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Abstract

The combustion inside of aircraft gas turbines is highly affected by fuel injection and at-
omization. Reaching smaller droplets leads into a cleaner and faster combustion since the
evaporation takes place earlier, hence, promoting a good mixing. Thus, study the performance
of aeronautical atomizer is of high importance to understand the physical phenomena that
drive spray characteristics. On experimental campaigns, measurements such as the drop size
distribution and mean velocity of the droplets can be performed. However, due to the complex
geometries of atomizers and limitations of the current experimental techniques, early stage of
the atomization process is difficult to characterise. Numerical modelling play a role at this
level to enforce our description of such multiphase flows. On the last years, numerical studies
of aeronautical injectors have been carried out to model the flow inside the atomizer with
the goal to recover experimental measurements. Nevertheless, other difficulties are found on
numerical modelling such as the computational time and resources required.

On this work, a methodology applicable for numerical modelling of an aircraft atomizer is
proposed. In particular, an airblast prefilming atomizer, representative of gas-turbine injection
systems, is studied. Since performing one single simulation able to recover the whole injection
system is not possible due to the high amount of computational resources, a workflow has
been proposed that considers a succession of complementary simulation. This multi-simulation,
multi-scale approach allows eventually to study the essential features of the injection system.
The atomizer studied belongs to the in the CHAiRLIFT project within the Clean Sky 2 project.
Within this project, the aim of this work is to characterize the spray calculating the drop
size distribution and the velocity of the droplets that can be used for further combustion
characterization . Since the atomization simulation are limited to the early stage of injection, a
recently proposed analysis is applied and developed further to give a more complete definition
of the spray. This analysis is based on the surface interface density Σ and the curvature κ to
predict the joint number distribution of droplets at a given diameter and velocity.

In addition, since the CHAIRLIFT injection system require a swirl injector to initiate the
internal liquid film and also because swirl injection are commonly used in gas-turbine systems,
this work includes also a simplex swirl injector. A injector applied on an academic project
dedicated to gas turbine spray flame is studied. The internal geometry of this Danfos swirl
injector is unknown. Thus, the internal geometry has been measured by several measurement
techniques and the computational geometry has been reconstructed. Modelling this kind of
injectors is not straightforward due to the large range of scale to be considered, hence, a
two simulation coupling has been proposed to overcome the difficulties of this simulation.
Results have been validated with comparison with previous experimental campaigns. Finally
the new analysis has been also applied to determine the spray size distribution at the early
stage of the atomization process and compare to experimental measurement obtained further
downstream.
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1 | Introduction

The aircraft industry has been growing up since its creation, becoming one major source
of pollutant emission such as CO2 and NOx emissions. To reduce its impact several
initiatives have been performed over the years and, regarding this work, the European
CHAiRLIFT project (Clean Sky 2) has the aim to study new technologies for aircraft
gas turbines. This chapter shows the goals of the project and presents an outline of the
current thesis.

Contents

1.1 CHAiRLIFT 2

1.2 Thesis outline 4

The number of flights performed globally by the airline industry increased steadily since
the early 2000s and reached 38.9 million in 2019 with an estimation of 40 million in 2020.
However, due to the coronavirus pandemic, the number of flights dropped finally to 16.9
million in 2020. Anyhow, in 2021 the number of flights grew up to 19.3 million and the
previsions for 2022 are set on 25.8 million flights despite the COVID pandemic [Mazareanu,
2021].

Figure 1.1 – Number of flights through the years from 2004 to 2021 [Mazareanu, 2021].
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2 Introduction

The more number of flights the more emissions they produce. Nowadays, more than 1
billion tons of CO2 come from the aviation [Lee et al., 2021] representing the 2.5% of the
total CO2 emission in 2018. On Figure 1.2 we can observe a rise of the emission in 4− 5%

per year. Obviously, this data does not take into account the COVID19 global health crisis
where the emission of CO2 has gone down. Anyway, as it has been shown on Figure 1.1,
aviation will reach the pre-pandemic number of flights in a few years and so the emission will.

Figure 1.2 – CO2 emissions due to aviation from 1940 to 2018 [Ritchie, 2020]

Taking into account the non-CO2 emissions, the aviation industry emits 3.5% of the
total. Therefore, through the last decades, efforts on reducing the emissions emitted from
the aircraft gas turbines have increased.

The Clean Sky 2 program (currently followed by the Clean Aviation program) was
launched on 2014 following the Clean Sky program (2007-2014). Its goal is to develop
disruptive new aircraft technologies to support the European Green Deal, and climate neutrality
by 2050. These technologies will deliver net greenhouse gas (GHG) reductions of no less than
30% and reducing the CO2 emission by 90% [CleanAviation, 2022].

This thesis has been founded by one of the projects inside of the Clean Sky 2 program,
the CHAiRLIFT (Compact Helical Arranged combustoRs with lean LIFTed flames) project.

1.1 CHAiRLIFT
The project has the aim to study the combination of two different well-known technologies:
the short helical combustor and the lifted flames. Each of these two technologies allow to
reduce the NOx emission by themselves, hence, the goal is to study experimentally and
numerically those two technologies together.

The Short Helical Combustor (SHC) concept was introduced by [Ariatabar et al., 2016].
The major feature of SHC concepts is that the primary axes of all burners are tilted in
circumferential direction relative to the rotational axis of the gas turbine. A comparison
among a conventional combustor and a SHC design is shown on Figure 1.3. The advantages
of SHC is to increase the flow residence time thanks to the helical flow pattern in the chamber.
The combustor weight can be reduced due to the shortening of the turbine shaft length
leading to a more rigid core. Another substantial advantage is to enhance transverse exchange
of heat and combustion products between the adjacent flames via advection and radiation
which produces a reduction of pollutant and noise emissions.
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1.1 CHAiRLIFT 3

Figure 1.3 – Schematic comparison conventional and SHC combustor by [Ariatabar et al.,
2016]

Further information of the SHC concept can be found in [Ariatabar et al., 2017, Ariatabar
et al., 2018].

Lifted flames are a hybrid between diffusion and premixed flames. They are partially
premixed flame offering some of the benefits of the premixed combustion, but limiting some
their disadvantages. They are highly valued for their NOx reduction potential and for their low
susceptibility to flash-back and thermo-acoustic instabilities [Fokaides et al., 2007, Kasabov
et al., 2013].

Experimental and numerical studies have been carried out within the CHAiRLIFT
project on several research groups. Figure 1.4 shows an overview of every study performed
and which research group has performed it. In this project the following groups has been
participated: Università degli Studi di Firenze (UNIFI), Karlsruher Institut für Technologie
(KIT) groups Engler-Bunte-Institut (EBI) and Institut für Thermische Strömungsmaschinen
(ITS), Università degli Studi di Salerno (UNILE) and Université de Rouen Normandie (URN).

Figure 1.4 – Summary of the CHAiRLIFT project

The studies has been divided into four main groups: SHC conceptual design, numerical
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investigations of lifted spray flames, experimental investigations and an implementation to a
real scale combustor.

The SHC conceptual design has been studied by KIT/ITS group. They have performed
a parametric numerical study to develop a baseline configuration. Afterwards, further optimiza-
tion of this preliminary design was performed [Hoffmann et al., 2021, Shamma et al., 2021].
Experimental investigations have been performed by KIT/EBI and UNILE on a multi-sector
rig simplifying a real SHC [Shamma et al., 2021] where the burner is based on the work by
[Kasabov, 2014]. Moreover, preliminary investigations of enhanced flame stabilization were
carried out by [De-Giorgi et al., 2021]. The numerical investigation of lifted flames has been
carried out by UNIFI; on a first place a fundamental study of the combustion modelling in a
single sector [Langone et al., 2022] was carried out based on the work by [Sedlmaier, 2016].
It was followed by the numerical study of the multi-sector rig [Shamma et al., 2021]. Both
studies need the spray characteristics to set up the case. Thus, on this part done at URN
(University of Rouen Normandy, the multiphase modelling of the spray atomization has been
performed [Ferrando et al., 2021c, Ferrando et al., 2021a] to provide the characteristics of
the spray to the reactive flame simulation.

1.2 Thesis outline

The aim of this work is to study numerically the atomizer used on the CHAiRLIFT burner to
characterize the spray. Afterwards, the extracted data have to be treated to generate proper
spray boundary conditions for further reactive flame simulation.

Since this work has been done in parallel to the experimental campaign on the multi-
sector rig, the results shown are performed mostly on the single-sector test case by [Sedlmaier
et al., 2014] to validate the modelling. The multiphase numerical approaches to model the
spray atomization are presented on chapter 2 as well as the physical model selected for this
study. Additional numerical methods such as the discretization schemes and the boundary
conditions imposed on the simulations are also explained. Finally, a methodology to handle
the modelling of this airblast atomizer is proposed.

The first step on this workflow is the numerical study of a simplex swirl atomizer shown
on chapter 3. Since numerical modelling has been done in parallel with the experimental
campaign, no data were available to validate this first part on the CHAILIFT swirl injector,
hence, the atomizer used to develop atomization modelling comes from previous studies PhD
thesis of [Verdier, 2017, Marrero, 2018]. In spite of the CHAiRLIFT simplex swirl injector
is not the main atomizer, this kind of injectors can can work standalone on aircraft gas
turbines [Remigi, 2021]. Thus, a workflow to model this kind of injector is still of interest
for gas turbine. This study include the experimental measurements of the internal geometry
performed in collaboration with Universitat Politècnica de València (UPV) [Ferrando et al.,
2021a] to construct a 3D computational geometry. In addition, the numerical study of the
internal flow inside of the atomizer is shown. These first result constitute data that is coupled
to another simulation to compute the atomization process on the external domain. This
study has been validated with the experiments performed by [Verdier, 2017, Marrero, 2018]
at CORIA.

Performing a single simulation of an airblast atomizer remains in general too complex
an too expensive (computationally speaking) process. Therefore on chapter 4 a solution is
proposed. Due to the large range of length scales involved on this kind of atomizers and the
numerous physical phenomena implied, a hierarchy of complementary and coupled simulation
has been proposed to study each of them separately. The chapter begins with a literature
review of the airblast atomizers in general and the main correlations to calculate the mean
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diameter of the droplets and their mean velocity. Following with the 3 steps simulation coupled
to simulate a portion of the full atomizer.

Finally, the novel interface-curvature analysis proposed by [Palanti et al., 2022] is
explained and further developed to incorporate velocity distribution on chapter 5. It is applied
to both, the CHAiRLIFT airblast atomizer and the academic simplex swirl atomizer and
compate with available experimental measurement.
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2 | Numerical methods for spray at-
omization

Several numerical approaches can be used to model the spray atomization process.
Regarding the spray phase zone and the kind of atomizer under study one or another
method can be more suitable. On this chapter the main multiphase approaches are
reported emphasizing the context and then methods applied on this work. Finally, the
methodology which is develloped in this work to address the complex aeronautic injectors
is explained.

Contents

2.1 Multiphase spray atomization modelling 9
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The atomization phenomena has been studied both, experimentally and numerically
during the last decades. Nowadays, many models have been proposed, but nevertheless, studies
such as [Mirjalili et al., 2017, Saurel and Pantano, 2018] collects modelling techniques used
as a generic multi-phase models.

The atomization process takes place when two immiscible phases, one liquid and another
one gaseous, which are part of the same fluid system, are interacting at different velocities to
eventually form a spray. The flow field has been classically divided into three main regions
[Lefebvre and McDonell, 1988]. The dense phase zone where primary breakup forms the first
coherent liquid structures; at the opposite the dilute phase zone where polydisperse spray
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Figure 2.1 – Picture of the spray expelled from the CRSB injector by [Verdier, 2017]. The
dense, transition and dilute zones and the primary and secondary break-up are plotted.

is finally found and in between, there is a third phase zone, the transition zone where the
break-up of most liquid structures takes place. The three zones are shown on Figure 2.1.

There are two main break-up processes. The first one known as primary break-up
transforms the continuous liquid flow into structures such as ligaments or even big droplets.
Depending on the fluid properties and the velocity of the gaseous and liquid flow, a second
break-up can take place: for instance, when the drag forces over the liquid structures are
much higher than the surface tension forces ligaments or big droplets are broken-up into
smaller liquid structures until surface tension stabilised droplets and viscosity dissipate liquid
structure agitation.

The atomization process is a hard problem to resolve mathematically speaking due to
the numerous physical phenomena involved and the wide range of liquid structures. Thus,
some models have been developed to address one problem in particular not solving the others.
Therefore, choosing the perfect model is not clear and/or straightforward. The complete
and direct description is mostly based on the Navier-Stokes (N-S) equations, extended to
liquid gas flows. On this chapter the main models are presented and the one used on this
work is explained on detail. Since the aim of this work is to study the atomization process
on industrial atomizers the main effort has not been to develop new numerical approach.
Accordingly, state of the art approaches have been chosen to established a trade off between
precision, complexity and the level of detail available. Last chapter, base on these choices will
develop an adapted analysis to reconstruct final spray characteristics.

The second part of this chapter is focused on the numerical methods directly applied
to the simulations. The OpenFOAM v6 toolbox has been used on every numerical simulation
carried out on this thesis. The chosen solver, the discretization schemes as well as the
boundary conditions applied are reported.
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2.1 Multiphase spray atomization modelling
In principle, solving directly the N-S equation would allow for the complete description of
the atomization and injection processes. However, the large range of length and time scales
makes this approachable practically intractable. Thus, the adopted approach depends on the
region to study. A sketch of the atomization phenomena linked to the dynamic approach
chosen is shown on Figure 2.2. From left to right we can observe that we go from a DNS
(Direct numerical simulation) approach, where all dynamic scales are resolved and the liquid
jet has not broken-up jet. This first steps of the atomization process (primary break-up) are
capture with the so-called, interface capturing methods (ICM). Beyond this point, liquid-
gas interface length scale are reaching the level of mesh refinement, thus to capture the
interface is not feasible. Thus, a kind of LES (Large Eddy Simulation) formalism is used to
model the dynamic sub-grid scales. The interface between liquid and gas has to be modelled
at sub-grid level. Finally, once the spray is fully developed and the droplets are dispersed
Lagrangian or Eulerian, two-fluid models and stochastic systems, based on the well-known
Williams-Boltzmann equation (WBE) are more suitable [Pope, 1985, Simonin et al., 1993].

Figure 2.2 – Atomization zones by dynamic modelling approach [Añez, 2019].

The aim of this thesis is to predict spray characteristics issued of complex Gas Turbine
(GT) injectors to initiate combustion studies. With respect of the Diesel or Gazoline injection
where the liquid dispersion and the density of liquid-gas surface are mostly sufficient to
determine evaporation and thus combustion [Lebas et al., 2005], it is expected that GT
injection system will be more sensitive to the detail of spray distribution. At the present time
there is no proposal for atomization modelling of such detail at sub-grid level, thus ICM
approach are necessary. Accordingly, it is expected to model the transition zone where the
primary break-up takes place up to a point where spray characteristic can be inferred. Starting
from a DNS point of view where a ICM is used, it is necessary to carry on, modelling the
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10 Numerical methods for spray atomization

break-up process keeping the capturing of the droplet interface as far as possible up to the
LES zone. To complete this effort a dedicated analysis based on the liquid-gas interface and
curvature is proposed (see chapter 5) to extract the statistical information of the spray that
could be used to set up a stochastic system based on WBE.

2.1.1 Dense region: DNS-ICM approach
These methods are characterized for being able to reconstruct the surface interface between
the gaseous and liquid phases. The aim is to capture the spray primary break-up to study the
generation of smaller liquid structures such as ligaments or droplets. Among other, there are
three main interface capturing approaches: Front Tracking methods [Unverdi and Tryggvason,
1992], Level Set methods [Sussman et al., 1994] and Volume of Fluid methods [Gueyffier
et al., 1999].

Front Tracking methods
Inside of a eulerian-lagrangian framework, [Unverdi and Tryggvason, 1992] propose to use
Lagrangian particles as markers that are connected along the interface. Those markers will
represent the interface between liquid and gas and they will be carried by the flow (see
Figure 2.3). The liquid gas flow itself is resolved on a fixed mesh where any interaction at the
interface used surface markers. For instance, the surface tension is solved at the interface
level with Lagrangian markers and later transfer to Eulerian phase.

This method has been used to model incompressible viscous flows [Unverdi and Tryg-
gvason, 1992], multiphase flows [Tryggvason et al., 2001] and phase change flows [Juric and
Tryggvason, 1998, Tryggvason and Lu, 2015].

Figure 2.3 – Front tracking method example [Scardovelli and Zaleski, 1999].

The great advantage of this kind of methods is the direct reconstruction of the interface
from the position of the markers. However, markers have to be distributed homogeneously and
their position has to be adapted at each time step accounting also for connection/disconnection
related to coalescence and breakup. Geometrical properties such a the normal or the curvature
of the liquid structure are not straightforward to compute [Lin et al., 2019].
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Level-set (LS) method
The level-set method [Osher and Sethian, 1988, Sussman et al., 1994, Sethian, 1999] is a
method for implicit description of moving fronts. The basic idea is that the front location
is given as the zero level set of an auxiliary field defined over the domain of interest. The
distance function φ is a common choice, it is solve trough a convection function:

∂φ

∂t
+ u∇·φ = 0 (2.1)

The interface is found for φ = 0. Positive values of φ correspond to the distance from
the interface inside on the liquid. On the contrary, negative values of φ represent the distance
from the interface on the gas (see Figure 2.4).

Figure 2.4 – Level-set method representation. On blue: iso-contour for phi = 0 representing
the interface [Canu, 2019].

Solving Equation 2.1 does not preserve the distance property of φ. Thus, a re-distancing
algorithm should be applied in order to return to a mathematically valid distance function
[Sussman et al., 1994]. This approach reconstruct accurately the interface and allows to
compute its properties such as the normal and the two main curvatures κ1, κ2. Nevertheless,
the re-distancing process causes liquid mass losses.

Volume of fluid (VOF) method
The volume of fluid method [Hirt and Nichols, 1981] introduces the liquid volume fraction α
concept. This variable measures the volume of liquid inside of a computational cell. Therefore,
if α = 1 the cell is fulfilled with liquid, and on the other hand, for α = 0 the cell corresponds
to the gaseous phase (see Figure 2.5). It is describe by a convection equation for the liquid
volume fraction:

∂α

∂t
+∇·(uα) = 0 (2.2)

This method allows for using finite volume method to enforce the conservation of
the liquid mass. In the context of separated phases approach, it is necessary to apply the
jump conditions on an actual discontinuity located at the interface, this holds in particular
for the liquid volume flux. To capture the interface, it requires to reconstruct it. There are
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Figure 2.5 – Volume of fluid method representation.

several methods such as geometric reconstruction. The simplest one is the Simple Linear
Interface Calculation (SLIC) [Noh and Woodward, 1976, Noh and Woodward, 2005] that fits
the interface with a 1st order function, keeping the interface parallel to one of the coordinate
of the numerical domain. There are more accurate geometry reconstruction such as Piecewise
Linear Interface Calculation (PLIC) which in a similar way than SLIC, it represent the surface
interface by lines but oriented according to the interface normal [DeBar, 1974, Youngs,
1984, Skarysz et al., 2018].

Coupled Level-Set Volume of Fluid method (CLSVOF)
To overcome the weaknesses of LS and VoF methods, a coupled level-set volume of fluid
(CLSVOF) method was introduced by [Skarysz et al., 2000] and later improved by [Ménard
et al., 2007]. It has been used in many studies [Mukundan et al., 2019, Guo et al., 2014].
The advection equation of α is solved together with the level-set equation. By connecting
these two approaches, a mass conservative model whit an accurate definition of the interface
is achieved.

2.1.2 Transition region: LES approach
As the atomization process takes place, smaller and smaller length scale are generated. For
complex injection system, eventually performing DNS computations is not longer a possibility
due to the computational resources requirement. Therefore, a coarse mesh definition has
to be applied with respect to the length scale of the flow, and hence, a LES formalism to
model the unresolved scales is required. Pioneering work in the direction of modelling the flow
dynamic of multiphase flow including interface and accounting for density jump problems have
been done in Reynolds Average Navier-Stokes (RANS)[Vallet and Borghi, 1999, Burluka and
Borghi, 2001, Demoulin et al., 2001]. Then, following the LES approach the incompressible
mixed phases conservation equations can be filtered alongside with the liquid volume fraction
transport equation. The description of the filtered equation will follow previous works by
[Chesnel et al., 2011, Puggelli, 2018]:
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• Mass transport equation:
∇·(u) = 0 (2.3)

• Momentum transport equation:

∂ρ̄ū + τρu

∂t
+∇·(ρ̄ū× ū + τρuu) = −∇p̄ + µ̄∇·(∇ū + τS) + ρ̄g− τσ (2.4)

• Liquid volume fraction transport equation:

∂ᾱ

∂t
+∇·(ūᾱ+ Rα) = 0 (2.5)

where the unclosed terms can be defined as: τρu = ρu− ρ̄ū represents the sub-grid contribution
to the temporal term in the momentum equation [Tavares et al., 2015, Vincent et al., 2018].
τρuu = ρu× u− ρ̄ū× ū which is similar to the sub-grid stress term on single phase flow. It is
expected to have a particular behaviour due to the high density variation. τS = µ∇u− µ̄∇ū is
the sub-grid term of laminar viscous forces. τσ = σκnδS is related to the surface tension force.
Rα = uα− ūᾱ represents the contribution of the under liquid motion that is approximated
certain approach (ELSA) by a su-bgrid liquid dispersion.

All these terms requires model in order to close the transport equations. Practical
closure are still missing for multi-phase flows, so many one-fluid formalism closures have
been tested by several authors [Christensen and Deigaard, 2001, Lubin et al., 2006, Añez,
2019, Ahmed, 2019] among others. We have decoupled the description of flow dynamic to
the surface representation. This is often the case in many applications in the literature: once
an approach has been designed with a liquid-gas surface representation, it is attracting to
complete the approach with classical modelling for the flow dynamic based mostly on single
phase turbulence models. There are two main reasons. Firstly, the turbulence in liquid-gas
flows is very complex and not fully elucidated yet. Secondly, there are many cases where
such separation gives good results. However, the coupling between the dynamic of the flow
and of the interface is most probably a reality as suggested by the analysis of the unclosed
terms. From the work of [Vallet and Borghi, 1999] it is possible to represent certain surface
phenomena such as the liquid dispersion and the turbulent liquid flux which would lead into
the Eulerian-Lagrangian Spray Atomization (ELSA) model.

Eulerian-Lagrangian Spray Atomization (ELSA) model
This approach was introduced by [Vallet and Borghi, 1999] and is based on the mixed phases
formulation supplemented by the liquid volume fraction equation to represent the liquid and
gas phase behaviour. This approach has been mostly used for iso-thermal flow, where the
energy equation is not considered, but it is possible to include energy also [Lebas et al., 2009].

Another transport equation for a new variable is added, namely the interface area density
Σ. This variable considers the portion of interface area in a certain volume. The interface
area density transport equation by [Anez et al., 2019] is:

∂Σ

∂t
+∇·uΣ +∇·RΣ + SΣ = 0 (2.6)

where RΣ = Σu−Σu and the source term is modelled following the restoration of equilibrium
among the liquid and the gas subjected to turbulence motion as SΣ = Σ

τeq

(
1− Σ

Σeq

)
where

τeq.
To solve spray atomization process near to the nozzle and including the droplet dispersion,

a coupling between the interface capturing methods and the ELSA approach was developed
by [Anez et al., 2019].
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ICM-ELSA approach
In order extend the range of application of ELSA approach and to capture the early stage of
the atomization process trough interface capturing methods and the later dispersion of the
droplets on a sub-grid framework, a coupling between VoF (with ICM) and ELSA is presented.
The main idea is to switch from one approach to another depending on the spray region. The
concept of Interface Resolution Quality (IRQ) were introduced by [Anez et al., 2019] and they
measure if the computational mesh resolution is sufficient to compute some characteristics
by the ICM approach.

