameters
Table 3 gives an estimate of the sensitivity of the model parameters for the four models
presented in this study. By far the most sensitive of the models is FIM-UR, in which the injector
diameter (Dps ), and the angles of injection (θS , θmin ) are specified, consequently defining the
initial velocity of the droplets. This determines: (1) the speed at which the droplets breakup
through the secondary breakup model (FASTER); (2) the proportion of droplets that land on
the injector inner surface to be reatomised by the airblast atomiser; and (3) the velocity and
physical position of larger droplets measured further downstream. The results are less sensitive
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Table 3 List of model parameters, constants and their sensitivity with respect to the final
solution.
Constants
Laminar FIMUR
SMD
Spreading parameter
Mean spray angle
Minimum spray angle
Atomiser diameter
Velocity variance
Automatic PAMELA
Atomiser thickness
Model Constants

Parameters

Sensitivity

D32
q
θS
θmin
Dps
σu

Medium
Medium
High
High
High
Low

ha

High

k1
k2

Low
Low

C1 − C5

FILM
None
FASTER
Mean constant
Variance constant

to the chosen diameter PDF to be injected: any over-injection of droplets of the smallest size
will lead to a reduction in the quality of the observed droplet diameter PDF. On the other
hand, an SMD that is too big will result in a more modest change in observed PDF because
most large droplets are in both cases broken up by the secondary breakup model. For the
spreading parameter (q) it is very important to choose something that does not lead to small
sized droplets being generated (i.e. q > 2 for the Rosin-Rammler distribution) avoiding on the
other hand the injection of a very narrow PDF.

To highlight these sensitivities, the PDF of four different simulations are provided in
Fig.22. In Figure 22a, the droplets are injected at a mean injection angle of 30 degrees, from
an injector 80 microns wide, with droplets of a uniform diameter of 18 microns. The shallow
injection angle reduces the velocity of the droplets leading to less breakup by the secondary
breakup model and a PDF that is too wide. The original diameter of the injected particles
also appears as a single, unrealistic peak in the PDF. Figure 22b shows a simulation with a
mean injection angle of 60 degrees, (the minimum injection angle is calculated by the FIM-UR
model in this case) and from an injector with a diameter of 80 microns. This choice of injection
angle leads to a droplet velocity that is too high, which causes too much breakup from the
secondary breakup model and a PDF that is too thin.

Results are less sensitive to other model parameters. The Automatic PAMELA model
has only one sensitive parameter (the prefilmer thickness). The FILM model has no tunable
parameters and the FASTER model, while it does allow for some tuning to be made by the
user, is relatively insensitive to this choice. In all simulations run in this study the value of
k1 = 0.8 is fixed; in one simulation, the value was changed to k1 = 1.6. Figures 22c-d shows
that there is almost no change in the observed downstream PDF. This is because the model
considers the droplet breakup as a process cascade that occurs many times over. Changing the
value of the two constants may change the outcome of one breakup event in this cascade but
the droplet will remain unstable as long as the Weber number remains higher than the critical
Weber number leading to the same end result. It should be noted that it is possible to change
the observed PDF by choosing a k1 far from unity (as suggested by Apte et al. [44]).
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(a) θS = 30 deg

(b) θS = 60 deg

(c) k1 = 0.8

(d) k1 = 1.6

Fig. 22 The probability of droplets having a certain diameter as measured 5 mm downstream
of the exit of the injector in simulations where the values of the mean spray angle (θS ) and
the first FASTER coefficient (k1 ) were varied.
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25. N. Gourdain, L. Gicquel, M. Montagnac, O. Vermorel, M. Gazaix, G. Staffelbach, M. Garcia, J. Boussuge, and T. Poinsot, “High performance parallel computing of flows in complex geometries: I. methods,” Computational Science & Discovery, vol. 2, no. 1, p. 015003,
2009.
26. N. Gourdain, L. Gicquel, G. Staffelbach, O. Vermorel, F. Duchaine, J.-F. Boussuge, and
T. Poinsot, “High performance parallel computing of flows in complex geometries - part
2: applications,” Computational Science and Discovery, vol. 2, no. November, p. 015004,
2009.
27. T. Schønfeld and M. Rudgyard, “Steady and unsteady flow simulations using the hybrid
flow solver AVBP,” AIAA Journal, vol. 37, no. 11, pp. 1378–1385, 1999.
28. O. Colin and M. Rudgyard, “Development of high-order Taylor–Galerkin schemes for
LES,” Journal of Computational Physics, vol. 162, no. 2, pp. 338–371, 2000.
29. O. Colin, “A finite element operator for diffusion terms in AVBP,” tech. rep., Institut
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