The IRQΣ relies on the interface area resolved and it is defined as the ratio of the
minimum interface area resolved (Σmin) given a certain amount of liquid volume fraction to
the actual interface area (Σ):

IRQΣ =
Σmin

Σmin + Σ′
=

Σmin

Σ
(2.7)

We can define a threshold corresponding to the proportion of interface resolved. This IRQ is
close to unity where most of the interface is described at the mesh resolution (Σmin) and
goes to zero when most of the interface area is at the sub-grid level ( Σ′) (see Figure 2.6).

Figure 2.6 – Interface among fluid and gas. On the left the minimum interface Σmin is
represented meanwhile on the right the real interface Σ is shown. The difference of surface is
Σ′

The IRQκ It is based on a geometrical property of the interface: the curvature. In
[Canu et al., 2019] two possible formulation of the parameter have been proposed:

IRQκ =
1

∆X|κ1 + κ2| (2.8)

IRQmaxκ =
1

2∆X max(|κ1, κ2|) (2.9)

For more detail the reader should read [Canu et al., 2019].

2.1.3 Dilute region
Disperse flows, consist of well defined particles (disperse phase), distributed in a connected
volume of continuous phase. The coupling between the particle and its surroundings can be
used to classify and choose the appropriate numerical technique. As shown on Figure 2.7,
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a multiphase flow can be considered dispersed, if the effects of particle-fluid interactions
dominates the overall transport of particles. On the contrary, if particle-particle motion
dominates, the flow can be considered to be dense. Dispersed flow, could be classified as:
• One-way coupling: The dispersed-phase motion is affected by the continuous phase but
the dispersed-phase does not affect the continuous phase.
• Two-way coupling: The dispersed-phase and the continuous phase affect each other.
• Three-way coupling: Particle wakes and continuous phase disturbances affect the particle
motion.
• Four-way coupling: Particle collisions and particle wall interaction dominate the particle
motion.

Figure 2.7 – Dilute, dispersed, and dense flow conditions based on various interphase coupling
[Crowe, 2005]

From the numerical point of view, there are two modelling approaches prevalent in
disperse flows, namely trajectory models and two-fluid models, [Brennen, 2005]. In the former,
the motion of the disperse phase is assessed by following either the motion of actual particles,
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or larger representative particles. In this case, a discrete method, normally referred to as
Lagrange method, is applied on each droplet (or representative droplet), in which droplet
properties are update along the path of an individual (or cloud of) droplets. In the latter
modelling approach, two-fluid models, the discrete phase is treated as a second continuous
phase on which conservation equations (of mass, momentum and energy) are developed for
the two-fluid flow. This modelling approach, is also referred as multiphase approach, in which
an Eulerian treatment describes the droplet concentration through a droplet volume fraction,
which is the fraction of computational cell composed of droplets. Treatment selection is
highly dependent on the droplet number density, Np, see figure 2.2. Normally, Lagrangian
treatment is preferred for nondeforming droplets, in which high accuracy of the interface
discontinuity is desired, however, the Eulerian treatment is more efficient in terms of droplet
breakup or coalescence. There is a third approach, which uses particle distribution functions
(PDF approach), to describe the particle flow properties in stochastic systems, based on the
well-known Maxwell-Boltzmann equation [Pope, 1985, Simonin et al., 1993]. More information
about the Lagrangian, Eulerian, and PDF treatment on droplet field can be found in [Crowe,
2005, Brennen, 2005].

2.2 A Volume of Fluid based LES approach

The main approaches to model the spray atomization process have been reported on the last
section. As we have seen, choosing one or another depends on the nature of the flow, the
available numerical resolution, the zone of atomization and the expected level of description.
On the scope of this work, the first steps of the atomization mechanism wants to be studied.
From the nozzle injection through the primary break-up up to the first generation of droplets
not reaching the disperse zone. Thus, an approach with an ICM should be used. As we have
seen, those approaches are applied, in general, with a DNS approach for dynamic. In this case,
since we want to reach the transition zone (see Figure 2.1) and since the computational cost
is very important, we have opted for LES description of the dynamics. Nevertheless, the main
concept of this study is to have an almost DNS mesh resolution around the liquid structures
to be able to capture the interface through the ICM and a coarser mesh farther treating the
gaseous phase on those zone with the LES approach.

The ICM-ELSA model could be an option regarding these requirements but this approach
does not incorporate yet enough information to determine the characteristic of the spray
distribution. Following [Palanti et al., 2022] , an ICM approach is used to capture the interface
at a level sufficient to get the surface curvature distribution from which an analysis will be
develop to determine early the characteristic of the final spray.

This approach to be applied on complex injection system required a robust solver. The
open source OpenFOAM toolbox is used, in particular the version 6 [Greenshields, 2019] where
its multiphase solvers has been used on plenty of similar works such as [Ahmed, 2019, Remigi,
2021, Piscaglia et al., 2019, Anez et al., 2019].

2.2.1 The interFoam solver

The interFoam solver is a incompressible isothermal multiphase pressure based solver for
two immiscible phases. It is based on the Volume of Fluid method with an interface capturing
method [Deshpande et al., 2012, Greenshields, 2019]. The LES filtered equation solved by
interFoam are:
• Mass transport equation:

∇·(u) = 0 (2.10)
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• Momentum transport equation:

∂ρ̄ū

∂t
+∇·(ρ̄ū× ū) = −∇p̄ + µ̄∇·(∇ū)−∇·τR + ρ̄g− τσ (2.11)

• Liquid volume fraction transport equation:

∂ᾱ

∂t
+ ū∇·ᾱ = −∇·[ucᾱ(1− ᾱ)] (2.12)

The τσ term on Equation 2.11 models the surface tension forces. Since the interface
capturing is resolved, it can be do directly with the curvature and the normal: τσ = σκ∇α
where the normal of the interface is n = ∇α/|∇α| and the mean curvature is κ = −∇ · n
[Brackbill et al., 1992]. The term on the right side of the liquid volume fraction transport
equation is a compression term which keeps the interface sharp through the liquid and gas.
It creates a counter flux with the velocity uc that for definition is uc = Cα|u|(∇α/|∇α|)
[Rusche, 2002]. Cα is then simply a binary coefficient which switches interface sharpening on
(1) or off (0). A study of the effect of varying this parameter can be found on [Wardle and
Weller, 2013].

PISO algorithm
The velocity-pressure coupling is solved by the PISO (Pressure-Implicit with Splitting of
Operators) algorithm. Representative of a low Mach number approach, the solution of the
system is found by solving in an iterative manner the equations for velocity and for pressure
(see Figure 2.8).
• Velocity predictor: Based on the solution of the previous time step, a predicted velocity
field is calculated. This step is not mandatory but helps in the convergence process.
• Compute pseudo-velocity: With the predicted velocity field or with the previous time
step velocity field, the momentum equation is solved not taking into account the pressure
gradient.This is the first step of the classical projection methods [Chorin, 1968].
• Pressure direct solution: The pressure at the current time step is obtained by solving
the Poisson equation obtained by taking the divergence of the correction equation and
enforcing the mass conservation, in our case it reduces to ensure a divergence free
velocity field.
• Explicit velocity corrector: The new pressure has been computed and the velocity can
be corrected.
• Flux corrector: The flux must be corrected taking into account the pressure computa-
tion.
For more detailed information refer to the original work by [Issa et al., 1986] and for

the implementation on OpenFOAM to [Holzmann, 2020].

MULES algorithm
The pressure-velocity coupling is solved using the PISO algorithm described previously, while it
is necessary to add a method for solving the equation of liquid volume fraction. OpenFOAM uses
its implementation of the Multidimensional Universal Limiter for Explicit Solution (MULES)
[Boris and Book, 1968, Zalesak, 1979] which is an Flux-Corrected Transport (FCT) algorithm.
The purpose of the MULES algorithm is to guarantee the boundedness of the solution of
hyperbolic problems.

The principle of FCT is that given a transport equation for a variable φ:

∂φ

∂t
+∇ · F = 0 (2.13)
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Figure 2.8 – Detail of SIMPLE and PISO algorithms [Mughal, 2016].

Considering a 1D case, given the index i that determines the cell and n the temporal
step, Equation 2.13 can be discretized as:

φn+1
i − φni

∆t
V +

∑

f

(Fn · S)f = 0 (2.14)

Isolating the center of a cell labelled as i , it is possible to write (as for a Godunov first
order accurate scheme [LeVeque, 1992]):

φn+1
i = φni −

∆t

V
(F ni+1/2 − F

n
i−1/2) (2.15)

The boundedness of the temporal solution can be obtained via face value limiting, or
limiting face fluxes. A classical Total Variation Diminishing (TVD) scheme algorithm is defined
as following:

a. Compute FL, flux computed with a low order scheme.
b. Compute FH, flux computed with an high order scheme.
c. Define an anti diffusive flux A = FH − FL.
d. Compute a corrected flux FC = FL + λiA, with λi defined for each cell and called flux

limiter [LeVeque, 2002].
e. Solve the equation:

φn+1
i = φni −

∆t

V
(FCi+1/2 − F

C
i−1/2) (2.16)

2.2.2 LES turbulence modelling
In order to close Equation 2.11 it is necessary to model the Reynolds stress tensor τR that
represents the effect of sub-grid unresolved flows.

In gas kinetics theory, molecular agitation draws energy from the flow by way of
molecular viscosity. So the energy cascade mechanism [Sagaut, 2006] will be modelled by a
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term having a mathematical structure similar to that of molecular diffusion, but in which the
molecular viscosity is replaced by a sub-grid viscosity νsgs .

There are several sub-grid scale models, among them, the Smagorisky [Smagorinsky,
1963] and WALE (Wall-Adapting Local Eddy-viscosity) [Nicoud and Ducros, 1999] have been
tested on this work. Finally, due to the fact that most of the simulation have been performed
with complex geometries where walls play an important role, the WALE model was chosen.
Its effectiveness has been also proved for this kind of multiphase flows encountered inside
injector in previous works such as [Anez et al., 2019, Ahmed, 2019] among others.

For reasons connected with the near wall behavior of the subgrid-scale model, a new
operator based on the traceless symmetric part of the square of the velocity gradient tensor
Sdi is used. Consequently, the sub-grid scale viscosity is modelled as [Nicoud and Ducros,
1999]:

νsgs = (Cw∆)2
(SdijS

d
ij)

3/2

(
(S̄i j S̄i j)5/2(SdijS

d
ij)

5/4
) (2.17)

where Cw is a model constant and S̄i j is the resolved-scale strain rate tensor. As
reported in [Ducros et al., 1998] WALE model shows better results in predicting near wall
turbulence for wall bounded flows. No wall damping is necessary near wall regions in WALE
model. Another study in channel separated flow performed by [Frohlich et al., 2005] shows
that best match with DNS can be obtained using WALE model. The main difference between
this model with respect to other like Smagorinsky model, is its ability to catch flow instabilities
at a given resolution that would require finer mesh resolution with other approaches. Thus,
even if this approach has not been developed specifically for multiphase flows, it helps to limit
the require mesh resolution for wall flow.

2.3 Numerical simulation set up

On last section the numerical and physical approaches adopted to model ur turbulent liquid
gas flows have been resumed. In addiction, the transport equations have to be discretized in
order to be solved. Moreover, proper boundary conditions are required to solve the later partial
differential equations (PDEs). A compilation of the discretization schemes and the boundary
conditions used on the different simulation within this thesis are reported below. Later, on
chapter 3 and on chapter 4 the specific numerical details dedicated to each application will
be given.

2.3.1 Discretization schemes
The discretizaciton schemes play an important role on accuracy and robustness. OpenFoam
is an open-source code though for industrial purposes, hence, it includes robust numerical
methods up to second order than can be applied on general polyhedral mesh to assure
computations on complex geometries. On this section numerical schemes used during this
thesis are presented.

Temporal schemes
Three temporal schemes are already implemented on OpenFOAM: Implicit Euler, Crank-Nicolson
and 3-step backward.

The implicit Euler [Ferziger and Peric, 1996] is stable and bounded but very diffusive
due to its first-order nature. The Crank-Nicolson is a second-order scheme which is implicit
and bounded.[Crank and Nicolson, 1947]. It combines Euler first order implicit and explicit
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with a blending factor to reach second order. However stability can be an issue and the
blending factor can be modified to be closer to the implicit scheme but at the cost to reduce
the order of stability. The 3-step backward scheme is second-order accurate but does not
ensure boundedness and can not be selected to discretized the time derivative term for
variables that must be bounded; on this case, for the α equation. More information about the
implementation of such schemes on OpenFOAM is available by [Greenshields, 2019, Monroy
and Seng, 2017].

The implicit Euler scheme has been used for initialization. The 3-step backward scheme
has been used to discretize the temporal term on the continuity and momentum equations.
On the other hand, the Crack-Nicolson scheme has been applied to the liquid volume fraction
equation.

Spacial schemes
OpenFoam is based on finite volume approach to benefit of conservative description of fluxes.
To take advantage of this properties divergence terms are approximated through fluxes at cell
faces thanks to the Gauss-Ostrogradsky theorem. To activate this properties in OpenFOAM
the keyword Gauss is used on numerical scheme definitions. The convection and divergence
terms on the continuity and momentum equations are discretized by the upwind scheme
(bounded first order scheme) to initialize the cases and changed to the limitedLinear
(linear interpolation coupled with a limiter leading to first-second order) scheme once the
simulation has reached the operating conditions. This scheme is the linear scheme limited
to assure the robustness of the numerical calculation [Greenshields, 2019]. Ideally, the linear
scheme should be used but due to the non-isotropic nature of the computational grids it is
not possible.

To discretize the spacial terms on the liquid volume fraction equation the Van Leer
[van Leer., 1974] scheme is applied.

2.3.2 Boundary Conditions
For each numerical simulation the boundary conditions applied are mostly the same. Thus,
a summary of them are collected on this section for the velocity u, the pressure p and the
liquid volume fraction α

To set a boundary patch with a certain value, uniform or non-uniform across the patch,
OpenFOAM applies the fixedValue boundary condition. It is a Dirichlet boundary condition
which fix the value of the variable φBC = v . Some variation of this conditions are also used.

The timeVaryingMappedFixedValue condition maps given values to the boundary
patch. It interpolates linear on time and on space the values linked to a certain time in such a
way each time step the value of the variable varies φBC(t) = v(t).

The flowRateIntletVelocity computes the value of the velocity normal to the face
for a given mass flow rate uBC · n = ṁ/(ρAf ace). It is restricted to the velocity.

The totalPressure condition sets the static pressure at the patch pBC based on a
specification of the total pressure, p0.

pp = p0 −
1

2
|u|2 (2.18)

The velocity-pressure coupling requires that when one of the variables is set up with a
Dirichlet boundary condition (φ = v) the other one has to be set up as a Neumann boundary
condition (∂φ/∂x = v) [Ferziger and Peric, 1996]. Thus, each time one of the previous
boundary conditions is applied to the velocity or the pressure, the zeroGradient conditions is
applied to the other. This conditions sets the value of the variable gradient to zero ∂φ/∂x = 0.
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The wall boundary condition is used on solid surfaces. This conditions sets to zero
the three components of the velocity uBC = 0 and the gradient of the pressure ∂p/∂x = 0.

The symmetry boundary condition sets to zero the normal component of the velocity
to the surface and the gradient of the other components of the velocity and the pressure.

The cyclic conditions is the classical periodic boundary conditions which fixes the
values of the faces of one patch to another patch. This boundary conditions has been used
when the domain is restricted to a portion of the total geometry, in particular for sectorial
simulations.

2.4 CHAiRLIFT configuration modelling

The air-blast atomizers involve a wide range of length scales. The order of magnitude of the
diameter of the studied atomizer is four times bigger than the diameter of the smallest droplet
expelled from it. This fact enforces difficulties for the multi-phase approach modelling. As is
explained on the last section, the volume of fluid method with an interface capturing method,
needs a high resolution mesh around the interface between gas and liquid. If the computational
domain is big, the number of numerical cells required to mesh it increases hugely since the
characteristic length of the smallest cell has to be at least four to eight times smaller than
the diameter of the smallest droplet. This leads to several problems such as the requirement
of high computational resources, the increase of complexity of the computational domain and
the problems of storage for necessary data to post-process the spray characteristics.

The solution adopted is to split the total domain into smaller pieces. Each physical
phenomena is treated and analyzed separately to decrease the computational time and reduce
the computational resources. On the other hand, with this methodology it is mandatory to
perform a good coupling between each part. This methodology was previously adopted to
model the experimental planar prefilmer by [Gepperth et al., 2010]. Works such as [Sauer
et al., 2014, Warncke et al., 2017, Palanti et al., 2022] proposed a three simulation coupling
to carry out the modelling. First, a single phase flow simulation to compute the air flow into
the whole experimental set-up. Afterwards, one of the two air channels is simulated using a
LES approach with a high refinement grid and from time to time, data of the velocity is stored
at a transverse plane location, to later on, map the two phase simulation domain. Finally,
the third and last simulation is a two phase flow simulation that models a portion of the
total planar prefilmer. The inlet data for the air velocity is mapped from previous simulation.
In this work, this multi-scale, multi-simulation procedure is adapted to the real atomizer of
CHAiRLIFT project.

Figure 2.9 shows an sketch of the airblast atomizer divided on five smaller parts. The
first one is the simplex swirl atomizer. This atomizer injects the fuel into the air-blast system.
It atomizes the fuel into a hollow cone shaped spray which spread the fuel into the prefilmer
wall. Simulating a swirl injector is a quite complex operation by itself, the present approache
is explained on chapter 3 with a similar injector but for which experimental data are available
to asses this approach.

The second step is to compute the air velocity on the zone of interest. Therefore, a
single phase flow simulation is carried out. To capture the turbulent motion of the flow, a LES
simulation with a detailed geometry is performed with a high resolution mesh. The velocity of
the air is stored, at run time, on a cross plane and placed behind the prefilmer’s lip. This data
will be used to set up the premilfing simulation of the atomization.

In parallel, the estimation of the fuel film thickness is done. This characteristic length
is strongly linked to the Sauter mean diameter D32 (Equation 5.5) being both of the same
order of magnitude [Lefebvre and McDonell, 1988]. A two dimensional multiphase simulation
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Figure 2.9 – 5 steps workflow followed to model the CHAiRLIFT airblast atomizer.

is proposed to estimate this value. The diameter of the prefilmer is on the order of millimeters
meanwhile the liquid film thickness is on the order of tents of micrometers. This solution
achieves a realistic thickness not increasing too much the total computational resources.

The point four is the main simulation of the workflow, the multi-phase prefilming
simulation. As it was explained for the planar prefilmer test case, the data recovered from
the previous simulations are used to set up the case. The velocity of the air is taken from
the point 2 and it is mapped on time and on space to conserve the turbulent motion. The
thickness of the liquid boundary is fixed to the value obtained from the point 3. Finally, just a
sector of the total circumference is carried out following previous works on air blast atomizers.
Points 2, 3 and 4 are explained on chapter 4.

Finally, some data are stored at each time step and are analysed to compute the spray
characteristics in particular the joint drop size and the velocity distribution of the spray. Both,
the analysis and the results are reported on chapter 5.
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On this chapter the numerical modelling of a simplex swirl atomizer is presented. A
literature review of the physical processes occurring within simplex atomizers is done
at the beginning of the chapter. It is followed by the presentation of the atomizer at
study. The atomizer is a commercial atomizer and, therefore, its internal geometry is
unknown, hence, the experimental measurements performed to reconstruct the geometry
are reported. A first study is performed to simulate the internal flow and to recover
some characteristic properties. Nevertheless, this study is not enough to capture the
atomization process, thus, a second study focused on the first steps of the atomization
process has been carried out.
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As reported on chapter 2, the goal of this work is to study the spray atomization
performed by the air-blast atomizer used in the CHAiRLIFT burner. The first step of this
process is the fuel injection inside of the atomization system by the simplex swirl atomizer.
Since no experimental data is available on the CHAiRLIFT simplex atomizer, another similar
injector, well-known in the scientific literature, has been studied. The CORIA Rouen Spray
Burner (CRSB) injector. The purpose is to define a workflow to model this kind of injectors,
to afterwards, being able to repeat the same process with the CHAiRLIFT simplex atomizer.

This chapter reports the numerical study of the CRSB injector carried out in collaboration
with the Universitat Politècnica de València (UPV). It begins with a state of the art of the
physics and parameters of this kind of injectors. Afterwards, the measurements of the internal
geometry of the injector, performed by UPV are reported. Following the numerical grid
strategy and the modelling of the inner flow. Finally, another numerical study has been
performed to capture the atomization process, mapping the data from the internal flow
simulation.

At the end of this chapter the results are presented. Mainly qualitative comparison with
experiments are shown. Moreover, an analysis of the liquid-gas interface and curvature to
reconstruct the drop size distribution is applied to this configuration. The explanation and
the results (with experimental comparison [Verdier, 2017, Marrero, 2018]) are reported on
chapter 5.

3.1 Literature review of simplex swirl atomization
On simplex swirl atomizers, the orifice outlet of simplex swirl nozzles are preceded by a
spin and a swirl chamber as is shown on Figure 3.1. Usually, from two to four feed ports
are connected tangentially to the swirl chamber with a certain tilting angle to let the liquid
develops swirl motion.

Figure 3.1 – Sketch of main pieces of a simplex swirl atomizer.

The fuel gets into the swirl chamber by the tangential ports where it starts a tangential
motion. It is not up to the spin chamber where the fuel develops and increases its swirl motion
[Amini, 2016] generating a pressure drop inside of the injector. This pressure drop forces the
air to go into the nozzle, creating an air core that, usually, goes from the nozzle orifice up to
the bottom of the swirl chamber in function of the Reynolds number Re. Then, the liquid
emerges from the discharge orifice as an annular sheet, which spreads radially outward forming
a hollow conical spray. The finest atomization occurs at high delivery pressure and wide spray
angles[Lefebvre and McDonell, 1988]. Several spray parameters are shown on Figure 3.2 and
will be described in the following sections.
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Figure 3.2 – Atomization process of a simplex swirl atomizer [Lefebvre and McDonell, 1988].

3.1.1 Flow inside of the injector
Despite the geometric simplicity of simplex swirl atomizers, the hydrodynamic processes
taking place within the nozzle are very complex. Nevertheless, the early theories based on the
assumption of frictionless flow led to the formulation of quantitative relationships between
the main atomizer dimensions and various flow parameters, such as discharge coefficient, and
initial spray cone angle [Taylor, 1948].

In spite of most of the fluid motion can be considered non-rotational, Taylor discovered
[Taylor, 1950] that the viscous effects of the boundary layer cannot be neglected. The liquid in
contact with the swirl chamber walls cannot rotate at a sufficient rate to hold it in a circular
path against the radial pressure gradient, and hence a current directed toward the orifice is
set up through the surface layer. For real fluids an outward flow may also occur through a
boundary layer around the air core and the surface tension among the liquid and the air core
is negligible [Binnie and Harris, 1950].

The following non-dimensional numbers were defined to describe the characteristics of
a particular simplex swirl atomizer in 1969 by [Dombrowski and Hasson, 1969] and reviewed
by [Chinn, 2009a, Chinn, 2009b]. The characteristic dimensions are described on Figure 3.3.

Flow Number
The flow number (FL) is defined as the effective flow area of a pressure atomizer. The
definition is given by:

FN =
ṁf uel

(∆P )0.5(ρf uel)0.5
(3.1)

where ṁf uel is the fuel mass flow rate, ∆P is the injection pressure drop and ρf uel is the fuel
density.
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Figure 3.3 – Main dimensions of a simplex swirl atomizer[Rizk and Lefebvre, 1985a]. Ds
represents the diameter of the swirl chamber. Ls represents the depth of the swirl chamber.
Dp represents the diameter of the fuel feed port. Lp represents de length of the feed port. do
represents the diameter of the orifice outlet. lo represents the length of the orifice throat. 2θ

represents the double of the spray angle.

The effect of varying main dimensions of the injector was studied by [Kutty et al.,
1978]. Enlarging the diameter of the orifice increases the flow number since the flow area is
increasing. Meanwhile enlarging the diameter of the swirl chamber reduces the flow number
due to the increase of swirl motion that enlarges the air core diameter reducing the effective
area.

An empirical formulation was proposed and validated with the experimental study named
before:

FN = 0.0308

(
A0.5
p do

D0.45
s

)
(3.2)

where Ap is the total fuel feed port area. do is the diameter of the outlet orifice and Ds is
the diameter of the swirl chamber as it is shown on Figure 3.3.

Discharge Coefficient
The discharge coefficient (CD) is defined as the ratio among the real discharge flow to the
maximum discharge flow rate, neglecting the viscous effects. It can be expressed in terms of
mass flow rate injected into the injector as follows:

CD =
ṁf uel

Ao
√

2ρf uel∆P
(3.3)

where, according to Figure 3.3, Ao is the area of the orifice outlet with diameter do . ρf uel is
the fuel density and ∆P is the pressure drop injection.
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The discharge coefficient in simplex swirl atomizer is in general low. The presence of
the air core reduces the effective orifice outlet area blocking off the central zone of the orifice.

In order to find a relationship between the Reynolds number Re and the discharge
coefficient, [Radcliffe, 1955] carried out several experiments on a family of injectors based on
common design rules, using fluids with a wide range of viscosity and density. At low Reynold
numbers the fuel film is thickened in the final orifice and, hence, the discharge coefficient
increases. With nozzles of small flow number, this effect can be significant at low flow rates.
However, for high Reynolds numbers, the discharge coefficient is independent of the Reynolds
number.

Figure 3.4 – Flow path in simplex swirl atomizers [Lefebvre and McDonell, 1988]

Following the inviscid analysis done by [Giffen and Muraszew, 1953] on a pressure swirl
nozzle a derivation of an empirical law bounds the discharge coefficient to the geometry of
the simplex swirl injector. In addiction, it is useful to derive the empirical law of the liquid film
thickness. Using as a reference the simplex atomizer reported on Figure 3.4, it is possible to
write the conservation of angular momentum considering non-viscous conditions as follows:

utr = uiRs (3.4)

where ut the tangential velocity and r the radius. Bounding them to the inlet velocity ui and
to one of the main parameters, the swirl chamber radius RS, it is possible to define the inlet
velocity in function of the total cross-sectional area of the inlet ports, Ap, which is in fact the
sum of the areas of every inlet ports: Ap = ΣiAi being Ai the area of every port.

ui =
ṁf uel
ρf uelAp

(3.5)

This equation assumes the existence of an air core. Otherwise, it implies for the case
r = 0 the tangential velocity ut would be infinite.

With the assumption that there are not loses within of the atomizer, the total pressure
remains constant and equal to the injection pressure P0. The total pressure at any point in
the liquid flowing inside of the injector is given by the Benourlli’s equation as:

P0 = p + 0.5ρf uelu
2
a + 0.5ρf uelu

2
t = constant (3.6)

where p is the static pressure at any point in the fuel and ua is the axial velocity component
in the orifice. In the case we want to study one single vortex there are two statements to
consider:
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• The axial velocity u is uniform and constant for every value of r in the liquid annulus
around the air core in the orifice. Thus, we can say that p + 0.5ρf uelu

2
t = constant.

• The air core static pressure is the ambient atmospheric pressure, hence, p = 0, and so:

P0 = 0.5ρf uel
(
u2
ara + u2

tra

)
= constant (3.7)

where the subscript ra means any point where the radius r is equal to the radius of the
air core ra. Since the axial velocity remains constant we can rewrite the last equation with
uara = ua. The axial component of the velocity at the outlet orifice is given by:

ua =
ṁf uel

ρf uel (Ao − Aa)
(3.8)

where Ao is the orifice area and Aa is the air core area. From equations 3.4 and 3.5 we
have:

utra =
ṁf uelRs
ρf uelApra

(3.9)

Substituting the equations of ua and utra into the simplified total pressure equation
gives:

P0 = 0.5ρf uel

[(
ṁf uelRs
ρf uelApra

)2

+

(
ṁf uel

ρf uel (Ao − Aa)

)2
]

(3.10)

Now, if we substitute the definition of the discharge coefficient described in Equation 3.3
into the hypothesis we have just described, we obtain:

1

C2
D

=
1

K2
1X

+
1

(1−X)2
(3.11)

where X = Aa/Ao and K1 = Ap/πroRs . This equation provides a relationship between the
discharge coefficient, the dimensions of the atomizer and the air core diameter. In general is
more useful to express this expression in terms of only one parameter. To do so, we establish
that for any value of the parameter K1, the size of the air core will provide the maximum
flow, that is, the value of CD, expressed as a function of X, is a maximum: d(1/C2

D)/dX = 0.
From this assumption we obtain the following relation:

CD =

[
(1−X)3

1 + X

]0.5

(3.12)

Modified afterwards by [Giffen and Muraszew, 1953] since the results were too low in
comparison with experiments. Therefore, they added a constant value:

CD = 1.17

[
(1−X)3

1 +X

]0.5

(3.13)

In contrast with this equation that links the main geometric parameters of the injector
and the discharge coefficient, [Rizk and Lefebvre, 1985a] derived an empirical expression
following the non-viscous theory presented in [Giffen and Muraszew, 1953]:

CD = 0.35

(
Ap
Dsd0

)0

.5

(
Ds
d0

)
0.5 (3.14)
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Velocity coefficient
The velocity coefficient (Kv ) is the ratio of the actual discharge velocity to the theoretical
velocity generated by the injection pressure drop:

Kv =
U

(2∆P/ρf uel)0.5
(3.15)

where U is the actual discharge velocity, ∆P is the injection pressure drop and ρf uel is the fuel
density. The velocity coefficient can also be calculated using the main geometric parameter
of the injector as follows [Rizk and Lefebvre, 1985b]:

Kv =
CD

(1−X cos θ)
(3.16)

where CD is the discharge coefficient, X = Aa/Ao as defined in the discharge coefficient
calculation and θ is the angle of the spray shown on Figure 3.3. The value of the velocity
coefficient is highly influenced by the geometry of the injector, the pressure operating condition
and the fuel properties. Accurate values of Kv are essential for calculating the true velocity
at which the liquid is discharged from the nozzle. This velocity is of prime importance to
atomization, since it is the relative velocity between the initial liquid sheet and the surrounding
air or gas that largely determines the mean drop size of the spray.

Fuel film thickness
In simplex swirl atomizers, the fuel emerges from the nozzle as a thin conical sheet. The film
rapidly is becoming thinner and thinner, spreading radially outwards until it breaks up. The
film is disintegrated first into ligaments and afterwards into droplets. Thus, the thickness of
the fuel sheet is an important parameter to control in order to achieve a proper atomization
process since it influences the mean drop size of the spray [Lefebvre, 1983].

In simplex swirl atomizers the fuel film thickness is directly related to the area of the air
core Aa. In [Giffen and Muraszew, 1953] a relationship between the air core and the atomizer
dimensions is proposed based on the non-viscous fluid theory.

(
Ap
Dsdo

)2

=
π

32

(1−X)3

X2
(3.17)

where the parameters are related to the Figure 3.3 and X is the ratio between the area of
the air core and the area of the discharge orifice. After calculating X from this equation, the
fuel film thickness t can be calculated directly as follows:

X =
(do − 2t)2

d2
o

(3.18)

In equation 3.14 the discharge coefficient is expressed in terms of nozzle dimensions.
Combining both equations X and hence t can be calculated from nozzle dimensions as follows:

(1−X)3

1 +X
= 0.09

(
Ap
Dsdo

)(
Ds
do

)0.5

(3.19)

In [Simmons and Harding, 1981] another empirical equation is proposed:

t =
0.00805

√
ρf uel

do cos θ
(3.20)

This two equations used to estimate the film thickness followed the idea that the film
thickness is independent of liquid viscosity and liquid injection pressure. To overcome this

Diego Ferrando Martínez Aeronautical injection modelling March 15, 2022



30 CRSB Simplex Swirl Atomizer

problem, in [Rizk and Lefebvre, 1985a], a theoretical approach is proposed to investigate the
internal flow characteristics of simplex swirl atomizers. Considering a small element of the
fuel film thickness flowing in the outlet orifice of length dx , depth dy and a unit width in a
direction at right angles to its direction of motion; and assuming only pressure and viscous
forces, these forces balance each other, such that:

dp · dy = dτ · dx (3.21)

where τ is the shear stress and dp represents the pressure gradient in the x direction. Since:

τ = µf uel
du

dy
(3.22)

where µf uel is the fuel viscosity and u is the velocity of the film. Is we consider the pressure
gradient constant across the film we have the following equation system:

u =





0 if y = 0

Us if y = t
1

µf uel

(
dp
dx

)
y2

2 + C1y + C2 otherwise

(3.23)

where Us is the maximum flow velocity attained to at the liquid surface, t is the fuel film
thickness, C1 and C2 are two constants determined from boundary conditions. Hence, once
the system is solved:

u =
1

µf uel

dp

dx

(
y2

2
−
ty

2

)
+
Usy

t
(3.24)

The averaged velocity can be described as:

ū = −
1

µf uel

dp

dx

t2

12
+
Us
2

(3.25)

and the maximum velocity is determined by differentiating the general equation of the velocity:

Us = −
1

µf uel

dp

dx

t2

2
(3.26)

Substituting Us is possible to obtain the average flow velocity as:

ū = −
1

µf uel

dp

dx

t2

3
(3.27)

Due to the swirling motion generated at the swirl chamber, the liquid has a flow direction with
an angle θ regarding the orifice center line as it is shown in Figure 3.4. Hence, considering
l/ cos θ the length of the flow path and ∆P the pressure drop of this path, we obtain the
following expression regarding the average flow velocity:

Substituting Us is possible to obtain the average flow velocity as:

ū =
∆pt2 cos θ

3µf uel l
(3.28)

Since there are many types of simplex swirl atomizers, it is difficult to assign a value to
l . Nevertheless, every atomizer ends with a circular discharge orifice regardless its internal
geometry. Thus, it is convenient to assume l proportional to do , for instance l ≈ Ado . Also,
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assuming the pressure drop ∆p along the flow path l/ cos θ is proportional to the total pressure
drop across the nozzle ∆p ≈ B∆P .We can rewrite the average flow velocity as follows:

ū =
∆P t2 cos θ

3µf ueldo(A/B)
(3.29)

The value (A/B) should remain constant since the pressure drop is proportional to the flow
length. From the experiments in [Rizk and Lefebvre, 1985a] this values is around (A/B = 400).
The angle of the spray at the lip of the injector is the resultant of the axial and tangential
components of the velocity. The axial velocity has been defined inEquation 3.8. The angle is
defined such that cos θ = ua/ū:

cos2 θ =
12ṁf uelµf uel(A/B)

πρf ueldo∆pt2(1−X)
(3.30)

To find a more general equation to obtain the spray angle θ it is necessary to use
another parameter of the simplex swirl atomizer such as the discharge coefficient CD described
in Equation 3.12. As this formulation was done in the framework of inviscid fluid, a coefficient
Kv is added to correct it:

CD = Kv

[
(1−X)3

1 +X

]0.5

(3.31)

The Kv coefficient correspond to the velocity coefficient described in Equation 3.15.
From this equation we can extract the averaged velocity:

ū = Kv

[
2∆P

ρf uel

]
(3.32)

The volumetric flow rate Q defined as Q = ṁf uelρf uel is given by:

Q = AoCD[2∆P/ρf uel ]
0.5 = AoCDū/Kv (3.33)

Now, combining Equation 3.8 and Equation 3.33 we obtain the Equation 3.15. And combining
Equation 3.15 and Equation 3.31 we obtain:

cos2 θ =
1−X
1 + X

(3.34)

And equalizing this equation to the other one defining cos2 θ (Equation 3.30) we arrive firstly
to:

t2 =
1560FNµf uel

ρ0.5
f ueldo∆P 0.5

1 + X

1−X (3.35)

Finally, substituting the value of X = Aa/Ao = (do − 2t2)/d2
0 we arrive to the final equation

for the fuel film thickness t:

t = 3.66

[
doFNµf uel

(ρf uel · ∆P )0.5

]0.25

(3.36)

Through experimental and dimensional analysis, the constant was updated in [Suyari
and Lefebvre, 1986, Lefebvre and McDonell, 1988]:

t = 2.7

[
doFNµf uel

(ρf uel · ∆P )0.5

]0.25

(3.37)
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This equation is currently used in the industry to predict the fuel film thickness at the
outlet of simplex swirl atomizers.

The liquid sheet thickness can be also estimated from the actual discharge coefficient
CD imposed by the inlet mass flow rate by Equation 3.3. Since the fuel mass flow rate ṁf uel ,
the injection pressure ∆P and the area of the orifice Ao are known we can calculate the actual
CD. It is also possible to calculate CD with the correlation by [Giffen and Muraszew, 1953]
shown on Equation 3.13 where the ratio of areas X is unknown. Iterative X is calculated
from [Giffen and Muraszew, 1953] and after the liquid sheet thickness is computed with
Equation 3.18 where we can extract the value of the liquid sheet thickness as follows:

tf uel =
do(1−X)0.5

2
(3.38)

This method was proposed by [Sanchez, 2021].

3.1.2 Outer flow and atomization process

A fuel sheet emerging from the nozzle of a simplex swirl atomizer has swirling motion generated
inside the spin chamber. The different velocity between the fuel sheet and the surrounding gas
generates aerodynamic forces that destabilises the sheet into a wavy flow. The instabilities
grow in time and space meanwhile the sheet is becoming thinner to, finally, break-up into
liquid ligaments and droplets [Ibrahim and Jog, 2007]. Properties such as the cone angle,
sheet instabilities and the break-up length can be defined.

Spray cone angle

When the fuel loses the inner walls of the injector, the centrifugal forces push out the liquid,
hence, the tangential velocity is converted completely to radial velocity [Taylor, 1948, Craig
et al., 2012]. Consequently, the fuel sheet expands generating a wide angle sheet. The ratio
between the axial velocity and the sum of the tangential and radial velocity will define the
spray angle. The angle of the spray depends mainly in the internal geometry of the atomizer,
but also in the injection pressure, since higher the pressure, higher the mass flow rate and,
hence, the Reynolds number Re.

Figure 3.5 – Spray development in a simplex swirl atomizer [Lefebvre and McDonell, 1988]
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On Figure 3.5 an evolution of the spray development is shown at different operating
pressures. Beginning with the dribble and distorted pencil stages where the injection pressure
is low and thus the spray is not developed; through the onion and tulip stages where the
spray is beginning to develop and the angle can be measured. Finally, when the spray is fully
developed the spray angle is totally straight.

The Taylor’s inviscid theory [Taylor, 1948] says that the spray cone angle depends only
on the ratio of the inlet ports area to the product of swirl chamber diameter and orifice
diameter Ap/(Dsd0). In [Giffen and Muraszew, 1953] an expression is derived for non-viscous
liquids using only nozzle dimensions.

sin θ =
(π/2)CD

K(1 +
√
X )

(3.39)

where K = Ap/(Dsd0) and X = Aa/A0.
Substituting Equation 3.12 into Equation 3.39 gives:

sin θ =
(π/2)(1−X)1.5

K(1 +
√
X )(1 +X)0.5

(3.40)

Base on those equations, Rizk and Lefebvre [Rizk and Lefebvre, 1985b] derived an
equation taking into account the liquid properties:

2θ = 6K−0.15

(
∆Pd2

oρf uel

µ2
f uel

)
(3.41)

The effect of varying the main liquid parameters are:
• Surface tension: Surface tension should have no effect on spray cone angle and it is
confirmed by experiments in [Chen et al., 1992].
• Density: The spray angle widens when the density increases.
• Viscosity: The viscosity is the most important parameter affecting the cone angle since
it modifies the flow of the liquid by friction with its containing walls. The cone angle
decreases with increase in viscosity.

Liquid sheet thickness
The thickness h of the film can be calculated from the mass flow rate equation [Ashgriz,
2011] as follows:

ṁf uel = ρf uel ūaπh(2x tan θ − h) (3.42)

where ūa is the averaged axial velocity along the liquid sheet at the stream-wise position x . θ
is the semi-angle of the spray. ṁ is the fuel mass flow rate and ρf uel the fuel density.

The equation can be rewritten into:

h = x tan θ −
√

(x tan θ)2 −
ṁ

ρf uel ūaπ
(3.43)

This equation is based on the assumption that liquid sheet does not rupture before the
breakup length.

Break-up length
The physical phenomena of the liquid sheet produces by the swirl injector it is also a complex
process. Properties such as dispersion, penetration and cone angle of the spray can be defined.
Those parameters are not only affected by the internal flow but also by the surrounding
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gas. The break-up phenomena of the liquid sheet is produced mostly due to instabilities
produced from the streamwise shear within the sheet or from a centrifugal instability due to
the azimuthal motion within the sheet, or more probably from a combination of both [Billiant
et al., 1998]. Those instabilities are called the Kelvin-Helmontz instability [Thomson, 1871].
Among the spectrum of wavelengths characterising the disturbance, the fastest growing wave
is the one that is directly responsible of the liquid sheet break-up [Galbiati et al., 2016].

The break-up length of the liquid sheet is defined as the distance from the nozzle exit
to the position where the sheet begins to break. The break-up length can be measured directly
from experimental pictures, or in numerical simulation, where the surface interface among
liquid and gas is starting to grow up due to the ligaments and droplets generation.

3.2 CRSB simplex swirl injector description
The simplex swirl atomizer studied in this section was used in the Coria Rouen Spray Burner
(CRSB). It is actually and industrial atomizer by Danfoss[Danfoss, 2020]. This injector is
used in oil heating plants, rather than aircraft gas turbines. However, the physical phenomena
within it is similar to the simplex swirl atomizer used in aeronautics. Moreover, there are
several experimental studies in this Danfoss injector. The aim of this chapter is to study it
numerically and compare the results with the experimental campaigns performed at CORIA
laboratory.

Figure 3.6 – Danfoss OD-H oil nozzle. Cut view[Danfoss, 2020]

Figure 3.6 shows a cut view of the studied injector, the Danfoss OD-H. We can compare
the cut view with Figure 3.3. The tangential ports distributor piece define the profile of the
inlet ports, thus, we can have access to the diameter of the inlet ports do . Meanwhile in the
orifice disk piece is where we can find the swirl chamber and the nozzle orifice defining the
swirl chamber diameter Ds and the diameter of the discharge orifice do .

3.2.1 Experimental campaigns
Two different experimental campaigns were carried out at CORIA laboratory to study the
flame structure and stabilization mechanisms [Verdier, 2017, Marrero, 2018] and the spray
behavior. The burner was based on the geometry of the KIAI burner [Cordier et al., 2013]
represented on Figure 3.7. The burner is composed of 2 different parts: the plenum with he
air co-flow and the fuel injection system.

The work by Verdier[Verdier, 2017] was performed at atmospheric operating conditions.
Meanwhile the work by Marrero[Marrero, 2018] was performed with the gas at high temperature
and the fuel preheated. Both studies were carried out using N-heptane as a fuel and with the
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Figure 3.7 – Detail of the injection system [Verdier, 2017]

same fuel mass flow rate. The air co-flow was used to carry on the further droplets to prevent
the back-flow of those since they could interfere in the drop measurements. The air co-flow
was not influencing at all neither, the early fuel sheet flow nor the sheet break-up process.

Ambient Temperature Fuel Pre-heated
Fuel Air Fuel Air

ṁ[kg/s] 2.8e-4 8.2e-4 2.8e-4 6.0e-4
T [K] 298 298 350 416

Table 3.1 – Experimental operating condition on the CRSB simplex swirl atomizer

From these experimental campaigns, the differences of the spray characteristics can be
appreciated. At atmospheric operating conditions the global Sauter mean diameter (SMD) is
SMD ≈ 50µm. In the other hand, at high temperature operating condition we achieve a more
refined spray which its Sauter mean diameter is around SMD ≈ 30µm. The increase of the
temperature decreases the viscosity, hence, the Reynolds number Re increases, narrowing the
fuel sheet thickness[Lefebvre and McDonell, 1988]. Thus, the fuel sheet breaks up into smaller
droplets. Another effect of the film narrowing is the acceleration of the droplets. Since the
effective area of the fuel at the orifice (Ao − Aa) is reduced, and the mass flow rate remains
constant, the axial velocity of the fuel sheet must increase. The average velocity of the
droplets at atmospheric operating conditions is |ū| ≈ 25m/s meanwhile at high temperature
operating conditions is around |ū| ≈ 30m/s. Both measurements taken at z = 20mm.

3.3 Experimental geometry measurements
In other to perform numerical simulation, the internal geometry of the injector is required. In
this case, the geometry was unknown since it is an industrial injector, therefore, the access to
the 3D geometry files or to the lengths of the main dimensions of the atomizers is not open
source data. Thus, to measure the internal part of the injector and reconstructing the 3D
geometry is mandatory.

At Universitat Politècnica de València an experimental campaign of measurements took
place to reconstruct the internal geometry of the injector. The measurement experimental
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campaign was carried out with the injector used on the works by [Verdier, 2017, Marrero,
2018] of the Danfoss OD-H oil nozzle model Three methodologies were used:
• Computed tomography scan (CT-Scan).
• Optical microscope visualization.
• Scanning electron microscope (SEM) visualization.

Those measurements techniques were applied directly to the dissembled metallic pieces
of the atomizer. In addiction, a silicone mold technique was used to extract the inner profiles
of the injector [Macian et al., 2003]. This technique was validated for Diesel injector pieces in
[Salvador et al., 2018].

3.3.1 Computed Tomography Scan

A tomography scan is a radiologic technique for obtaining clear X-ray images of deep internal
structures by focusing on a specific plane within the body. This technique can cover in a
single scan external and internal surfaces with a micrometer-lever resolution [Ramsey and
Villarraga-Gómez, 2017]. It can be applied directly to the assemble injector, which is an
advantage regarding the other methods.

Figure 3.8 – On the left: Computed tomography scan of the assembled simplex swirl atomizer.
On the right: Zoom view on the orifice profile

Figure 3.8 shows a picture of a tomography scan of the assembled injector. The
nozzle shell, orifice disk and the tangential ports distributor pieces can be identified regarding
Figure 3.6. A zoom view on the zone of interest is also shown. The swirl and spin chamber
described on Figure 3.1 can be noticed. A convergence/divergence orifice profile is recovered.
From this technique some main dimensions of the injector, such as the diameter of the swirl
chamber Ds and the diameter of the orifice do can be extracted. Another minor dimensions
such as the diameter of the spin chamber, the smallest diameter of the throat or the angles
defining the nozzle profile can be measured. However, as we can notice in the pictures, the
resolution is not high, not due to the technique itself but the differences of size among the
metal pieces and the orifice.

3.3.2 Optical microscope visualization

The optical microscope visualization is applied into both, the dissemble pieces of the injector
and the silicone molds. This technique has higher resolution than the CT-Scan but, in the
other hand, the injector has to be dissembled and, thus, the repeatably of the experiment
may be lost.
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Figure 3.9 – Optical microscope picture of dissembled metallic pieces. On the left: Orifice
disk from above. On the right: Tangential ports distributor from above

Figure 3.9 shows two optical microscope pictures from injector metal pieces. The left
one corresponds to the orifice disk piece. From this pictures the diameter of the orifice can
be measured. The picture on the right corresponds to the tangential ports distributor piece.
In this picture the diameter of the swirl chamber Ds can be directly measured. The three
tangential ports are represented and the transverse profile of those, where a rectangular profile
can be extracted. Finally, a cylindrical hole can be appreciated in the middle of the piece. The
depth of this hole can be also measured with the optical microscope.

Figure 3.10 – Optical microscope picture of silicone molds. On the left: upper piece. On the
right: lower pice

On Figure 3.10 two optical microscope pictures from silicone molds are shown. Both
pictures are related to the same silicone mold. When the silicone molding technique is applied
into this kind of metal pieces, it is necessary to break up the mold in order to extract it from
the piece. Usually, it breaks up in the weaker zone of the mold, in this case, in the throat of
the nozzle. In the picture of the left the upper part of the mold is shown. From this picture
the diameter of the orifice do is recovered. Some differences can be notice in the length of
this dimensions compared to the one recovered on Figure 3.9. The variation from one picture
to another is ±3µm. This effect is due to the post-process of the pictures. The picture on
the right shows the lower part of the mold where the same profile seen on Figure 3.8 can be
notice, but in this case the measurement can be done with higher resolution.
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3.3.3 Scanning electron microscope visualization

The last method used is the scanning electron microscope visualization. The methodology is
similar to the optical microscope visualization but higher resolution can be achieved. This
technique produces images of a sample by scanning the surface with a focused beam of
electrons, thus, the surfaces have to be metallic.

Figure 3.11 – Scanning electron microscope picture of dissembled metallic pieces. On the
left: Orifice disk from below. On the right: Orifice disk from above

On Figure 3.11 two picture form scanning electron microscope visualization of the
metallic pieces are shown. Both pictures correspond to the orifice disk dissemble piece; the
picture on the left is taken from bellow, what would correspond within the injector, and
the picture on the right is taken from above, therefore, it is the same view represented
onFigure 3.9. The dimension measured in with these pictures are the same measured with
the optical microscope visualization but with more resolution.

Figure 3.12 – Scanning electron microscope picture of silicone molds. On the left: Silicone
mold lower part. On the right: Silicone mold upper part.

Figure 3.11 shows two pictures from the scanning electron microscope visualization
of the silicone molds. In order to be able to use this technique in silicone, previously, a gold
coating is applied to the molds. Again, the pictures correspond to the same broken mold.
The measurements taken are the same that could be taken with the optical microscope
visualization with higher resolution.
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3.3.4 Measurement results
Once every methodology has been performed for every atomizer the pictures are post-processed.
They are measured with CAD(Computer-aided design) tools several times and for more than
one person. In that manner the measurement errors are attenuated.

Figure 3.13 shows a sketch of the inner geometry of the injector recovered from the
experimental measurement campaign. On Table 3.2, the measurements of every parameter
may be found. As we can see in the measurement table, some accepted measurements do
not correspond whit their actual measurements, because the sketch is over-constrained.

The sketch can be compared with the CT-Scan pictures on Figure 3.8 where we can
notice that the profile is well recovered. The sketch has been parametrized to study, in future
works, the effect of varying some main parameters of the injector and its effects on the
performance of the injector.

To have a deeply knowledge of the measurements process and the different techniques,
the reader should read the work presented at ICLASS 2021 in [Ferrando et al., 2021a] and
the submitted journal article [Ferrando et al., 2021b] (see Appendix C).

Figure 3.13 – Sketch of the inner geometry of the injector

3.4 Modelling the flow inside of the injector
The modelling of the internal flow of a simplex swirl atomizer has been studied for more than
twenty years. In this case, as reported in chapter 2, the Volume of Fluid (VoF) method is
applied to model the multiphase phenomena. The numerical study is divided in several steps,
beginning with the 3D geometry reconstructions explained in the last section. Afterwards, the
numerical mesh is generated, the case is set-up and the results are post-processed. Since the
physical processes inside and outside the injector are complex and they involve a wide range
of length scales, the modelling of the internal flow and the external flow have been divided to
simplify the process. From the internal numerical simulation some data are recovered at the
injector orifice, treated and used as a boundary conditions for the external domain simulation.
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Dimensions

Parameter Unit Optical Microscope
(Molds)

SEM
(Molds)

SEM
(Pieces)

CT-Scan Accepted

Do µm 313± 2 300± 2 298± 1 301± 3 300
Dt−top µm 179± 4 180± 5 - - 180

Dt−bottom µm 164± 2 160± 1 160± 1 169± 3 165
Ds−top µm 209± 3 213± 2 - - 210

Ds−bottom µm 491± 5 480± 5 496± 2 500± 1 500
Dswir l µm 774± 6 781± 6 776± 2 773± 4 780
Dtotal µm - - 3492± 1 3375± 1 3375
ht−top µm 233± 4 238± 3 - - 240
hs−top µm 532± 6 546± 3 - 540± 2 540
hswir l µm 600± 5 605± 4 - 600± 2 620
htotal µm - - - 2400± 1 2400
Rn µm 303± 5 300± 4 - - 308
Rt µm 171± 6 191± 5 - - -
Ψt ◦ 6± 4 6± 2 - - 6
Ψs ◦ 57± 6 58± 4 - - 61

Ψslot ◦ 27± 6 28± 3 - - 30

Table 3.2 – Experimental measurements of the CRSB simplex swirl atomizer

3.4.1 Computational hybrid mesh
The election of the computational mesh topology is an important step in a multiphase
simulation. The minimal resolution has to be enough to be able to capture the interface
between the liquid and the gas. A good control of the resolution is required to refine more in
the places where the surface interface is supposed to be and let a coarser mesh in the zone
where the liquid volume fraction α is either 0 or 1. A special refinement has to be done around
the walls to properly model the boundary layer. Therefore, studies such as [Hansen et al.,
2002, Sumer et al., 2012] used full hexahedral structured meshes because is straightforward
to modify the length of the cells of interest.

Nevertheless, performing a full hexahedral structured mesh turned out into numerical
instabilities which triggered divergence on the simulation. High velocities of the liquid were
found around the connection between the tangential inlet ports and the swirl chamber, most
probably, due to the bad quality of the cells in that part of the mesh. Because of the non-
asymmetric nature of the geometry, due to the tangential ports union, quality controls such as
skewness, aspect ratio and non-orthogonality were not good enough, and thus, the simulation
eventually was diverging.

To overcome this problem a new mesh strategy was tested, a hybrid tetrahedral-
hexahedral mesh approach used in works such as [Madsen et al., 2004, Ding et al., 2016].
The main idea of this approach is to keep, as much as possible, the hexahedral elements
everywhere but in the conflicting zone. Accordingly, a ring around the axial center, where
the tangential ports are intersected to swirl chamber, is performed of tetrahedral elements.
Everything else, the three tangential ports, the body of the injector and also the external
zone of the domain are hexahedral cells following a structured mesh. With this solution the
instabilities were solved, since the quality control were already good, and the refinement
control of the cell were kept.

A representation of the mesh strategy is shown in Figure 3.14 where the different cell
topologies are represented.
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Figure 3.14 – Computational grid sketch. Hybrid mesh made of hexahedral and tetrahedral
elements.

Figure 3.15 – Tangential ports profile mesh. On the left: Inlet mesh. On the middle: Intersection
with swirl chamber. On the right: Transition between hexahedral and tetrahedral elements.

On Figure 3.15 a closer view to the tangential ports mesh is shown. It can be noticed
the finer refinement performed around the walls to let boundary layer develops. On the left,
the inlet mesh of the tangential ports, which is also the numerical domain inlet, is shown.
The surface mesh is extruded along the ports up to the swirl chamber where the tetrahedral
transition is performed. On the middle and right pictures the merge between the two topologies
is shown. To be able to merge hexahedral and tetrahedral elements, pyramidal elements are
required. The hexahedral elements at the swirl chamber seems deformed compared to the
original surface mesh due to the inclination and contact angle with the swirl chamber. The
transition with the tetrahedral elements is straightforward and those elements have good
quality control parameters avoiding any numerical instability.

Figure 3.16 shows a zoom in a frontal slice of the mesh at where the swirl and spin
chambers can be noticed. The external part of the swirl chamber is full filled with tetrahedral
elements, bigger than the hexahedral elements in the inner part. The control over the size
of tetrahedral elements is less precise than the control over the hexahedral elements, thus,
achieving an equal size of those elements in respect to the hexahedrals ones, means to increase
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Figure 3.16 – Slice around the swirl and spin chamber showing the mesh.

hugely the number of elements. In the picture can be also noticed a linear refinement in radial
direction of the hexahedral elements, achieving finer elements around the walls to capture
better the boundary layer development. As is reported in [Amini, 2016], the fuel is injected by
the tangential ports into the swirl chamber but is not up to the spin chamber where the swirl
flow is developed. Hence, the lower resolution of the mesh around the swirl chamber walls is
not affecting the development of the swirl motion due of the lower velocity in this zone.

Regarding the outer part of the computational domain shown on Figure 3.17, a
refinement zone is placed in a hollow cone shape where the liquid sheet is expected. The
mesh resolution in the outer part is low; not enough to capture the primary break-up and the
droplet atomization but enough to capture qualities such as the spray cone angle and the fuel
film thickness. The outer domain dimensions are a radius of 2mm and also 2mm high to let
the liquid sheet develop and atomizes. The refinement angle and the angle of the domain is
set up to 80◦ accordingly to the spray angle reported in [Verdier, 2017].

Figure 3.17 – Slice of the outer domain.

Finally, three different resolution meshes were performed.The characteristics of the
computational grids are shown on Table 3.3.
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Coarse Mesh Medium Mesh Fine Mesh
Number of elements 2.7e6 13.2e6 32.8e6

Tetrahedra 0.13e6 1.6e6 3.2e6
Hexahedra 2.6e6 11.6e6 29.6e6
Pyramids 4.3e3 11.7e3 24.9e3

Y + Max Avg Max Avg Max Avg
Full geometry 66.1 12.1 21.8 2.6 3.4 1e-2

Inlet ports 66.1 9.2 21.8 2.8 1.7 0.78
Swirl Chamber 28.5 12.8 11.3 3.7 3.4 0.96
Spin Chamber 13.7 3.2 2.9 1.3 2.7 1.8

Throat 24.6 13.8 3.3 2.4 2.3 1.8
Nozzle 33.4 21.5 3.5 2.6 2.8 2.2

Table 3.3 – Inner simulation meshes characteristics.

3.4.2 Numerical set up
As it was reported in previous sections, two different operating conditions were studied
experimentally. In this section, both of them are studied. Since the interFoam solver (see
chapter 2) is an incompressible isothermal solver, to define the N-heptane and the air
parameters, the density ρ and the kinematic viscosity ν have to be defined. Also, the surface
tension σ among the two fluids. Those parameters change with the temperature, and they
can be found on Table 3.4.

Ambient Temperature Fuel Pre-heated
Fuel Air Fuel Air

T [K] 298 298 350 416
ρ[kg/m3] 678.9 1.117 634.3 0.848
ν[m2/s] 5.67e-07 1.57e-05 3.67e-07 2.70e-05

σ[mN/m2] 20.0 14.5

Table 3.4 – Fluid characteristics for different temperatures

Boundary conditions
Three different zones are defined in the numerical domain regarding the boundary conditions.
Figure 3.18 shows the boundary patches; starting from the bottom, the three inlet ports on
green (number 1) where the fuel is injected, on grey (number 2) the walls of the injector are
represented and, finally, on blue (number 3) the domain outlet.

The fuel mass flow rate ṁf uel = 0.28g/s is divided by three for each tangential port.
The velocity boundary condition imposed is called flowRateInletVelocity. The pressure is
set-up as zeroGradient boundary condition fixing the pressure gradient to zero. Finally, a
constant value is set-up for the liquid volume fraction α = 1.

The walls are set up with usual boundary conditions. Therefore, the no slip boundary
condition is set-up for the velocity, meaning the three components of the velocity are equal to
zero. The pressure and liquid volume fraction are set-up as zeroGracient boundary conditions.

Finally, for the outlet patch, zeroGracient is imposed for the velocity as it is for the liquid
volume fraction α. The totalPressure boundary condition is used and fixed to atmospheric
pressure.

A summary of the boundary conditions is reported on Table 3.5 and are explained deeply
on chapter 2.
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Figure 3.18 – Boundary conditions patches of the CRSB internal flow simulation.

1. Inlet 2. Wall 3. Outlet
u Imposed flux u = 0 ∇u = 0

p ∇p = 0 ∇p = 0 totalPressure
α α = 1 ∇α = 0 ∇α = 0

Table 3.5 – CRSB internal flow boundary conditions.

Numerical methods

In chapter 2 the interFoam solver from the OpenFOAM v6 toolbox was introduced. This
solver, is a Volume of Fluid (VoF) method solver that includes a sharpening term in the liquid
volume fraction transport equation to capture the interface between the liquid and the gas.
This solver uses the PISO algorithm to solve the Navier-Stokes equation and the MULES
algorithm for the liquid volume fraction transport equation.

Since the nature of this flow is clearly turbulent (Re ≈ 4200), and running Direct
Numerical Simulation (DNS) simulation is out of the scope of this thesis, the turbulent flow
has to be model. To capture better the dynamics of the flow, a LES formalism has been
adopted with the sub-grid WALE model.

To discretize the equations, numerical schemes have to be imposed. The OpenFOAM
toolbox includes robust numerical methods up to second order accurate since it is thought
as a industrial toolbox to perform CFD simulations not as high efficiency and high accuracy
tool. Thus, first and second order schemes have been use in time and in space. In time, the
second order scheme backward and the hybrid first-second order Crank Nicholson are set.
The convection schemes are either limited linear or van Leer. For more information check
chapter 2.
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3.4.3 Mesh converge study

To carry out a preliminary study of mesh convergence with the three mesh resolutions proposed
on Table 3.3 the ambient operating conditions studied by [Verdier, 2017] are set up.

First, the initialization of the case is done. Since the dynamics inside of the injector are
complex and the transient state is relatively long, reaching the steady state of the injector
requires some computational resources; in order to reduce them, all the initialization process
is done with the coarsest mesh. Afterwards, the results from the coarsest mesh case are
mapped into the higher resolution meshes.

Initialization: Time evolution of hollow cone generation

Having a clear understanding of liquid flow emanating from orifice section could be important
for some engine regimes. Considering the boundary and initial conditions, eventually a certain
amount of time is required by the fluid to establish the cone-shaped flow [Razeghi and Özgür
Ertunç, 2018].

Figure 3.19 shows the time evolution of the air core generation and the hollow cone
shape of the spray. Figure 3.19a represents the initial conditions of the simulation where
the fuel fills the whole injector. The states of the initialization of the simplex swirl atomizer
simulation can be compared with the spray states on Figure 3.5 as is done by [Chen and Tang,
2020] . From Figure 3.19b to Figure 3.19d the fuel is expelled in a distorted pencil shape.

From Figure 3.19e the jet begins to break-up and is in Figure 3.19h where is comparable
with the onion stage shape. From Figure 3.19j the hollow cone spray is fully developed, thus,
the cone angle could be measured and also the liquid film thickness. Nevertheless, the air
core is not fully developed, hence, it would have necessary 250µs more to let the air core
develops reaching the bottom wall of the injector and widen it. In conclusion, the total time
to initialize the simulation, and thus, the transient period of the injector from stop to nominal
conditions is in the order of 0.5ms.

Liquid Volume Fraction

Once the initialisation process is finished, the data from the coarsest mesh simulation is
mapped into the more refined meshes using the OpenFOAM tool mapFields. This tool reads
the field data from one simulation and interpolates it into the new mesh. In this case, to
speed up the process, the order of the interpolation was zero, meaning that the values were
mapped to the closest cell. A transient time is needed to stabilize the flow into the steady
state values.

Figure 3.20 shows a central slice of the domain representing the liquid volume fraction
α; the fuel is represented on blue (α = 1) and the air is represented on white (α = 0).
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(a) t = 0 µs (b) t = 30 µs (c) t = 60 µs (d) t = 90 µs (e) t = 120 µs

(f) t = 140 µs (g) t = 160 µs (h) t = 180 µs (i) t = 200 µs (j) t = 250 µs

(k) t = 300 µs (l) t = 350 µs (m) t = 400 µs (n) t = 450 µs (o) t = 500 µs

Figure 3.19 – Hollow cone evolution

(a) Coarse Mesh (b) Medium Mesh (c) Fine Mesh

Figure 3.20 – CRSB mesh convergence study: Liquid volume fraction. At the left of each
picture the time averaged values is plotted meanwhile at the right an instantaneous values is
plotted.

On the coarse mesh case the air core is almost stable, not having big perturbations on
the stream-wise direction up to the nozzle. Some instabilities appear near to the orifice. The
diameter of the air core is almost constant from the atomizer bottom wall up to the end of
the swirl chamber where it enlarges due to the divergent geometry. If we take a look into
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the finer mesh cases, instabilities can be capture at the bottom part of the air core. This
phenomena has been previously reported in studies such as [Sumer et al., 2012, Maly et al.,
2018] where they manufactured a transparent atomizer to perform measurements on the
internal flow of a simplex swirl atomizer; this effect can be seen in Figure 3.21.

Figure 3.21 – Air core experiments. On the left: [Sumer et al., 2012]. On the right: [Maly
et al., 2018]

To have a better comparison of the liquid volume fraction α, on Figure 3.22, a iso-surface
for α = 0.5 is shown representing the liquid-gas interface.

(a) Coarse Mesh (b) Medium Mesh (c) Fine Mesh

Figure 3.22 – Liquid volume fraction iso-surface: α = 0.5.

In spite of the fact that the finer meshes are able to capture instabilities on the air
core, the limitation of this computation is visible on the fuel sheet. The more refined meshes
are able to capture longer liquid sheets than the coarsest mesh, but still are not comparable
with the results obtained from experiments on Figure 3.23. Thus, to be able to model the
fuel sheet dynamics, another methodology is proposed later on this chapter.

Figure 3.23 – Sample experimental pictures by [Verdier, 2017] for three different instants.
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On Figure 3.24 a plot of the time averaged liquid volume fraction ᾱ over the nozzle is
represented for every case. This plot shows the film thickness for the three meshes. It is also
plotted the empirical value obtained from Equation 3.37 and the one based on the discharge
coefficient CD. The differences with the empirical equation by [Lefebvre and McDonell, 1988]
are remarkable but expected because the equation was done with a geometrically much simpler
atomizer (see Figure 3.3). Nevertheless, the value obtained by CD mach very well the values
obtained from both, the medium and fine meshes.

Figure 3.24 – Liquid volume fraction α plot along the radial axis on the nozzle. On blue:
coarse mesh case. On green: fine mesh case. On black: empirical equation.

It is also noticed that the coarsest mesh can not capture well the instabilities of the
sheet at the nozzle recovering a more constant liquid volume fraction value. On the other
hand, the medium and fine meshes are able to capture those instabilities where the maximum
value of the sheet thickness is near to the value obtained from Equation 3.37. The film
thickness on the coarsest mesh has a value of tcoarse = 24± 4µm meanwhile the medium
and fine meshes give a value of t f ine = 22± 15µm

Eddy Viscosity
Another parameter to compare is the effectiveness of the LES turbulence model. Those
models filter the sub-grid length scales, those that are smaller than the mesh grid sizes. Thus,
as higher the resolution the less turbulence model is needed. In the Figure 3.25 the eddy
viscosity over the liquid viscosity νt/νl is represented. It is an indicator where the LES model
is playing a role.

In every case, the eddy viscosity is near zero inside of the injector. That means the LES
model is not modelling the turbulence in these zones due to the high level of refinement inside
the injector. Nevertheless, it can be notice that in the coarse mesh case, the eddy viscosity
is higher than on the finer meshes, and moreover, around the walls. Thus, the medium and
fine mesh cases are more accurate since inside the injector is closer to a Direct Numerical
Simulation than the coarsest mesh case.

If we take a look to the outer domain, high values of νt are shown around the liquid
sheet. The outer domain is less refined than the inner one and also, due to the asymmetric
geometry and the wide spray cone angle, the further from the nozzle, the worse is the
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(a) Coarse Mesh (b) Coarse Mesh (c) Fine Mesh

Figure 3.25 – Eddy viscosity

resolution of the mesh. This effect is also playing a role on the interface capturing method as
it is reported in the following section.

Velocity field

Finally, the velocity field is represented on Figure 3.26 where the magnitude and the three
components of the velocity (axial, radial and tangential) are shown. In spite of the values of
the velocity are similar among the three refinement levels, it is straightforward to see that in
the finer mesh cases the fluctuations appears more regularly than the coarsest mesh case
due to the higher refinement. This effect is taking place more in the swirl and spin chamber
where the flow is more turbulent. If we take a look to the liquid film velocity we can see the
fluctuations are less frequent. The axial velocity at the nozzle is Ua(z = 0mm) ≈ 40m/s

being higher than the averaged droplet velocity obtained by [Verdier, 2017] which is somehow
expected since the liquid structures will be decelerated due to the friction with the surrounding
gas.

Mesh refinement study conclusions

The coarsest mesh is enough to compute properties such as the spray cone angle and the
time averaged liquid film thickness but is not capturing all the physical phenomena inside the
injector. The shape of the air core is not comparable with the experiments in the scientific
literature and the velocity fluctuations are not well captured in comparison with the fine mesh
case.

In the other hand, to initialize the simulation is a better choice than the fine mesh since
the computation is faster and less costly as it is shown in Table 3.6.

Coarse Mesh Medium Mesh Fine Mesh
∆tphysical 5e-9 s 2.5e-9 s 5e-10
CPUs 112 420 672
∆tsim 0.26 s 0.6 s 2.9 s
CPUh/ms 1.6e3 28e3 1e6

Table 3.6 – Computational time step and resources needed

The equilibrium between accuracy and computational resources has to be found and,
hence, the elected mesh to carry out the study is the medium refinement. With this election
we can obtain accurate results and capture well the fluctuations of the liquid sheet on the
nozzle orifice with a relatively cheap computation.
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(a) Magnitude (b) Axial (c) Radial (d) Tangential

Figure 3.26 – Central slice of the velocity. From top to bottom: coarse, medium and fine
meshes.

3.4.4 Discretization schemes

As it has been explained on the last section, once the case is mapped from the coarsest mesh
values, the computation is run for a certain time to reach nominal values. This computation
is performed with the upwind first order scheme reported on chapter 2. Coming from a
low resolution computation to a higher resolution computation could lead into numerical
instabilities and with the first order schemes we are able to stabilize them losing some accuracy
since the upwind scheme is too diffusive. Once the simulation is stabilized the spacial schemes
are switched to limitedLinear which is a second order accurate scheme.

We can notice the difference between these two schemes on the nozzle orifice, in
particular if we take a look to the instantaneous liquid volume fraction α(t). Figure 3.27
shows a cross plane on the nozzle orifice z = 0µm using the upwind and limitedLinear
schemes. Meanwhile with first order schemes the liquid sheet thickness remains constant
through time, setting up second order schemes enables to capture the instabilities inside the
nozzle. As it is reported on the following section about the study of the atomization process of
the simple swirl injector, this effect plays an important role on the atomization mechanisms.

3.4.5 Temperature variation

The main study of this section is the comparison between the numerical simulation of the
CRSB injector with two operating conditions and their validation with experimental results.
Both cases are performed with the medium mesh presented in the last subsection.

The higher the temperature, the lower the density is. The Reynolds number of the
high temperature ReHighT = 6000 condition case is higher than the ambient condition case
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Figure 3.27 – Liquid volume fraction α contour at the atomizer outlet cross-section. Top:
three snapshots using the upwind scheme for the spatial divergence. Bottom: three snapshots
using the limitedLinear scheme for the spatial divergence. The time step between pictures is
∆t = 5µs

ReAmbT ≈ 4000. Thus, the flow is expected to be more turbulent and, as is reported in
[Lefebvre and McDonell, 1988], the fuel sheet thickness should be thinner, and hence, its
velocity should increase to maintain the same mass flow rate.

Liquid Volume Fraction

On Figure 3.28 the iso-surface for α = 0.5 of both cases are represented. Comparisons can
not be done directly with these pictures. On Figure 3.29 pictures of the experimental spray
are shown.

(a) Ambient Temperature (b) High Temperature

Figure 3.28 – Liquid volume fraction iso-surface: α = 0.5.

As we can observe in both pictures, with this level of refinement in the outer zone,
qualitative validation with these pictures can not be done. The fuel sheets in both numerical
cases is totally flat and they break-up due to lack of grid resolution and not due to the
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(a) Ambient Temperature (b) High Temperature

Figure 3.29 – Experimental pictures of the CRSB injector spray. On the left: ambient
temperature condition by [Verdier, 2017]. On the right: high temperature condition by
[Marrero, 2018].

interaction between the liquid and the gas. Anyhow, the high temperature case is breaking-up
earlier than the ambient temperature case which agrees with the experimental results.

Another methodology has been defined to overcome this problem and it is shown in
the last section of this chapter. However„ another parameters such as the cone angle and
the liquid film thickness can still be validated with the experimental results and the empirical
equations.

Liquid film thickness
The liquid sheet thickness of the high temperature case should decrease in comparison with
the ambient temperature case since Reynolds number of the flow increase and so does the
fuel sheet velocity. Since the fuel mass flow rate remains constant, the film thickness has to
be smaller. On Figure 3.30 this effect is not easy to find out.

(a) Ambient Temperature (b) High Temperature

Figure 3.30 – Liquid volume fraction. On the left the time averaged value is plotted and on
the right the instantaneous value is plotted.

Thus, Figure 3.31 shows the averaged liquid volume fraction α at the nozzle. Both liquid
film thickness are similar being the fluctuation more prominent on the high temperature case
due to the higher turbulent flow. In comparison with the empirical correlation by [Lefebvre and
McDonell, 1988], both cases have more than 40% of error. Nevertheless, as it was pointed
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before, those formulas where calculated with much simpler injector geometries are they did
not took into account non straight throats.

Figure 3.31 – Liquid volume fraction α plot along the radial axis on the nozzle. On blue:
ambient temperature. On red: high temperature. Solid lines: simulation data. Dashed lines:
empirical equation.

On the other hand, the film thickness calculated with the discharge coefficient CD is
again leading good agreement with the computational results.

Spray cone angle
The spray cone angle 2θ can be directly extracted from the simulations using the liquid volume
fraction α slices on Figure 3.30. It is also possible to measured from the experimental pictures
on Figure 3.29.

Table 3.7 shows the measurements of the spray cone angle 2θ and the comparison
with the numerical study. It can be appreciated that the spray angle widens, slightly, with the
temperature in the experiments. This property is properly caught in the numerical simulations
despite the small error of 2◦ among the experiments and the computations.

Simulation Experiment Error
Ambient Temperature 82◦ 80◦ 2.5%

High Temperature 84◦ 82◦ 2.4%

Table 3.7 – Spray angle measurements from experiments and simulations.

Injection pressure
Finally, to validate the internal flow simulation and the measuring process to obtain the
internal geometry of the injector, the pressure drop between the inlet ports and the outlet of
the domain is calculated. A comparison of the injection pressure for several mass flow rates
was done by [Miglierina, 2021] on Figure 3.32. On blue, the value obtained from the simulation
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is plotted. We can notice that the pressure drop recovered by the simulation ∆P Sim ≈ 7.5bar

is near to the experimental values obtained by [Verdier, 2017, Marrero, 2018, Miglierina,
2021] ∆PExp ≈ 8bar .

Figure 3.32 – Injection pressure for several fuel mass flow rates. On a blue star, the pressure
drop obtained from the simulations is plotted.

The lower pressure drop recovered by the simulation could be for many reason. The
internal geometry could not be as accurately described as if it was given by Danfoss. Another
option could be that 0.5bar drops on the injector filter of even on non-simulated part of the
tangential ports.

Temperature variation conclusions

The measurements of the internal geometry of the injector have been validated recovering a
similar spray angle, having good agreement with the liquid sheet thickness in comparison with
the theoretical equations and recovering almost the same pressure injection.

Slight differences are noticed on the two operating conditions studied. The earlier
break-up of the high temperature case is captured and more turbulent flow is recovered.

The qualitative comparison with experiments can not be done since the atomization
process is not properly captured; the resolution and the topology of the outer computational
grid is not enough to do such study. However, the computational grid works perfectly to
model the inner flow of this kind of injectors. Hence, another methodology is proposed in the
next section to overcome this difficulty and to model the atomization process. The objective
is to carry out a simulation only on the external zone above the nozzle using as inlet data the
one computed in this section.

3.4.6 Outputs recovery data

To set up the outer flow simulation, a cross plane of the velocity field u and liquid volume
fraction field α are stored. The central point is the center of the orifice (0, 0, 0) and the normal
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vector n is the axial direction (0, 0, 1). Each 0.05µs the fields are stored, that corresponds to
20 computational time steps.

This procedure has been done for both temperature cases. In the next section, the
interpolation on space and on time is explained in details.

3.5 External flow modelling: Spray atomization
In the last section we have seen that the hybrid mesh works good in modelling the inner
flow of a simplex swirl atomizer. Nevertheless, once the fuel is ejected from the orifice, the
length scales of the sheet and the droplets are much smaller than the grid resolution. To
overcome this problem, studies such as [Galbiati et al., 2016, Shao et al., 2017], carried
out numerical simulation of the spray generated by a simplex swirl injector. The numerical
domain begins in the orifice of the nozzle and it is extended several length magnitudes to
be able to catch the suction process generated by the pressure drop performed inside of the
injector. As a boundary conditions they use a turbulent inlet velocity and a fixed liquid sheet
thickness. On [Galbiati et al., 2016] a preliminar LES simulation is also performed to extract
the velocity and liquid volume fraction fields to map it on time and on space on the external
simulation. However, this preliminary simulation is not performed with the internal geometry
of the injector but with a straight pipe. The qualitative comparison improves with the use of
this boundary conditions.

Following these studies, an external simulation is proposed. Instead of a full isotropic,
structured mesh, a periodic sector is used with a refinement zone where the spray is expected
to be, to reduce the computational resources needed. The data stored from the previous
simulation is used as boundary condition to preserve as much as possible the previous work.

3.5.1 Computational grid
Some tryouts were done with the same topology followed in the previous section, structured
hexahedral mesh. However, the further from the orifice the worse the resolution of the cell
was. This problem comes from the fact that the angle of the spray is highly wide, thus,
performing an asymmetric structured mesh brings to well refined cells around the orifice nozzle
(z ∼ 0µm, r ∼ 0 − 300µm) and large cell with big aspect ratio far from it (z > 500µm,
r > 500µm. This effect avoids the interface capturing method to have sharp interfaces where
the break-up process is expected. Hence, a similar topology to the studies cited above was
used; an isotropic, almost structured mesh with a refinement zone performed with the open
source mesher code cfMesh.

2D grid convergence study
Once defined the topology of the mesh, a small grid converge study was performed to find
the minimal cell size. To minimize the computational resources and speed up the process,
the domain was defined as 2D asymmetric. In this case, the meshes were made with the
blockMesh utility.

Figure 3.33 shows the liquid volume fraction α on three different cases. From left to
right. the cell size is 2µm, 1µm and 0.5µm; every resolution is able to capture the interface
between the liquid and the gas, not only on the liquid sheet but also on the "droplets" that
break-up from it. The main differences from the lowest resolution to the highest one is the
lack of instabilities of the liquid sheet. Even though the resolution is higher than the one
showed on Figure 3.30 at the external zone, 2µm are not enough to capture the fluctuations
triggered on the liquid sheet by the air motion. Instead, on the case with 1µm of cell size,
those fluctuations are captured. Moreover, the interface is better captured as it was expected
and the shape of the 2D "droplets" are more realistic.
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(a) 2µm (b) 1µm (c) 0.5µm

Figure 3.33 – Grid convergence study. Liquid volume fraction for cases of cell size from left
to right: 2µm, 1µm, 0.5µm

Finally, the finer resolution improves the interface capturing but it does not increment
the instabilities triggered on the sheet.

Table 3.8 reports mesh information for the three different meshes used in the grid
convergence study. Since the simulation are 2D the number of cells increased by a factor of
two every time the resolution is doubled. Since the Courant number remains the same for the
three cases, the physical time step ∆tphysical is reduced by half every refinement and also the
time step for each iteration ∆tsim is increasing by a factor of two.

2µm 1µm 0.5µm

Number of elements 0.27e6 1.1e6 4.4e6
Cells at liquid sheet 4 8 16

∆tphysical 1.7e-8 s 0.8e-8 s 0.4e-8s
CPUs 72 72 72
∆tsim 0.92 s 1.8 s 3.7 s

CPUh/ms ≈ 1000 ≈ 4500 ≈ 18500

Table 3.8 – 2D grid convergence study: mesh information.

Finally, the cell size chosen is 1µm since the mesh resolution is enough to capture the
instabilities of the liquid sheet and also the computational resources needed can be managed
in a 3D case. Of course, the 0.5µm cell size resolution is better on accuracy, but not only
the number of elements will increase the computational resources, but the small time step
required will increase hugely the time needed to perform the simulation.

3D sector mesh

The outer domain is 45◦ a sector domain to reduce the computational resources. The geometry
and the boundary condition used are shown on Figure 3.34.

The number 1 is the inlet patch of the domain. It is an arc which radius is equal to
the orifice radius. The boundary conditions for the velocity u and the liquid volume fraction
α is fixed dynamically on time with the results from the previous inner flow simulation. The
pressure p is set as zeroGradient boundary condition.
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Figure 3.34 – Geometry domain and boundary condition of the external flow simulation. 1:
Inlet. 2: Wall. 3: Cyclic patches. 4: Outlet.

The number 2 is set as boundary conditions. The velocity u is set as noSlip. The
pressure p and the liquid volume fraction α are set as zeroGradient.

The number 3 are two periodic patches. In OpenFOAM this boundary conditions are
called cyclic ; specifically, in this case, as the two patches are not equally created, a version of
this boundary condition has to be used and it is called Cyclic Arbitrary Mesh Interface.

Finally, the number 4 is the outlet of this simulation. As it was set up in the previous
simulation, the velocity u and the liquid volume fraction α are set as zeroGradient and the
pressure p is set as totalPressure already explained on Equation 2.18.

A summary of the boundary conditions is reported in Table 3.5:

1. Inlet 2. Wall 3. Periodic 4. Outlet
u u = u(t, x) u = 0 Cyclic ∇u = 0

p ∇p = 0 ∇p = 0 Cyclic totalPressure
α α = α(t, x) ∇α = 0 Cyclic ∇α = 0

Table 3.9 – Boundary conditions on the sectorial outer CRSB domain

Figure 3.35 – External simulation mesh
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To perform the mesh, the open source code cfMesh is used since it is possible to make
cartesian, isotropic, regular meshes. This software was thought to work with OpenFOAM. On
Figure 3.35 the mesh of the external flow simulation is shown. It is a mostly hexahedral mesh
with few tetrahedral and polyhedral elements. A refinement zone is set with a hollow cone
shape to achieve a better resolution to match the 1µm cell size of the previous subsection.

The mesh has 88e6 elements where most of them are inside of the refinement zone.

3.5.2 Coupling between numerical simulations
The coupling between simulation is done storing the data from the velocity u and the liquid
volume fraction α from the internal flow simulation and setting up the inlet boundary condition
of the external flow simulation as timeVaryingMappedFixedValue boundary condition already
implemented in OpenFOAM.

This boundary conditions takes the data from one field and interpolates it linear on the
patch. It also interpolates linear on time the data given if it has more than one time step.
The data have been stored each 0.05µm.

To validate the efficiency of the boundary condition, the conservation of the swirl
number and the turbulent kinetic energy was checked.

Swirl number
At the first section of this chapter the importance of the swirl motion inside the injector was
remarked. The degree of swirl for a swirling flow is usually characterized by the swirl number.
It was originally proposed by [Chigier and Beér, 1964] and simplified by [Sheen et al., 1996]
as follows:

SN =
Gtg
RGax

=

∫ R
0 wur2dr

R
∫ R

0 u2rdr
(3.44)

where SN is the swirl number. Gtg is the axial flux of the tangential momentum, Gax
is the axial flux of the axial momentum, R is the outer radius, w and u are the tangential
and axial velocity at corresponding radial position r .

Figure 3.36 – Swirl number along the axial axis

Figure 3.36 shows the swirl number evolution along the axial axis (Z) of the ambient
temperature case. In blue is plotted the swirl number of the internal flow and in green the
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external flow. The peak of SN is reached inside the spin chamber in agreement with the
theory. After this point, the swirl motion is reduced on the injector’s throat reaching values
below 1.0 near to the nozzle. Once the liquid sheet loses the centripetal force performed by
the wall, the tangential momentum is transform into radial momentum, and thus, the SN is
becoming zero. It also can be appreciated that the output from the internal flow simulation
match the input for the external flow simulation.

Turbulent kinetic energy
The preservation of turbulent kinetic energy (TKE) is fundamental in the mapping process.
Since not every time step is stored and mapped into the external flow simulation, some
turbulence data can be lost. In addiction, the sub-grid turbulence can be lost in the process.
To compare the good behaviour of the method, the diagonal of the Reynolds stress tensor
are plot on Figure 3.37.

Figure 3.37 – Turbulent kinetic energy. On the left: resolved scales. On the right: sub-grid
energy.

It can be observed, that in general, the turbulent kinetic energy is underestimate in the
external flow simulation. This effect means that some data of the turbulent flow is miss in the
mapping process. Nevertheless, the agreement between the two simulation is good enough to
ensure accurate results on the external flow simulation. It is remarkable that, despite of no
mapping or injecting sub-grid turbulence to the domain, the sub-grid turbulent kinetic energy
computed in the external simulation has good agreement with the internal one.

3.5.3 Outer domain results
The aim of this section is to validate the process, starting from the geometry measurements,
going through the two simulation methodology and finishing with a qualitative comparison
with experiments.

The simulations has been launch using 1400 CPUs with a total time of 6 days. Table 3.10
shows the computational resources needed to perform 1ms of this simulations. The total
time simulated within these 8 days is 0.1ms.

Fuel sheet fluctuation study
On the internal flow modelling section, a remark about the fuel sheet fluctuation has been done.
With first order schemes none fluctuation was recovered but with second order schemes the
fuel sheet had instabilities. Therefore, to study the differences on the atomization mechanism
with and without instabilities on the liquid sheet thickness two simulation have been carried
out with the ambient temperature operating conditions. Both simulation have been carried
out with second order schemes on space and on time.
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Ambient Temperature High Temperature
Number of elements 88e6 88e6
Cells at liquid sheet 16 14

∆tphysical 8.1e-10 s 7.6e-10 s
CPUs 1400 1400
∆tsim 8 s 8 s

CPUh/ms ≈ 3.8e6 ≈ 4.1e6

Table 3.10 – Computational resources needed for the 3D outer simulation

Figure 3.38 shows the liquid volume fraction plotted on the inlet patch of the external
sectorial simulation for the data recovered with the upwind scheme (on the top) and the
limitedLinear scheme (on the bottom).

(a) First order upwind scheme. From left to right: t = 80µs, t = 85µs, t = 90µs.

(b) Second order limitedLinear scheme. From left to right: t = 60µs, t = 65µs, t = 70µs.

Figure 3.38 – Liquid volume fraction on the inlet patch. On the top: constant thickness. On
the bottom: fluctuating fuel sheet.

On Figure 3.39 the results from the two cases are shown. The iso-surface for α = 0.5 is
plotted for both cases and compared qualitatively with an experimental picture by [Miglierina,
2021]. It can be observed that on the constant sheet thickness case the liquid sheet remains
straight until it breaks-up meanwhile on the experiments there are fluctuation starting on the
nozzle orifice. Another difference is the arrangement of the ligaments; on the experiments,
the ligaments are arrange on a transversal plane meanwhile on the simulation are formed
along the streamwise direction. Finally, the droplet formation seems not fully developed with
almost flat liquid structured.

On the other hand, the results from the fluctuating fuel sheet match better the
experimental results. In this case, the fluctuation of the liquid sheet start from the beginning
of the domain. The ligaments are arranged in the same way than the experimental picture
and the droplets seems on the same order than the experimental ones.

In conclusion, the data from the internal flow simulation is essential to carry out an
accurate modelling of the atomization process.
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Figure 3.39 – On the left: Comparison among the iso-surface (α = 0.5) from the constant fuel
sheet thickness and the experimetal picture by [Miglierina, 2021]. On the right: Comparison
among the iso-surface (α = 0.5) from the varying fuel sheet thickness and the experimetal
picture by [Miglierina, 2021]

Temperature variation study

On Figure 3.40 the liquid volume fraction field is represented for both operating conditions. On
the left of every picture the time averaged field is plotted and on the right the instantaneous
one. In comparison with Figure 3.30, the outer flow simulation can capture the instabilities of
the liquid sheet and also the break-up process is taking place in both simulations.

(a) Ambient temperature (b) High temperature

Figure 3.40 – Liquid volume fraction middle slice. On the left is represented the time averaged
value. On the right is represented the instantaneous value.

It can be observed that since the liquid sheet thickness is thinner in the high temperature
simulation, the break-up also takes place before. This is in agreement with the experiments
shown in Figure 3.29.

Figure 3.41 shows the velocity magnitude of both simulations. Overall, it can be noticed
that the high temperature simulation reach higher velocities than the ambient temperature
simulation. That is in agreement with [Marrero, 2018] and [Verdier, 2017] where the average
velocity of the droplets was measured.

On Figure 3.42 the axial velocity is represented. In these pictures, the suction effect,
due to the pressure drop inside of the injector can be noticed. Thus, the mapping method is
replicating the physics inside the injector. Moreover, a big re-circulation zone of the air is
caught at the internal zone of the liquid sheet and near to the axis. This are re-circulation is
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(a) Ambient temperature (b) High temperature

Figure 3.41 – Velocity magnitude. On the left of each picture: time averaged value. On the
right of each picture: instantaneous value

the one which triggers the liquid sheet to fluctuate. Compared to the internal flow simulation,
in this case, more physical effects are captured.

(a) Ambient temperature
(b) High temperature

Figure 3.42 – Axial velocity. On the left of each picture: time averaged value. On the right of
each picture: instantaneous value

Figure 3.43 and Figure 3.44 represents the radial and tangential velocities respectively.
As it happened with the internal flow simulation, when the liquid loses the walls of the injector,
the tangential component of the velocity is converted, slowly, into the radial component. It
can be appreciated in those pictures where the tangential velocity is attenuated meanwhile
the radial velocity is much higher than inside of the injector.

(a) Ambient temperature (b) High temperature

Figure 3.44 – Tangential velocity. On the left of each picture: time averaged value. On the
right of each picture: instantaneous value
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(a) Ambient temperature (b) High temperature

Figure 3.43 – Radial velocity. On the left of each picture: time averaged value. On the right
of each picture: instantaneous value

Qualitative comparison

The main problem found in the internal flow simulation was the lack of instabilities that
trigger the liquid sheet to break-up. As we have already seen, the external flow simulation is
capable of catch those perturbations. Following the same procedure than on the last section,
the iso-surface α = 0.5 shown on Figure 3.45 is a rendering of the 45◦ sector simulation to
have a clearer view of the spray.

Figure 3.45 – 360◦ iso-surface (α = 0.5) rendering of the ambient temperature case.

Before to compare the iso-surface rendering with the experimental pictures, a comparison
among different values of α to create the iso-surface are shown on Figure 3.46. This picture
shown the iso-surface rendering for five values of α: 0.1, 0.25, 0.5, 0.75, 0.9. We take the
α = 0.5 iso-surface as a reference and we can compare also with a liquid volume fraction
contour where we can see that the interface thickness is, indeed, recovered by several cell. In
spite of the form change among iso-surfaces with different value of α, we can see that the
liquid structures remains unchanged. It is not until we check the extremes values (α = 0.1

and α = 0.9) where we can see some differences. We can say that the resolution is enough
to capture the interface, despite the fact that having a finer refinement would lead into a
sharpener interface. From now to the end of the chapter, every iso-surface is represented for
α = 0.5

Figure 3.45 shows the results for the ambient temperature case based on the work by
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Figure 3.46 – Ambient temperature iso-surfaces for several values of α. In the middle the
iso-surface α = 0.5 and a contour of the liquid volume fraction are represented as a reference.

[Verdier, 2017, Miglierina, 2021]. It can be seen that the liquid sheet has small waves until it
breaks-up (z = 0.2mm) into smaller transversal ligaments. Afterwards, the ligaments begin
to break-up from Z = 0.2mm up to Z = 0.4mm into smaller droplets. It can be remarked
that the liquid sheet and also the ligaments do not fluctuate on stream-wise direction. This
effect could be due to the periodicity imposed as boundary condition on the side patches.
Some of the break-up mechanisms captured are mostly due to numerical resolution and not
due to a physical process. Anyhow, the interface capturing method (counter flux compression
explained on chapter 2) keeps the ligaments in a correct shape and that leads to a physical
spray atomization into droplets.

Figure 3.47 shows a comparison among the iso-surfaces and the experimental pictures
taken by [Verdier, 2017]. The agreement among simulation and experiments in general terms
is good. As it has been said, the big fluctuations that are captured on the liquid sheet on
experiments are not appearing on the simulations. Nevertheless, on this pictures the correct
arrangements of the ligaments can be validated.
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Figure 3.47 – Qualitative validation of the ambient temperature case compared with experi-
mental pictures by [Verdier, 2017]

Figure 3.48 – Qualitative validation of the ambient temperature case compared with experi-
mental pictures by [Miglierina, 2021]

A comparison with the work by [Miglierina, 2021] is also done on Figure 3.48. This
experimental work is more recent and more focused on the spray atomization. It can be noticed
that the picture is more focused on the early stage of the atomization and a manufacturing
technique has applied to the nozzle to be able to capture the liquid sheet at the nozzle orifice.
On these pictures the small fluctuation of the liquid sheet can be appreciated on experiments
and how they replicated on simulations. Some grey and white holes can be found on the
experimental picture and it gives us an idea where the liquid sheet begins to break-up and it
is well recovered by the simulation.

Figure 3.49 – 360◦ iso-surface (α = 0.5) rendering of the high temperature case.

Figure 3.49 shows the iso-surface α = 0.5 for the high temperature case based on the
work by [Marrero, 2018]. It is similar to the ambient temperature case but the sheet break-up
takes place earlier at high temperature which is in agreement with the experiments.
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A comparison with experiments has also been done on Figure 3.50. On the same way,
there are good agreements between experiments and simulation. The same problems of lack
of big fluctuation is found on this high temperature case. The droplet diameter seems on the
order of the experimental picture.

Figure 3.50 – Qualitative validation of the high temperature case compared with experimental
pictures by [Marrero, 2018]

3.6 Conclusions

Modelling a commercial simplex swirl atomizer is not a straightforward process. Beginning
with the fact that the internal geometry of the injector is unknown and most of the times
it can not be requested to the company, going through meshing a complex geometry for a
multiphase modelling. And finishing on the fact that the computational resources required for
this kind of injectors are high.

On this chapter, a solution for every of those problems has been proposed and validated.
The internal geometry of the injector can be recovered using experimental measurement
techniques such a computed tomography scan, optical microscope visualization and scanning
electron microscope visualization. Due to it is not possible to apply some techniques on the
inner zone of some pieces, a silicon molding technique has been applied to afterward measure
the molds.

The internal flow of the injector has been modelled using a hybrid numerical grid to avoid
numerical instabilities created due of the use of a full structured mesh on a complex geometry.
With this computation main parameters of the spray can be computed such as the spray
cone angle and also the liquid sheet thickness. Along side with the pressure drop recovered
from the simulations, all of those parameter match the experimental results validating not
only the modelling but also the experimental measurement of the pieces. A slight variation
of the results is also noted changing the operating conditions and in agreement with the
experiments.

The atomization process is not an easy task to model on this kind of injectors due to
the finer the spray the more resolution is required. The amount of computational resources
required is huge to run a single simulation. Thus, a multi-scale, multi-simulation coupling
was proposed. Using the data computed and stored from the internal flow simulation, an
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outer simulation beginning at the nozzle orifice has been proposed. Moreover, to reduce the
computational resources and make the simulation viable a 45◦ sector domain has been made.
It has results on an accurate simulation where it is true that some information is lost but most
of it is preserved through simulations. The importance of the coupling is also demonstrated
when we compare the outer flow simulation with a liquid sheet with a constant thickness and
with a varying thickness.

The proposed workflow could be applied to any simplex swirl atomizer similar to the one
described or extrapolated to atomizers with different geometries. The inner flow modelling
could be interesting for industrial purposes since the computational requirements are relatively
low and parametric studies on the geometry lengths can be performed to see the differences
on the interal flow.
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Performing an unique single simulation to model an airblast atomizer is a complex and
costly task. Therefore, a workflow to divide the physical phenomena involved inside of
this kind of atomizers is proposed on this chapter. To validate the process the atomizer
used on the CHAiRLIFT burner is studied. This chapter follows the workflow proposed
on chapter 2 reporting the configuration and the results of the preliminar steps to finish
with the airblast simulation. Due to lack of experimental data to validate the process,
the results have been validated with empirical equations described at the beginning of the
chapter.
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This chapter addresses the numerical study of the airblast atomizer from the CHAiRLIFT
project. It begins with a brief introduction of the prefilming atomization, how it works and
its characteristics. Following with methods to calculate the main characteristics of the spray
expelled from this kind of atomizers; from the more traditional ways to the newer ones. To
finish with the description of the CHAiRLIFT atomizer and the strategy followed to address
it.

As it was explained on chapter 1, the spray characterization is needed inside the
CHAiRFLIT project to set-up properly the lagrangian spray model used by the University of
Florence (UNIFI) to carry out the reactive simulation. The coupling between the multiphase
and the reactive simulation is shown on chapter 5 which is not straightforward due to the use
of different CFD solvers.

4.1 Prefilming airblast atomization
The mean principle behind the airblast atomization is the employment of the kinetic energy of
a flowing airstream to shatter the liquid sheet into ligaments and then into smaller droplets.
This kind of atomizers are especially suited for combustion systems operating at high pressures.
They require low fuel pump pressures and produce a fine spray. In addiction, this process
ensures a good mixing of air and fuel, and hence, the combustion process is characterized by
very low soot formation and a blue flame of low luminosity, resulting in a relatively low flame
radiation and a minimum of exhaust smoke [Lefebvre and McDonell, 1988].

Most of the systems in service are of the prefilmer type as it is in this work. In theses
systems, the liquid is first spread out in a thin continuous sheet and then subjected to the
atomizing action of high-velocity air. On Figure 4.1 a general representation of a prefilming
airblast atomizer is shown. In this case the fuel is supplied by some tangential ports directly
on the prefilmer. Nevertheless, there are many ways to create the liquid sheet such as using
pressure swirl atomizers or discrete nozzle to atomize the fuel before developing the fuel
sheet.

Prefilming airblast nozzles are suited for atomizing liquid fuels in continuous-flow
combustion systems, such as gas turbines (GT), where high velocity air flows are available. In
this kind of atomizers, the fuel is first spread out in a thin liquid sheet and then subject to the
atomization provoked by the shear stress at the liquid gas surface due to the high-velocity air
flows. Prefilming airblast atomizers are widely used in the aeronautic field since they allow
an excellent atomization of the liquid fuel. Unlike other kind of atomizers, prefilming airblast
atomizers creates smaller droplets which evaporates faster than large droplets. Thus, they
preserve well balanced fuel vapor - air mixing before reaching the flame front, allowing for a
better controlled combustion[Chaussonnet et al., 2013].

[Lefebvre and Miller, 1966] identified the following key factors to achieve a good
atomization:
• The liquid should first be spread into a thin continuous sheet of uniform thickness.
• Finest atomization is obtained by producing a liquid sheet of minimum thickness.
• The annular liquid sheet formed at the atomizing lip should be exposed on both sides
to air at the highest possible velocity.

4.1.1 Film thickness
A experimental campaign was carried out by [Rizk and Lefebvre, 1980] to study the develop-
ment of the fuel film thickness and its relevance with the final drop size distribution. Those
experiments could not be performed with the typical airblast atomizer used on gas turbines
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Figure 4.1 – Prefilming airblast atomizer sketch [Lefebvre and McDonell, 1988]

due to its cylindrical shape. Instead of, two planar airblast atomizers where tested. Water and
kerosene were used as liquids.

The higher the liquid mass flow rate ṁl the thicker the film was. This value goes down
with the increase of the air velocity. An expression was derived to calculate the liquid film
thickness. It assumes that the shear stress in the thin liquid film will be constant and equal to
the wall shear stress:

τ = µlUi/t = 2µlUl/t (4.1)

where Ui is the interfacial liquid velocity approximated to Ul which is the mean velocity of the
liquid and t is the thickness of the film and µl is the liquid viscosity.

For the simplest case of a thin liquid film flowing along the inner wall of a circular pipe
which also contains air flowing in the same direction, we have:

τ =
2µlṁl
tρlAl

=
2µlṁl
t2ρlπd

(4.2)

where ṁl is the liquid mass flow rate, Al is the cross-sectional area of the liquid, d is equivalent
diameter of the pipe and ρl is the liquid density.

The interfacial friction factor is given by:

fi =
τ

0.5ρaU2
a

(4.3)

where ρa and Ua refer to the density and mean velocity of the air.
Combining these last two equation we achieve:

fi =
4µlṁl

πρaρldt2U2
a

(4.4)

The interfacial friction factor is also given, accordingly to [Hewitt and Hall-Taylor,
1970], by:

fi = fa(1 + 300t/d) (4.5)
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where fa is the friction factor for air flowing along a smooth-walled tube in the absence of a
liquid film. For turbulent flow fA is given by the Blasius equation:

fa = 0.79(Rea)−0.25 (4.6)

hence, substituting this equation into the previous one we obtain:

fi = 0.79(1 + 300t/d)(Rea)−0.25 (4.7)

equating Equation 4.4 and Equation 4.7 leads to the following equation for liquid film thickness,
t:

t2(1 + 300t/d) =
16µlṁl
ρlρadU2

a

(
ṁad

Aaµa

)
(4.8)

This equation has to be solved on an iterative way. On the work by [Rizk and Lefebvre,
1980] found the equation provides higher values than the experiments but it is good on predict
general trends. The sought an empirical equation based on the main parameters contained on
Equation 4.8:

t/d = 132(Rel)
−0.4(ṁl/ṁa)0.8 (4.9)

This equation showed a good agreement with the experiments performed.
A more current correlation is given by [Gepperth et al., 2013], based on the correlation

on Equation 4.9:

t = 7.367d

(
µl

ρl ūgd

)0.4

(ṁl/ṁa)0.8 + 6.35× 10−8 (4.10)

4.1.2 Sauter Mean Diameter
The performance of a prefilming airblast atomizer can be measured with the Sauter mean
diameter (Equation 5.5) of the cloud of droplets it expels. Therefore, there have been many
attempts to model and create correlations to define it. The first attempt to develop a
correlation on this topic was [Rizkalla and Lefebvre, 1975]. This correlation consists of two
basic terms; the first term is dominated by the air velocity and density and the second term
by the liquid viscosity.

D32

Lc
= A

(
σ

ρg ūg2Dp

)0.5

· (1 + ṁl/ṁg) + B

(
µ2
l

σρlDp

)
· (1 + ṁl/ṁg) (4.11)

where A and B are two constants determined experimentally, Dp is the diameter of the
prefilmer and Lc represents a linear scale of the prefilmer. The most common choices of Lc
are the film thickness as done in the original work by [Rizkalla and Lefebvre, 1975] or doing
Lc = Dp as done by [El-Shanawany and Lefebvre, 1980].

Further work by Rizkalla and Lefebvre lead them to the conclusion that for liquids with
a low viscosity, the key factors are surface tension, air velocity and air density. The Sauter
mean diameter was found to be also dependend on the air-fuel ratio AFR = ṁg/ṁl . As it
has been explainen before, they found that the film thickness plays an important role on the
final D32 [Rizk and Lefebvre, 1980]. They dimensionally corrected the Equation 4.11 [Rizkalla
and Lefebvre, 1975, Lefebvre, 1989, Lefebvre, 1992]:

D32 = 3.33E−3
(σρl t)

0.5

ρg ūg
·(1+ṁl/ṁg)+13.0E−3

(
µ2
l

σρl

)0.425

·t0.575 ·(1+ṁl/ṁg) (4.12)

where t represents the film thickness.
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As it was said, [El-Shanawany and Lefebvre, 1980] investigated the effect of liquid and
air properties using Lc as the prefilmer diameter. They concluded that the spray quality is
reduced with an increase of the atomizer dimension. They also found the air velocity to be the
dominant factor influencing the droplet size. The droplet diameter decreases with increasing
air velocity. Based on Equation 4.11 they correct it into:

D32 = 0.073

(
σ

ρg ūg2

)0.6

·
(
ρl
ρg

)0.1

·D0.4
p ·(1+ṁl/ṁg)+0.015

(
µ2
l Dp

σρl

)0.5

·t0.575·(1+ṁl/ṁg)

(4.13)
On the work by [Sattelmayer and Wittig, 1986] concluded that the droplet size is

independent of the channel height and liquid flow rate and the air velocity and surface tension
were found to be the dominating parameters. In contrast with the previous works, [Sattelmayer
and Wittig, 1986] shown that the film thickness is not linked to the final drop size distribution.
Finally, they derived the following simple correlation based only on the surface tension σ and
the gas velocity:

D32 = 0.67
σ0.67

ūg1.57 (4.14)

Following this last work, [Aigner, 1986] analyzed several cylindrical airblast atomizer at
elevated pressure. Aigner also investigated the effect of swirl, air channel height and atomizing
edge thickness. According to this study, the effect of the swirl on atomization is difficult to
characterize. If the turbulence and shear forces are increased by the swirl, it has a beneficial
effect on the spray quality. Whereas, if the swirl induces flow separation at the atomizing
edge, it may result into a coarser spray [Aigner and Wittig, 1988]. [Aigner, 1986] derived,
based on dimensional analysis the following correlation:

D32 ∝ σ0.5ρ−0.4
g ūg

1.05δ0.3(ṁl/ρl)
0.15µ0.15

g (4.15)

where δ is the thickness of the turbulent boundary layer defined by [White, 1991] as:

δ = 0.16
Lsur f

Re1/7
(4.16)

with

Re =
ūgLsur f
νg

(4.17)

where Lsur f is the distance from the of the surface overflown of the gas flow from the
primary swirler outlet to prefilmer’s tip [Holz et al., 2016].

[Gepperth et al., 2012] proposed a more current correlation. Based of 300 test cases on
a planar prefilmer at atmospheric operating conditions they proposed the following equation:

D32

δxedge
= 4.96

(
ρgŪgδxedge

µg

)−0.17(
ρg ūg

2δxedge
σ

)−0.36(
ρl
ρg

)−0.013( h

δxedge

)0.46

(4.18)

The correlation from [Chaussonnet et al., 2016] is derived from the idea that the liquid
accumulation is accelerated in axial direction, leading to a Rayleigh-Taylor instability and
calibrated using the experiment by [Gepperth et al., 2010]:

D32 =
2.41

ūg

√
haσ

ρlρg
(
√
ρl +

√
ρg ) (4.19)

To have a more complete knowledge on this topic, it is recommended to the reader to
take a look to [Gepperth et al., 2013, Chaussonnet et al., 2020]. These works compile the
state of the art of the correlation for D32 on airblast atomizers and compare them with the
experiment by [Gepperth et al., 2010].
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4.1.3 Droplet mean velocity

To characterize the spray behaviour is also important to know the velocity of the droplets.
Thus, [Gepperth et al., 2013] derived a correlation for the volume weighted mean droplet
velocity which can be defined as:

uD,3 =

∑N
i=1 ui ·D3

i∑N
i=1D

3
i

(4.20)

The correlation proposed was:

uD,3 = 49.49ūg

(
ρg ūgδxedge

µg

)−1.83(ρg ūg2δxedge
σ

)1.18(
ρl
ρg

)0.52( h

δxedge

)−0.8

(4.21)

4.2 KIT-ITS atomizer

The nozzles used on the CHAiRLIFT project was proposed and investigated by [Kasabov
et al., 2013]. The main goal of that study was to investigate lifted flame in terms of position,
shape and characteristics of the liquid fuel spray. The nozzle is based on the airblast concept
and comprises two radial swirlers and an axial fuel supply line (Figure 4.2). The combustion
air flows through the nozzle vanes of the primary and secondary swirlers.

Figure 4.2 – Nozzle used on the CHAiRLIFT project [Kasabov et al., 2013].

Later on, [Sedlmaier et al., 2014] continued the study of lifted flames with the same
nozzle design. The experimental and numerical studies carried out inside of the CHAiRLIFT
project have been performed using [Sedlmaier et al., 2014] test case as a reference.

The atomizer on Figure 4.2 refers to a simplex swirl atomizer, same kind of nozzle
described on chapter 3. The model chosen is the SCHLICK-Mod.121 V (Figure 4.3 by Schlick
Nozzles [Schlick, 2020]. The diameter of the nozzle orifice is 0.2mm and the spray cone angle
at nominal conditions is 60◦. The flow number (FN) calculated with Equation 3.1 is equal to
0.83kg/h/bar0.5.
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Figure 4.3 – Simplex swirl nozzle utilized on the CHAiRLIFT project.

4.2.1 Operating Conditions
The operating conditions corresponds to the experimental study by [Sedlmaier et al., 2014].
High pressure and high temperature were set-up for the air meanwhile the fuel was not
preheated. The operating conditions are reported on Table 4.1.

p0 ∆Pnozzle Tair Tfuel ṁair ṁfuel

4bar 3% 573K 323K 32g/s 1.15g/s

Table 4.1 – Sedlmaier test case operating conditions

The effective area Aef f is equal to 131mm2. The pressure drop across the nozzle
remains constant equal to ∆P = 3%. The air mass flow rate is calculated as:

ṁair = Aef f ρairUair (4.22)

where Uair is the mean velocity of the air calculated by the Bernoulli’s equation Uair =

(2∆P/ρair )
0.5.

The air fuel ratio (AFR) is set up to AFR = 27.8. Obtaining the fuel mass flow rate is
straightforward ṁf uel = ṁair/AFR. As a fuel, the Jet A-1 is used. The properties for the
fuel and the gas are reported on Table 4.2.

Air Fuel Shared
ρ ν ρ ν ρf uel/ρair σ

2.42kg/m3 1.58e − 06m2/s 790kg/m3 1e − 06m2/s 326.45 0.0208N/m

Table 4.2 – Fluid properties for the Sedlmaier test case.

4.3 Air flow modelling
The air flow modelling of the combustion chamber has been carried out by the University of
Florence. They performed a LES, single-phase non-reactive simulation as a preliminary study
[Langone, 2022]. On Figure 4.4 axial velocity contours for two mesh resolution are presented
showing a good agreement with experiments.

The full combustion chamber simulation with the highest resolution tested shows high
accuracy over the nozzle. Nevertheless, from the point of view of atomization, the data of
the velocity needed is placed some millimeters below the nozzle. In spite of the high mesh
resolution of this simulation, to capture the turbulent flow inside of the atomizer, more
number of elements are required on this zone. Thus, using as a initial boundary condition
one axial plane from the study by [Langone, 2022], an in detail study has been performed.
Figure 4.5 shows the domain of the in detail single phase simulation inside the nozzle. On the
right, a contour of the velocity from the full chamber simulation is represented. From this
results, the mean velocity is mapped into the in detail domain.
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Figure 4.4 – Axial velocity contours from the numerical study by [Langone, 2022] compared
to the experimental study by [Sedlmaier, 2016]. On the left: 4 million elements mesh. On the
middle: 16 million elements mesh. On the right: Experiment data.

Figure 4.5 – In detail single phase simulation domain.

4.3.1 Computational grid

Due to the simplicity of the geometry domain, a structured mesh is made. The mesh is
performed with the blockMesh utility. This utility create structure hexahedral meshes in
blocks. Figure 4.6 shows a middle cut of the computational grid. It can be observed the special
refinement around the walls of the atomizer, specially around the prefilmer. The storage of
the data is done 400µm before the prefilmer lip, thus, that zone has to be refined enough to
capture the velocity perturbation produced by the air flow.

The mesh is fully hexahedrical with a total of 8.6 million elements. The smallest spacial
length δx of those elements is 5µm placed around the prefilmer lip. The simulation has been
run for 3ms with a temporal time step of ∆t = 0.006µs which result in 2880 CPUh.

4.3.2 Numerical set-up

To perform the simulation the pimpleFoam solver within the openFoam V6.0 toolbox was
chosen. pimpleFoam is a transient solver for incompressible, turbulent flow of Newtonian
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Figure 4.6 – Air flow single phase mesh.

fluids. The turbulence has been modelled with a LES formalism and in particular with sub-grid
scale WALE model. For more information check chapter 2. Second order schemes are set up
for time and spacial discretization.

The boundary conditions are reported on Table 4.3. The inlet velocity is mapped from
the result of the UNIFI single phase simulation [Langone, 2022].

Inlet Wall Outlet
u Fixed velocity u = 0 ∇u = 0

p ∇p = 0 ∇p = 0 totalPressure

Table 4.3 – Single-phase in detail simulation of the nozzle: Boundary conditions.

The air properties are collected on Table 4.2 for each operating condition.

4.3.3 Results

Figure 4.7 shows velocity contours on a middle plane. At the left it can be seen instantaneous
values in contrast with the time averaged ones on the right.

(a) Magnitude (b) Axial (c) Radial (d) Tangential

Figure 4.7 – Contours of the velocity at a middle plane. Left side: Instantaneous value. Right
side: Mean value

Each 0.5µs the velocity field is stored on a cross plane before the prefilmer lip. A total
of 6400 time steps are stored to afterward map those values into the inlet boundary of the
prefilmer simulation. Figure 4.8 shows the transverse plane on the air flow configuration with
the magnitude of the mean velocity plotted on it. It can be also appreciated on a black line
the outline of the inlet boundary on the sector prefilmer simulation.
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Figure 4.8 – Magnitude velocity contour on a transverse plane with the inlet outline from the
prefilmer simulation overimposed.

4.4 Estimation of the liquid film thickness

As we have seen on the state of the art about film thickness correlation, some of the authors
claims that the thickness of the liquid film is not linked to the final Sauter mean diameter of
the spray. However, some other claims just the contrary. Anyhow, this parameter is required
to set up the prefilmer simulation.

Measuring the film thickness from a experimental campaign is not possible due to the
complexity of the atomizer geometry. Thus, it has been estimated following a theoretical
rough approach, and afterwards, a refined the methodology with numerical simulations.

Theoretical approach

The hypothesis done is that the liquid film developed at the prefilmer lip is thin enough that
the velocity profile of the liquid is linear. The liquid velocity at the wall uwf uel is zero and
the liquid velocity at the liquid-gas interface usf uel is equal to the velocity of the air at the
gas-liquid interface usair . Since u

s
air is not known, it has been estimated as the mean velocity

obtained from Equation 4.22 Uair . The liquid mass flow rate is:

ṁf uel = 2πRpρf uel

∫ t

0

uf uel(r)dr (4.23)

and then, the liquid film thickness is:

t =
˙mf uel

πRpρf uelUair
(4.24)

where Rp is the prefilmer radius.
Equation 4.24 gives very low values of liquid thickness ttestcase = 3µm. This value

is one order of magnitude below from the correlation shown before. Therefore, it is not a
physical value, thus, a numerical study was performed to estimate the liquid thickness.
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4.4.1 Numerical domain
To estimate the liquid film thickness at the prefilmer lip a multi-phase simulation is carried out.
Ideally, a multiphase computation on Figure 4.5 geometry should be performed. However, the
length scales involved (film thickness is 2 to 3 order of magnitude below the orifice diameter)
in that set-up would increase the computational resources hugely. Therefore, a 2D simulation
emulating an "infinite" pipe has carried out instead.

Figure 4.9 – 2D film thickness estimation: Domain and boundary conditions.

Figure 4.9 represents the numerical domain of the 2D simulation. At the left the patch
for the air and liquid inlet are set up. The thickness of the liquid inlet patch is the same
computed on the previous section hl = 3µm meanwhile the height of the air inlet is 50 times
longer than the liquid initial thickness ha = 200µm. The domain length is estimated by the
length from the droplets expelled from the simplex atomizer reach the wall of the prefilmer
up to the premilfer lip. This length l is shown on Figure 4.10.

Figure 4.10 – Geometric representation on how to fix l on the 2D simulation to estimate the
liquid film thickness

4.4.2 Computational mesh
The computational mesh has been performed with the blockMesh utility to create a 2D
structured mesh. The resolution is fixed to δx = 4µm and δy = 1µm. The mesh is more
refined on y direction since the variable of interest, the liquid film thickness t, varies on that
direction, and hence, the liquid-gas interface have to be properly captured. On the other hand,
on x direction, the mesh resolution is not so important, thus, to speed up the computation a
larger cell size has been fixed.
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The mesh has 91 · 103 cells. To let the flow develops and afterwards average the
liquid volume fraction field, around 0.01s of physical time are required. The computation is
performed with 20 CPUs on a total of 14 hours.

4.4.3 Numerical set-up
The interFoam solver is used to capture the surface interface between the liquid sheet and
the surrounding gas on the OpenFOAM v6.0 toolbox. Due to the 2D domain, the turbulence
model adopted is the k − ε RANS model. The discretization schemes are second order on
space and time.

The boundary conditions are reported on Table 4.4. The liquid inlet velocity is calculated
from the liquid mass flow rate ṁf uel and the first approach of the liquid film thickness obtained
with Equation 4.24. The air inlet velocity is fixed to the averaged air velocity Uair calculated by
Equation 4.22. Symmetry boundary conditions are set up for the top patch and wall boundary
conditions to the bottom patch to replicate the prefilmer behaviour. The pressure at the
outlet has been fixed.

Air Inlet Liquid Inlet Outlet Top - Symmetry Bottom - Wall
u Mapped value Fixed value ∇u = 0 Symmetry u = 0

p ∇p = 0 ∇p = 0 totalPressure Symmetry ∇p = 0

α α = 0 α = 1 ∇α = 0 Symmetry ∇α = 0

Table 4.4 – Multiphase simulation to estimate the liquid film thickness: boundary conditions

4.4.4 Results
Figure 4.11 shows the liquid volume fraction α. The evolution of the liquid film thickness
can be notice from the initial set up value of t0

testcase = 3µm to an averaged value of
t ftestcase = 47µm which is a more realistic value and in line with the correlation presented on
Equation 4.10 tcortestcase = 20.3µm.

(a) Instantaneous liquid volume fraction α

(b) Time averaged liquid volume fraction ᾱ

Figure 4.11 – Liquid volume fraction contour to obtain the prefilmer film thickness. Test case
operating conditions.

According to [Gepperth et al., 2013, Chaussonnet et al., 2018] the film thickness does
not affect to the primary atomization process since at the prefilmer’s lip an accumulation
process of the liquid is taking place. This effect was also seen by [Inamura et al., 2019] where
the conclude that the primary atomization is affected by the air velocity and the prefilmer
thickness and not by the liquid film thickness when is an order of magnitude smaller. Thus,
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the value from the 2D multiphase simulation t ftestcase = 47µm will be used to set up the
prefilmer’s simulation.

4.5 Airblast prefilming modelling

Once the air flow is modelled and the liquid film thickness is estimated, the prefilmer simulation
can be set up. In order to make the computation feasible, only a small sector of the nozzle is
studied. A small portion of the full system is enough to collect the required data and perform
a statistical study which can be extrapolated to the full system. This procedure is used on
the reference works [Sauer et al., 2014, Warncke et al., 2017, Palanti et al., 2022].

To characterize the spray, some data is collected on run time. Afterwards, the data is
treated and analysed to achieve a complete description of the spray behaviour.

4.5.1 Numerical domain and computational grid
Following the same approach taken on the air flow modelling, the nozzle geometry has been
trimmed and focused around the prefilmer’s lip. Therefore, it begins before the prefilmer’s lip
and it is extended downstream. The dimensions of the numerical domain are parameterized
and they are in function of the liquid film thickness as is done on the reference works. The
dimensions are shown on Figure 4.12.

Figure 4.12 – Numerical domain. On the left: geometrical domain on black solid lines with a
slice of the mesh. On the right: detail of the numerical mesh.

Taking into account that the coordinates origin is places at the center of the prefilmer’s
lip the most important coordinates are the following:
• Inlet: X = −10t

• Prefilmer thickness: Z = 250µm

• Inner boundary: Z = 20t

• Outer boundary: Z = 250µm − 20t

• Outlet: X = 80t

where t is the liquid film thickness in each case. The azimuthal coordinate has been fixed by
an angle of ϕ = 16◦.

Every 50µm a post-processing plane is set up along the streamwise direction which
normal is aligned with this direction. Those planes are storing the liquid mass flow rate
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(Vl =
∫∫
S αu · nds) and the surface interface flow rate (Al =

∫∫
S Σu · nds) as it is explained

on chapter 5.
To store the data that later will be post-processed to compute the surface curvature

distribution (SCD), drop size distribution (DSD) and the velocity drop distributions, a cloud
of probes is set up at X = 1.2mm. On this place the mean curvature κ, the surface interface
density flux ϕΣ, the liquid volume fraction flux ϕα and the velocity vector u are stored to be
treated later on.

The number of elements on the computational grid is also parameterized in function of
the liquid film thickness to achieve, at least, 12 cells on it. This study is performed to validate
the methodology and later repeat it on several operating conditions for the CHAiRLIFT
project. Thus, the number of elements and the minimal size of the cells could vary from one
operating condition to another but in general every case will have almost the same number of
elements and the same cell size. On Figure 4.12 the mesh grid is represented. An hexahedric
Cartesian mesh is made with the blockMesh utility. One refinement zone is made to double
the resolution around the prefilmer’s wall and to capture the primary atomization process.
The methodology used to characterize the spray relies on the grid resolution since the smaller
droplet that can be capture is related to the minimum cell size.

Prefilmer simulation
Number of elements 12.6e6
Minimal cell size 2.8µm

Cells liquid film 13
∆tphysical 3.1e-8s
CPUs 288
∆tsim 7.8s
CPUh 60,100

Table 4.5 – Prefilmer simulation: Mesh information

Table 4.5 shows the information about the test case mesh.

4.5.2 Numerical set-up

As it has been explained on chapter 2, the multiphase simulation has been carried out with
the interFoam solver. As turbulence model the WALE LES sub grid model has been chosen.
Regarding the discretization schemes, second order on time and on space have been set up.
A global CFL below 0.4 and in particular below 0.25 on the interface is fixed to reach an
accuarte solution.

The boundary conditions can be grouped on inlet patches, outlet patches, lateral sides
and walls. Inside the inlet patches we can find at the left of Figure 4.12 the liquid inlet patch
which is the narrow patch we can see up above the prefilmer’s lip and the air flow inlet that
are the two patches above and below the prefilmer. On the outlet patches we have the right
patch and the upper patch. The lateral side patches are both of them periodic patches. Finally,
the prefilmer is set up as a wall.

Following this definitions we found the liquid inlet boundary conditions where the liquid
volume fraction is fixed to only liquid α = 1. The velocity vector is fixed to match the mass
flow rate reported on Table 4.1 and the pressure gradient is fixed to zero. The air flow inlet
boundary conditions is set up as timeVaryingMappedFixedValue already implemented on
OpenFOAM V6.0. This boundary conditions interpolates on space and on time a given plane;
the data collected from the single phase simulation described previously is used here to set up
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the case. The liquid volume fraction is fixed to only gas α = 0 and the pressure gradient to
zero.

The outlet patches are both set up in the same way. The pressure is fixed as total-
Pressure (Equation 2.18) and the velocity and liquid volume fraction gradient are fixed to
zero.

Table 4.6 collects the boundary conditions used on the prefilmer simulation.

Liquid Inlet Air Inlet Outlet Lateral Sides Prefilmer Wall
u Fixed value Mapped value ∇u = 0 Periodic u = 0

p ∇p = 0 ∇p = 0 totalPressure Periodic ∇p = 0

α α = 1 α = 0 ∇α = 0 Periodic ∇α = 0

Table 4.6 – Prefilmer multiphase simulation: Boundary conditions

4.5.3 Results
Iso-surfaces and contours of the velocity are reported on this section. Due to the lack of
experimental data on the spray atomization on the work by [Sedlmaier, 2016], the validation
of the workflow is done on the following chapter (chapter 5) where an analysis of the surface
interface and curvature is explained. However, some data can be extracted from the prefilmer
simulation applying a classical post-processing.

Figure 4.13 shows three different snapshots representing the liquid volume fraction
iso-surface for α = 0.5. The primary atomization process is well captured and it can be seen
that the liquid film is broken up into smaller liquid structures such a ligaments an droplets.
The lateral views show some of the fuel is attach to the prefilmer’s lip and, eventually, it is
detached forming small droplets.

(a) t = 1.5ms (b) t = 2ms

(c) t = 2.5ms (d) t = 3ms

Figure 4.13 – Liquid volume iso-surfaces α = 0.5 for three different time steps.
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Experimental works such a [Gepperth et al., 2010, Chaussonnet et al., 2018] demon-
strated that the fuel is usually attached to the prefilmer’s lip creating a reservoir of liquid. On
this case the effect is present but less important. Numerical studies such as [Palanti et al.,
2022, Sauer et al., 2014] are able to recover this physical effect. The reason why on this
simulation the reservoir is attenuated could be due to the high air velocity which prevents the
fuel to remain enough time attached to the prefilmer before creating a big reservoir. There is
also the fact that on this case we are modelling a real atomizer with swirl flow on the internal
swirler. Thus, the tangential velocity transmitted to the fuel could also prevent the reservoir
to grew.

Figure 4.14 shows the time averaged liquid volume fraction ᾱ on a middle plane of the
domain. On this picture the formation of a liquid reservoir is clearer viewed agreeing with
[Chaussonnet et al., 2018]. The picture also shown the spray angle regarding the center of
the prefilmer’s edge. An angle of ϕ = 12.4◦ is recovered. The middle plane shown includes
the outer zone without refinement. Meanwhile on the ᾱ picture it can not be notice, at the
right of the figure the time averaged surface interface density Σ̄ is plotted, and the change
of resolution is noticed. Since the surface interface density is computed as Σ = |∇α| and
when the liquid goes to the under-refinement region is diffused and also the interface is, Σ is
not conserved among refinement levels. This fact is crucial on the surface-curvature analysis,
hence, all the measurements have been performed within the refinement zone.

Figure 4.14 – On the left: Time averaged liquid volume fraction ᾱ on a middle plane. On the
right: Time averaged surface interface density Σ̄. Colour bars are on logarithmic scale. Spray
angle is drew on black solid line.

The magnitude of the velocity is plotted on Figure 4.15. It can be compared with the in
detail single-phase simulation of the nozzle Figure 4.7 where clearly the time averaged value
is recovered on the sectorial multi-phase simulation.

The internal channel of the airblast atomizer is the only one that has a swirling flow.
The external channel has mainly axial flow. This is reported on the experimental work by
[Sedlmaier, 2016] and the numerical modelling by [Langone et al., 2022]. On Figure 4.16,
Figure 4.17 and Figure 4.18 this effect is well modelled.

The radial velocity is mostly nule on the domain but there are some peaks which
magnitude is near UPeakR = 40m/s. Those peaks are linked to droplets that before had a high
tangential velocity but when they lose the prefilmer’s wall, the centripetal forces become zero,
hence, the tangential component of the velocity is transformed into radial component of the
velocity.

We can see on Figure 4.18 that the maximum tangential velocity within the domain is
near to 80m/s. Therefore, those peaks of radial velocity are inside of the ranges.
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Figure 4.15 – Velocity magnitude contour. On the left: time averaged value. On the right:
instantaneous value.

Figure 4.16 – Axial component of the velocity. On the left: time averaged value. On the right:
instantaneous value.

Figure 4.18 – Tangential component of the velocity. On the left: time averaged value. On the
right: instantaneous value.

4.6 Conclusions
Due to the wide range of length scales within the airblast atomization, modelling this kind of
atomizers is a complex process. Instead of trying to handle a single multi-phase simulation
and following some articles from the scientific literature, a workflow has been defined to carry
out the modelling.

First, the air flow inside of the burner has been computed to afterward perform a
single-phase in detail simulation. From it, some data was stored to map on time and on
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Figure 4.17 – Radial component of the velocity. On the left: time averaged value. On the
right: instantaneous value.

space the main case. Second, a method to estimate the fuel film thickness has been proposed.
Accordingly to the literature this value should not be related to the spray formed, but a
realistic value is needed to continue the process.

Finally, with those two previous points, the main simulation can be set-up. A 16◦ domain
has been chosen to reduce the computational resources needed. The preliminar results shown
a good agreement with the velocity of the air. In other hand, none experimental data on the
multi-phase approach is available.

On the next chapter, the characterization of the spray expelled from this atomizer is
presented.
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A new analysis based on the surface interface density and the curvature to extract the
drop size distribution from an airblast atomizer was recently proposed by [Palanti et al.,
2022]. On this chapter the methodology is explained and further developed to extract
the droplet velocity distribution. The process has been applied to the two configuration
studied on this work. The simplex swirl atomizer from chapter 3 and the airblast atomizer
from chapter 4. Quantitative and qualitative validation are reported with experimental
results for both configurations.
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A spray is a system of drops immersed in a gaseaous continuous phase. Most practical
atomizers generate droplets in the size range from a few micrometers up to around 500µm

[Lefebvre and McDonell, 1988]. Since the atomization process of different kinds of injectors is
heterogeneous, the ligaments and threads formed by them vary in diameter, the resulting drop
diameters vary in size correspondingly. Thus, nozzles are not producing sprays with uniform
drop sizes at any given operating condition; instead, the spray is formed as a cloud of different
drop sizes distributed about some arbitrarily defined mean value. In addition to the drop mean
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value, some mathematical and empirical distribution functions can be used to characterize
the drop size distribution of the spray. This very fact can be applied to the drop velocity.

The knowledge of the spray drop size distribution and its velocity distribution is needed
to value the performance of the atomizer. Regarding their uses, the spray produced by an
atomizer it is considered more or less useful. Concerning the topic of this work, the combustion
performed inside an aeronautical gas turbine, the smaller the droplet, the better; smaller
droplets evaporates faster, thus, the air-fuel mixing is accelerated and the combustion is
better.

There are several methods to measure the spray drop size, experimental and numerical
methods. In this chapter some of them are presented and a new methodology to post-process
the data from a numerical multiphase simulation is proposed based on the work by [Palanti
et al., 2022]. This new methodology allows to predict the early behaviour of the spray near
the nozzle. The drop size distribution and the velocity drop size distribution can be computed.
On chapter 3 and on chapter 4 this technique is applied to characterize the spray produced
by a simplex swirl atomizer and a air-blast prefilming atomizer correspondingly.

The spray characterization can be used as an input for spray reactive flows where the
spray is modelled using the lagrangian-eulerian approach. In particular, in the context of
the CHAiLIRFT project, the spray has to be sized computationally to, later on, use it as a
boundary condition for the reactive flow simulation.

5.1 Drop sizing methods

The characterization of spray has evolved considerably over the last few decades. Though the
size of droplets within a spray remains a critical characteristic of a spray, other parameters
can be, and are, measured regularly. As instrumentation and simulation methods become
more capable, insights into the multitude of behaviors is becoming possible.

In this section the more used techniques are reported of both, experimental and numerical
methods. Where experimental techniques are, in general, more accurate, the data accessibility
is more difficult than in numerical simulation where the 3D data of the spray is available.
In the same way, the numerical simulations are able to extract more data directly from the
dense region of the spray meanwhile meanwhile with experimental techniques is more difficult;
of course, the experimental campaigns can be performed faster than simulation and it is
easier to change parameters as the dimensions of the atomizer or properties of the fluid. To
understand better the spray behaviour, these two kind of techniques have to work together
since every technique has its advantages and disadvantages.

5.1.1 Experimental techniques
Several techniques in spray measurement technology have emerged on the last few decades.
One of the reasons of such a new wave of technologies is the need for more detailed
understanding of spray physics in order to develop more spray models. Experimentally, these
trends have been enabled largely by advances in lasers, digital cameras, electronics and
computers.

In order to measure macroscopic characteristics (cone angle, axial and radial penetration,
etc.), optical imaging has been used for centuries and it is still in uses with techniques such
as volume illumination [Marchi et al., 2010], back-illumination [Ghandhi and Heim, 2009],
shadowgraph and schlieren techniques [Settles, 2001]. Those techniques are performed using
digital cameras. Another method to measure macroscopic characteristics are the pulsed laser.
Applications such as planar Mie scattering are able to show a 2D planar representation of the
spray[Settles, 2001].
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Nowadays, high-speed cameras are valuable to obtain many images of transient sprays
or to be able to isolate special events. All these pictures have to be treated afterwards and
analysed. Numerical post-processing techniques are applied to the pictures to be able to
extract the spray from the background, to isolate each ligament and droplet or separate
overlapping images. There are many works on going in this topic and some of the algorithms
are also used, in some way, into the numerical simulation post-procesing.

Phase Doppler interferometry (PDI) measure droplet size and velocity simultaneously
[Saffmann et al., 1984]. PDI relies on light scattered from two intersecting, coherent laser
beams. The scattered light interferes at three detectors placed at carefully designed locations
to generate sinusoidal Doppler burst signals whose frequency is proportional to droplet velocity
and whose phase (for spherical scatterers) is related by Mie scattering theory to droplet
diameter.

There are many other experimental techniques to measure and characterize the spray
behaviour. In this section only the most interesting techniques regarding the purpose of
this work are compiled. The reader should read [Bachalo, 2000, McDonell and Samuelsen,
2000, Tropea, 2011, Fansler and Parrish, 2015] for a more complete review of these kind of
techniques.

5.1.2 Numerical methods

There are several post-processing techniques to compute the droplet size distribution and the
joint velocity distribution depending on the numerical multiphase approach chosen. Regarding
the ICM methods, analogous visual techniques can be applied as if a experimental picture
were. Connected liquid structures are separated into clusers using Connected Component
Labeling (CCL) [Roselfeld and Pfaltz, 1966] algorithm. Afterward the clusters can be analysed
individually and the diameter of the droplets, their number and the velocity vector of those
can be computed. This technique is used on the works by [Warncke et al., 2017, Braun et al.,
2019].

Those techniques are highly accurate but, in the other hand, they require a huge
amount of computational storage and a huge computational power to carry out. Consequently,
[Palanti et al., 2022] proposed a novel technique to extract the drop sizing data using only
global variables from the simulation. The work was performed using the ICM-ELSA model to
carry out the multiphase simulation and the variables postprocessed were the liquid volume
fraction α, the surface interface density Σ and the general curvature of the surface κ. The
post-process technique was carried out on run time and it is able to compute the drop size
distribution of the spray.

In this chapter, further work and modifications of this novel technique are proposed
and applied to the CRSB simplex swirl atomizer and the CHAiRLIFT air-blast atomizer to
valid both, the techniques and the modelling of the injectors.

5.2 Surface interface and curvature analysis

This methodology was firstly proposed by [Palanti et al., 2022] where the planar prefilmer by
[Gepperth et al., 2010] is studied numerically to validate the methodology. The technique is
based on the ICM-ELSA model and uses the surface interface density Σ and the curvature
estimation κ to calculate the drop size distribution of the spray issued by the planar prefilmer
resulting in a high accuracy approximation. The data was recover in several control volumes
each time step at run time. The statistics were computed also at run time, thus, reducing
the amount of data stored hugely regarding classical post-processing techniques.
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On the present work, the same methodology is studied to keep developing this new
analysus. The modification applied are:
• The ICM-ELSA model is replaced for a VoF based model with an interface capture
method. The surface interface density σ is computed from the liquid volume fraction α.
• The data is stored on the faces of the cell on a given plane. This data is store each
time step and the statistics are performed afterwards. The data storage increases but
also the robustness of the method since it can be use for other purposes.
• The velocity of both, gaseous and liquid phases, is stored. The velocity joint distribution
is computed. In addiction, the velocity joint distribution by droplet size can be obtained.
The two main variables of this post-processing technique are the surface interface

density Σ and the curvature of the liquid elements κ.

5.2.1 Surface interface density
The surface normal vector of a liquid structure within a VoF method with an ICM can be
computed as the gradient of the liquid volume fraction:

nS = ∇α (5.1)

The magnitude of the normal vector nS is the surface interface density Σ which represents
the surface interface per unit of volume:

Σ = |∇α| (5.2)

A small computational test case has been carried out to study the surface interface density Σ

and the curvature κ parameters. A droplet of 20µm of diameter being carried by a gaseous
phase. Three different mesh resolutions have been used to see the influence of the mesh
refinement on those parameters. The three different cases are called n8, n16 and n32 being
n the number of cells along the diameter of the droplet.

On VoF methods, the surface interface between gas and liquid is placed in between
α = 0 (gas) and α = 1 (liquid). Looking at iso-surfaces with different values of α we can
appreciate on Figure 5.1 that even with a well resolved interface, there are infinite iso-surfaces
in between each of them with an associate surface interface density value. Of course, with
the coarsest resolution the location of the interface varies more than on finer resolutions.
It can be noticed that the surface interface density normalized by the cell size Σ/(1/δx)

reaches its higher value at the α = 0.5 iso-contour. The higher value that it can reach,
theoretically, is when the transition between gas and liquid takes place within one cell, hence,
∇α = 1/δx . This situation is never taking place on the current VoF based method since
the surface interface is always dispersed over two or three elements at maximum when the
resolution is high enough. Thus, to recover the total amount of surface over a droplet, the
sum of the integrals of Σ has to be calculated over all the iso-surfaces.

Another way to compute the total surface interface on the droplet test is to calculate
the flux of surface interface density through a plane every time step and integrating on time,
the total surface can be computed as follows:

STotal =

∫

T

∫∫

S

(Σu · nds)dt (5.3)

On Table 5.1 the different mesh resolution results are shown. It can be observed that
the simulation volume does not match the theoretical volume in any of the numerical cases
due to the initialization process used; when the numerical domain is initialized, the cells within
the sphere representing the droplet (r = 10µm) are set as a liquid, hence, the liquid volume

Diego Ferrando Martínez University of Rouen - CORIA March 15, 2022



5.2 Surface interface and curvature analysis 91

(a) n8 (b) n16 (c) n32

Figure 5.1 – Surface interface density normalized by cell size and plotted over the liquid
volume fraction α iso-surface. From top to bottom: α = 0.1, 0.25, 0.5, 0.75, 0.9. From left
to right: mesh resolution dx = 2.5µm, 1.25µm, 0.625µm.
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fraction α is equal to 1. Therefore, the initial condition of the droplet is a cube shaped droplet
instead of a spherical one. That leads to differences on the volume regarding the theoretical
value. Those values are recalculated and represented on the table.

Resolution Volume Radius Surface Recovered Surf. Diff.
Theoretical 4.19 · 10−15m3 1.000 · 10−05m 1.2560 · 10−09m2 - -

n8 4.37 · 10−15m3 1.015 · 10−05m 1.2936 · 10−09m2 1.2927 · 10−09m2 0.07%

n16 4.25 · 10−15m3 1.005 · 10−05m 1.2696 · 10−09m2 1.2720 · 10−09m2 0.25%

n32 4.19 · 10−15m3 1.001 · 10−05m 1.2568 · 10−09m2 1.2600 · 10−09m2 0.22%

Table 5.1 – Corrected radius and surfaces of several droplet simulations with different mesh
resolution. The recovered surface is computed from Equation 5.3.

We can observe that the finer the mesh, the higher the accuracy on terms of volume
and, thus, more reliable is the simulation. The surface calculated is always higher than the
theoretical one. Finally, the surface calculated integrating the magnitude of the surface
interface density over the volume of the droplet and the surface calculated integrating on
time over a transverse plane are reported. It can be observed that on all the resolutions the
surface recovered on the plane match accurately with the one computed over the volume.
On higher resolutions the error increases slightly; it can be many effects, but a probable one
is the apparition of small surface waves that are capture on higher resolution meshes and
increases the amount of surface interface.

5.2.2 Estimation of the curvature
The other property used in this technique is the curvature of the liquid structures. There are
many methods to estimate the curvature of a surface such a [Kindlmann et al., 2003] where
they used a distance function to the interface to compute the two main curvatures κ1 and κ2.
This technique is used on Level-set method based solvers, and it can be used also in coupled
Level-set Volume of Fluid methods. In the other hand, it can not be applied directly on VoF
based methods. The OpenFOAM solver interFoam uses another approach to calculate the
curvature based on the work by [S.B.Pope, 1988]. The mean curvature κ = (κ1 + κ2)/2 is
calculated as the divergence of the surface unitary normal vector:

κ = ∇ ·
(
∇α
|∇α|

)
(5.4)

As it was done for the surface interface density Σ, the droplet test case was carried
out to compute the mean curvature κ over the droplet surface. On Figure 5.2 the mean
curvature κ computed with Equation 5.4 is plotted over the iso-surface α = 0.5 for the three
mesh resolutions.

It can be observed that the lower the resolution the more homogeneous is the curvature
distribution provided on Figure 5.3. For the coarsest mesh resolution n8, over the surface
there are not negative values of the mean curvature, and most of the values are around
κ = 2 · 105m−1 which corresponds to the diameter of the droplet D = 20µm since D = 4/κ.
Moreover, the average curvature κ̄ is also almost κ = 2 · 105m−1. On the other hand, the
other two resolutions are able to capture negative curvature which corresponds to surface
waves. This effect is related and justifying the differences among the recovered surface and
the theoretical surface for the cases n16 and n32 on Table 5.1. Still, most of the curvature
data is placed around the theoretical value so is the mean curvature.

The accuracy of this curvature description has been studied in works such as [Abadie
et al., 2015] concluding that accurate transport schemes are required for the advection term.
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(a) n8 (b) n16 (c) n32

Figure 5.2 – Mean curvature κ plotted over the iso-surface α = 0.5. From left to right: mesh
resolution dx = 2.5µm, 1.25µm, 0.625µm.

(a) n8 (b) n16 (c) n32

Figure 5.3 – Mean curvature κ distribution on the iso-surface α = 0.5. From left to right:
mesh resolution dx = 2.5µm, 1.25µm, 0.625µm.

Further treatment of the curvature can be done to deal with the not-well resolved curvatures.
The work by [Raeini et al., 2012] proposes smoothing of the liquid volume fraction field to
have a more accurate calculation of the curvature. Another treatment on the surface to
smooth the curvature but keep α sharp is reported in [Tretola and Vogiatzaki, 2021].

5.3 Sauter mean diameter (SMD)

A first approach to characterize the spray is to calculate the Sauter mean diameter (SMD)
which is a characteristic diameter that measures the ratio between the volume and the surface
of the formed droplets. If the singular information of every droplet is known, the Sauter mean
diameter is described by the following formula [Lefebvre and McDonell, 1988]:

D32 =

∑
i NiD

3
i∑

i NiD
2
i

(5.5)

where D32 is the Sauter mean diameter, N is the number of droplets, D the droplet diameter
and the subscript i represent each bin inside of the discrete probability density function. This
mean diameter is used mostly to model mass transfers and reaction formulation. It is also
used on the well known empirical formulation for spray distribution, Rosin-Rammler [Rosin
and Rammler, 1933].

Diego Ferrando Martínez Aeronautical injection modelling March 15, 2022



94 Spray Characterization

Coming back to methodology proposed by [Palanti et al., 2022], an equivalent equivalent
Sauter mean diameter, within the VoF framework is calculated with:

l32(S) = 6
Vl
Al

= 6

∫
T

∫∫
S(αu · nds)dt∫

T

∫∫
S(Σu · nds)dt

(5.6)

where l32 is the equivalent Sauter mean diameter length. Vl is the liquid volume and Al is the
liquid-surface interface are. α is the liquid volume fraction, Σ is the surface interface density
and u is the velocity vector. S represents a cross plane where the volume and area of the
liquid are measured, and T is the total time.

The equation calculates the equivalent Sauter mean diameter l32 as an equivalent
length which is equal to D32 when all the liquid going through the measurement plane is a
full-atomized spray; in other words, every droplet is perfectly spherical. The constant 6 at the
left hand of the equation makes analogous this equation to Equation 5.5 when this effect
happens:

When the spray is not fully-formed, Equation 5.6 is represented a length scale close to
D32. It has been proof by [Palanti et al., 2022] that this parameter has huge importance even
when the liquid is not atomized. When l32 is measured in function of the axial coordinate,
on a injection system such a air-blast prefilming atomization, l32 decreases until it reach a
plateau. This means that most of the continuous liquid flow has been broken-up into smaller
liquid structures, hence, ligaments and droplets have been formed. At this point l32 is close
to the final D32 of the fully atomized-spray.

To apply this approach to the CHAiRLIFT airblast atomizer, several planes measure the
liquid volume fraction flux ϕα and the surface interface flux ϕΣ each time step on run time.
Figure 5.4 shows the numerical domain and the planes where the measurements are taken.

Figure 5.4 – Measurements planes inside of the numerical domain

The planes location starts at the prefilmer’s lip (x = 0mm) and there is a plane each
0.05mm up to the end of the refinement zone. The data collected once the refinement zone
is over is not reliable anymore. The liquid volume fraction flux ϕα is conserved between mesh
resolutions but, in the other hand, the surface interface flux ϕΣ is not.
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Figure 5.5 – Equivalent Sauter Mean Diameter streamwise evolution.

Figure 5.5 shows the streamwise evolution of the equivalent Sauter Mean Diameter
computed with Equation 5.6. It can be appreciated that at the prefilmer’s lip, the value is
on the order of the liquid film thickness l32(0) ≈ t. l32 increases up to a maximum value at
x = 0.2mm where the film begins to break-up. Afterwards, the film is broken-up into smaller
liquid structures, generating ligaments and droplets. Therefore, the surface interface among
liquid and gas starts to increase, decreasing l32. Finally, l32 stabilizes and converges around
x = 1mm. From this point to the end of the numerical domain, a secondary break-up is not
taking place. We can assume that the equivalent Sauter Mean Diameter calculated is almost
equal to the final Sauter Mean Diameter D32 ≈ l32(x = 1mm).

The converged l32 is plotted on a dotted line meanwhile on a dashed line the value
from the correlation by [Gepperth et al., 2013] (Equation 4.18). The value from the Gepperth
correlation is higher dDGepperth32 = 45.0µm but the computed value l32 = 37.5µm is of the
same order of magnitude. It is worth nothing that the Gepperth correlation was obtained by a
planer prefilmer without any swirl motion. Anyhow, the similarity of both values, is remarkably
good.

5.4 Surface curvature distribution (SCD)

Following the work by [Canu et al., 2018] a link between the drop size distribution and the
surface curvature distribution can be done. For a given cloud of spherical droplets, it is
straightforward to calculate the drop size distribution, and from it, the surface curvature
distribution can be calculated following Figure 5.6.

In the inverse way, if we obtain the surface curvature distribution, we can compute the
drop size distribution. From the data recovered Σ, κ of both, ligaments and droplets, it is
possible to arrange the surface interface (Equation 5.3) to its related curvature and calculate
the surface curvature distribution.

To apply this technique into the airblast atomizer a plane fulfilled with probes was
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Figure 5.6 – Link between the DSD and the SCD for a known cloud of spherical droplets
[Canu et al., 2018].

set-up. A modified version of OpenFOAM probes utility is used. For more information of
the implementation of this tool read Appendix B. The location of this plane is not arbitrary.
The plane is placed farther from the converged value of l32. As we have seen before on
Figure 5.5, at x = 1.0mm l32 stabilized on a constant value. In this case, the plane has set
up downstream at x = 1.2mm. Figure 5.7 shows the place where the probes are set up to
measure the mean curvature κ, the surface interface flux ϕΣ, the velocity vector u and the
liquid volume fraction flux ϕα. Those measurements are taken on the faces of the cells inside
of the rectangle shown on the domain which is located within the refinement zone.

Figure 5.7 – Zone were the measurement probes are set up.

Around 14.000 probes are placed and they store every variable each time step of the
simulation on run time. Finally, the raw data after 3ms of simulation is ≈ 1Tb. This data
contain information about the air and liquid fields and many information that is not required
for this work. Once treated and removed everything that is not needed the storage is reduced
to 90Gb. In this work the statistics are carried out globally, but it could be the case where
this technique was used in function of the coordinates.

The SCD can be made arranging the total surface going through each cell face
(Ati = ϕΣt

i ∆t) by its related mean curvature κ. The results of this procedure is shown on
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Figure 5.8.

Figure 5.8 – Surface Curvature Distribution at 1.2 mm

It can be seen that some of the surface interface correspond to negative values of
the mean curvature. That surface is related to concave liquid structures, thus, bubbles or
bent ligaments. This technique takes the assumption that every liquid structure is a perfect
spherical droplet, hence, every amount of surface linked to negative values of curvature is
discarded. The surface interface related to negative curvature corresponds 11.3% of the total
surface interface.

Figure 5.9 shows a liquid volume fraction iso-surface for α = 0.5 where the mean
curvature κ is plotted on it. On the left side, all the surface is represented and we can see
on blue the liquid structures with negative values; those structures are mainly near to the
prefilmer’s lip and on the not broken up ligaments. On red the liquid structures related to
positive values of curvature are plotted which are the droplets or some ligaments. On this
case we can observe that those structures appear meanly once the liquid sheet is completely
broken-up. Finally, on white the flat or almost flat liquid structures are represented. Again,
these structures are mainly placed near the prefilmer’s lip.

On the right the picture, the same iso-surface is represented but on this case the
negative curvatures are plotted on dark grey color representing the liquid structures that we
are discarding from the post-processing technique. A high amount of this surface is located
around the prefilmer’s lip and where the liquid film has not broken up yet. However, at the
measurement plane, there are just few liquid structures with negative curvature values.

Once the negative curvature structures are cleaned up of this analysis, the assumption
of having a cloud of perfect spherical droplets is applied to be able to calculate the drop size
distribution.
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Figure 5.9 – Curvature plotted over a spray iso-surface (α = 0.5).

5.5 Drop size distribution (DSD)
From the computed surface curvature distribution, the drop size distribution can be calculated
using the following equations:

D(κ) =
4

κ
(5.7)

n(κ) =
ST (κ)

πD(κ)
(5.8)

where D(κ) is the diameter related to the curvature κ from the SCD and ST (κ) is the total
surface related to this value of curvature κ.

Applying this assumption to the surface curvature distribution from Figure 5.8 remov-
ing first the surface linked to negative curvatures we obtain the drop size distribution on
Figure 5.10.

Figure 5.10 – Drop size distribution calculated from the surface curvature distribution on
Figure 5.8.
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The Sauter mean diameter D32 is plotted on solid line. We can observe that the D32

calculated with Equation 5.5 directly from the DSD DDSD32 = 48.5µm is higher than the one
obtained with the surface interface-liquid volume fluxes ratio (Equation 5.6) l f lux32 = 37.5µm.
The discrepancies between the two values are on the rough assumption of considering every
liquid structure a spherical droplet. To deal with this matter, [Palanti et al., 2022] proposed
to rearrange the DSD and fix the DDSD32 to the one obtained by Equation 5.6 Df lux32 . Thus,
the nonphysical large droplets computed by the post-processing technique disappear. The
result is shown on Figure 5.11.

Figure 5.11 – Drop size distribution rearranged to match DDSD32 = Df lux32

The main representative diameters are plotted on Figure 5.11. Also, on dotted line,
the smallest cell size is plotted dx = 3µm. The limitation of this methodology is the
mesh resolution since droplets of equal of smaller diameter than the smaller δx can not be
captured. In this case, the mesh resolutions is fine enough to capture the smallest droplets.
It can be checked looking at the number of droplet of the smallest diameter. The drop
size distribution follows a natural tendency where the number of droplets increases up to a
maximum (Dpeak = 14µm) and then decreases. The distribution is also fitted with a log-
normal distribution (blue solid line) which is one of the most common statistical distribution
used to characterize spray [Lefebvre and McDonell, 1988].

Removing the larger droplets impacts also on the surface curvature distribution. Fig-
ure 5.12 shows the surface curvature distribution at the left. On the top is the already shown
SCD. On the middle, the surface related to negative curvatures is highlighted on black lines;
the amount of surface of negative curvatures is the 11.3% of the total surface interface
captured. On the bottom, the surface related to the large droplets and ligaments is also
highlighted on black lines; the sum of the discarded surface is 46.6%. On the middle of
the figure, the drop size distribution linked to the SCD are shown; one with the negative
curvatures removed, and the other one without the larger droplets. Finally, at the right of the
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figure, a liquid volume fraction α = 0.5 iso-surface is shown. On top of it, the curvature is
plotted: on blue the negative curvatures, on red the positive ones and on white the curvatures
near to zero. From top to bottom, the neglected surfaces are plotted on dark grey. Thus,
we can see that when we neglect the negative curvature surfaces, most of the ligaments
or flat structures are still taken into account on the measurement plane (dashed red line)
which are converted into larger droplets later on when the drop size distribution is computed.
Meanwhile, when the drop size distribution is rearranged, only the almost spherical droplets
or small ligaments are taken into account.

Figure 5.12 – Surface interface kept. From left to right: SCD, DSD and α = 0.5 iso-surface
with the curvature plotted on it. From top to bottom: all liquid structures, liquid structures
with positive curvature κ > 0 and liquid structures which curvature is less than κ < 4/Dmax .

To check the distribution convergence, the evolution over time of the Sauter mean
diameter D32, the mean diameter D10 and the standard deviation have been plotted on
Figures 5.13, 5.14 and 5.15. On dotted lines the convergence values are plotted. It can be
seen that around the time t = 0.5ms the convergence is achieved.

Figure 5.13 – Drop size distribution convergence study: D32(t).
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Figure 5.14 – Drop size distribution convergence study: D10(t).

Figure 5.15 – Drop size distribution convergence study: σ(t).

5.6 Velocity joint distribution
In order to characterize the spray behaviour more in detail, the droplet velocity must be
calculated. The most straightforward way to compute the liquid velocity is to average the
velocity of the liquid structures weighted by their mass:

ṁlul =

∫∫

S

(αlρlul · n)uldS (5.9)

where ṁl and ul are the mass flow rate and the velocity of the liquid. αl and ρl are the liquid
volume fraction and the density of the liquid. S is the total surface where the measurements
are performed, dS corresponds to the surface of each cell where the measurements are taken
and n is the normal vector of these faces.

With this methodology, a global velocity vector for every droplet is computed u =

(22.6,−3.84,−0.59)m/s which correspond to the axial, tangential and radial components of
the velocity vector. .

This approach would be enough to set up the boundary conditions on a spray flame
reactive simulation but, in the other hand, the characterization would not be completed. Due
to the turbulent air flow, the velocity of the droplets is not constant, and hence, a velocity
distribution is required to achieve a better knowledge of the spray. Following a similar approach
explained on the last section, we can compute the velocity distribution of the spray. Since
we have the velocity linked to a curvature and a quantity of surface interface ui(κ,ϕΣ(κ))

we can calculate the number of droplets with Equation 5.8 and arrange them in a discrete
distribution.
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Figure 5.16 – Velocity joint distribution. From left to right: Axial, tangential and radial
component of the velocity

Figure 5.16 shows the probability density functions of the three component of the
velocity. On dashed line the fuel inlet velocity is plotted meanwhile on solid line the time
averaged gas velocity. It can be observed that overall, the droplets are accelerated from the
inlet velocity and never overcoming the air velocity. This effect is not taking place on the
distribution of the radial component; as [Amini, 2016] says, once the liquid loses the wall,
the tangential component of the velocity is converted into radial component, therefore, this
behaviour of the droplets is expected.

On dotted line, the mean velocity of the distributions is shown. It can be compared
with the velocity obtained weighted by the mass. We can observe that in general terms the
velocity obtained by the surface interface and curvature technique is higher than the one
obtained by the mass of liquid but always on the same order of magnitude. A comparison of
both is reported on Table 5.2.

Method Axial Tangential Radial Magnitude
ṁlul 22.6m/s −3.84m/s −0.59m/s 22.91m/s

Σ− κ 28.7m/s −7.94m/s −2.27m/s 29.86m/s

Table 5.2 – Mean velocity by the mass weighted method and the surface-curvature method.

The correlation by [Gepperth et al., 2013] gives a value of |u| = 12.76m/s which is
a value on the order of the ones obtained by the two proposed methods but a bit lower
compared to them. This may be explained by the fact that the study by Gepperth was with a
planar prefilmer without any swirl motion which may be lead into some discrepancies.

Moreover, the surface-curvature method can be used to calculate the distribution of
the velocity for a particular droplet diameter. Figures 5.17, 5.18 and 5.19 show the velocity
distribution for a small, medium and a large droplet respectively.

Figure 5.17 – Velocity joint distribution for a droplet of diameter D = 8.5µm. From left to
right: Axial, tangential and radial component of the velocity
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Figure 5.18 – Velocity joint distribution for a droplet of diameter 35.0 < D ≤ 36.0µm. From
left to right: Axial, tangential and radial component of the velocity

Figure 5.19 – Velocity joint distribution for a droplet of diameter 65.0 < D ≤ 66.0µm. From
left to right: Axial, tangential and radial component of the velocity

Not only the shape of the distribution change slightly but also the magnitude of the
velocity between diameters. The mean velocity components have been plotted on Figure 5.20
to have a clearer view of this effect.

Figure 5.20 – Mean velocity by droplet diameter. From left to right: Axial, tangential and
radial component of the velocity.

The air flow tends to accelerate more the smaller droplets than the larger one. This
effect is mainly due to the momentum conservation and the lower inertia of the smaller
droplets. It can be seen that the smaller droplets are much faster than the larger ones or even
the medium ones meanwhile the difference of velocity is negligible between droplets with a
diameter bigger than 20µm.

5.7 Comparison with experiments

There are several methods to use the computed data as a spray inlet boundary condition for a
reactive flow. On this work 3 methods have been proposed from the simplest to the one which
uses most of the information computed. Usually, to model spray on a reactive simulation, this
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is treated as a cloud of lagrangian parcels [Watanabe et al., 2015]. Each parcel is defined in
general for a droplet diameter, the velocity vector, the number of droplets and the mass of
the parcel.

The simplest spray method proposed is using the Drop Size Distribution on Figure 5.11
and inject each time the same amount of droplets following this distribution. Also, for each
droplet diameter the mean velocity vector is computed and given to the parcel. Instead of a
random generation of the droplet diameter, we have finally the same parcels with the same
velocity each time step.

We can improve this method randomizing the droplet diameter generation using the
mass drop size distribution associated to the drop size distribution (Figure 5.21) to obtain a
random diameter following the distribution. This method can be done also with the global
velocity joint distribution from Figure 5.16. Finally we will have random parcel with the same
mass but a different diameter and velocity vector each time step recovering a more natural
spray.

Figure 5.21 – Drop size distribution on mass terms

Finally, the last method is similar to the previous one but instead of using a global velocity
joint distribution we use the velocity joint distributions by droplet diameter of Figure 5.17,
Figure 5.18, Figure 5.19 for every droplet class we have. On that way we have a more complex
description of the spray and we use the most of the data we have.

Before doing the coupling with the reactive simulation a small test was performed.
Once the particles were generated a ballistic trajectory (uniform line movement) was applied
to each parcel. This process was not done by OpenFOAM or any CFD code. A small Python
3.6 code was developed. The results are shown on Figure 5.22. The time averaged surface
interface density Σ̄ and the time averaged liquid volume fraction ᾱ are plotted and compared
with the experimental results from a MIE Scattering by [Sedlmaier, 2016].

It is true that the variables compared are not the same but the three of those magnitudes
give us the idea of how the spray shape looks like. And we can compare without any airflow
that the method used to model the spray as a lagrangian particle changes a lot the shape of
the final spray. If we take a look to the fist method we can see that as the velocity is constant
for each class of droplet diameter the dispersion of the spray is almost null. On the other
hand, with the two other methods it is possible to recover a shape that is clearly similar to
the experimental picture.
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Figure 5.22 – Qualitatively validation of the CHAiRLIFT airblast modelling. From left to
right MIE-scattering by [Sedlmaier et al., 2014], Σ̄ and ᾱ contour for the constant velocity
and constant distribution, random particles and global velocity joint distribution and random
particles and velocity joint distribution by droplet diameter

5.8 Drop size distribution on CRSB injector
Once surface interface-curvature analysis has been explained with a similar case compared
with the original work by [Palanti et al., 2022], it is also applied to the simplex swirl atomizer
studied on chapter 3.

5.8.1 Ambient temperature case
In an analogous way, the computation of the equivalent Sauter Mean Diameter (SMD) or l32

(Equation 5.6) is performed.
Several planes are set-up to measure the liquid volume fraction flux ϕα, which is, indeed,

the volumetric flow rate Q, and the surface interface flux ϕΣ. A characteristic value of the
l32 can be computed along the axial axis as it is shown on Figure 5.23.

Figure 5.23 – Equivalent Sauter Mean Diameter l32in function of the axial coordinate.

l32 has a high value on the nozzle orifice due to the hollow cone shape of the liquid.
Of course, at this point z = 0mm, l32(0) does not give any relevant information since there
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are not droplets to measure an equivalent SMD. However, we can see that when the fuel
goes upstream, l32 is going down until it reach a minimum value. This zone is where the
primary break-up mechanism is playing a role. The hollow cone liquid sheet begins to break-up
into smaller ligaments, hence, the amount of surface interface increases and, since the mass
flow rate remains constant, the fuel volume too. On the work by [Palanti et al., 2022] on a
planar prefilmer, this value reached a plateau and remained constant. However, in this case
we can see that from z = 0.4mm to the end of the refinement zone z = 1.3mm l32 is raising
slightly. This effect can be due to the fact that the smallest droplets usually are faster on
radial direction, and therefore, they leave the spray cone angle leaving, thus, the measurement
zone. This effect has been proved on experiments by [Verdier, 2017] and it can be seen on
Figure 5.24.

Figure 5.24 – On the left: experimental drop size distribution by [Verdier, 2017]. On the right:
measurement point: blue and yellow starts corresponds to the Verdier measurement points
meanwhile the black start is the measurement point of this work.

Figure 5.24 shows two drop size distributions from experiments. Both distributions were
taken on the same axial coordinate (z = 10mm) but one of them on the axis and the other
one on the spray cone angle 2θ = 80◦. The difference among them is clear, on the axis only
the smaller droplets are captured meaning that their low inertia keep their radial velocity from
inside of the nozzle. On the other hand, on the line aligned with the spray cone angle we can
see a wider distribution. If we come back to the Figure 5.23 which is measured from the nozzle
z = 0mm to z = 1.3mm, we can say we are measuring an early stage of the atomization
process, where the smallest droplets have not leaved the spray cone line. Nevertheless, the
farther from the nozzle the more droplets leave the line and thus, this could be the reason
why the equivalent Sauter mean diameter l32 is increasing with the axial position.

Finally, the technique to extract the Drop Size Distribution from the surface interface
density Σ and its related curvature κ is applied at z = 1.2mm. The result is plotted on
Figure 5.25 and it is also compared with the distribution by [Verdier, 2017] of Figure 5.24.

The distribution have been normalized to be able to compare them. It can be noticed
that the simulated DSD peak is just in the middle of the experimental distributions. However,
since the amount of surface is also linked with the velocity vector is possible to filter the
droplets with the trajectory that they will follow. The angle for each amount of surface
interface flux stored can be computed as θti (Σt

i , κ
t
i ) = tan−1(utr i/u

t
ai). To compare with the

experimental location the stored data has been divided into θ = 35◦ − 45◦ which are the
droplets that will follow the experimental spray cone angle measured θexp = 40◦ ± 5◦ and the
droplets going outside of θexp which are the rest of them.

The left side of Figure 5.26 shows the filtered distribution which droplets will follow the
spray cone angle. Some of the smallest droplets are now removed from the distribution since
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Figure 5.25 – Drop Size Distribution for the ambient temperature case. On black: post-
processed DSD from the simulation. On blue and yellow lines: experimental DSD by [Verdier,
2017].

they will go outside of the spray cone angle. The diameter peak Dsimpeak = 18µm is still lower
than the experimental distribution Dexppeak = 32µm. The Sauter mean diameter Dsim32 = 28µm

is also lower than the experimental one Dsim32 = 36µm but on the same order. The lack of
bigger droplets could be due to the modelling itself. Since the simulation performed is at
the limit of mesh resolution, the liquid sheet break-up usually takes place due to numerical
resolution and not due to a physical process producing smallest droplets. Another reason
could be the lack of big fluctuation on the liquid sheet and the absence of coalescence among
droplets since the data is measured on a early stage of the atomization process.

Figure 5.26 – Drop Size Distribution for the ambient temperature case. On the left: Mea-
surements taken on the angle θexp = 40◦ ± 5◦; On black: post-processed DSD from the
simulation, on yellow line: experimental DSD by [Verdier, 2017]. On the right: Measurements
taken on the angle outside of θexp = 40◦ ± 5◦; On black: post-processed DSD from the
simulation, on blue line: experimental DSD by [Verdier, 2017].

The right side of Figure 5.26 shows the filtered distribution which droplets do not follow

Diego Ferrando Martínez Aeronautical injection modelling March 15, 2022



108 Spray Characterization

the spray cone angle. On this case both distributions are much more similar. The peak diameter
from the simulated data Dsimpeak = 12µm is close to the peak diameter from the experimental
data Dexppeak = 8µm. The Sauter mean diameter from the simulation Dsim32 = 15µm is also a
bit higher compared with the experimental one Dexp32 = 11µm. We can notice that the mesh
resolution is playing an important role on the post-processing methodology. The minimum
cell size δx = 1µm is plotted and it can be noticed that the minimum droplet size measured
is at least 3 times bigger than this value. The post-processed distribution is abruptly trimmed
on the left size of the plot due to the lack of resolution. However, the agreement with
experiments is still good to validate the methodology. Finally, it is also possible to notice that
some big droplets are going out of the spray cone angle line. This effect could be minimized
running more time the simulation and storing more data to post-process. Further experimental
analysis would help to validate the methodology if PDA measurements are performed closer
to the nozzle.

5.8.2 High temperature case
The same procedure has been applied for the pre-heated case. First, the equivalent Sauter
mean diameter l32 in function of the axial positions is calculated with Equation 5.6. On
this case, on Figure 5.27 we can appreciate a similar behaviour for l32 as we have seen on
Figure 5.23. At the nozzle, the equivalent Sauter mean diameter, l32(z = 0) ≈ 50µm is much
higher than the experimental one Dexp32 ≈ 30µm measured by [Marrero, 2018]. It decreases
up to z = 0.2mm where reaches a plateau l32 = 16µm to afterwards increase upstream.
As it has been comented on the previous section, most probable the smallest droplets have
higher radial velocity and, hence, some of them leave the spray cone angle θ. Thus, the
SMD is calculated with bigger droplets and therefore is higher. The final value obtained is
l32 = 23µm which is again a bit lower compared to the experimental one but on the same
order of magnitude.

Figure 5.27 – Equivalent Sauter Mean Diameter l32in function of the axial coordinate.

If we compare the l32 evolution at ambient and high temperature we can observe that
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on the ambient temperature case lamb32 has not ever reach a constant value meanwhile on the
high temperature case lhigh32 stays constant from z = 0.2mm to z = 0.6mm. Taking a look
to the iso-surfaces on Figure 3.45 and on Figure 3.49, thicker ligaments are created on the
ambient temperature case but also the droplet formation begins earlier, therefore, once the
primary break-up is finished, some droplets leave the spray angle path and go outside or inside
the spray cone.On the other hand, the ligaments on the high temperature case need some
time to atomize into smaller droplets. It can also be observed that on the high temperature
case the number of droplets is much higher than on the ambient temperature case.

If we take a look to the drop size distribution we can see that on this case, both, the
experimental and the numeric ones looks similar (Figure 5.28). The peak diameter in this
case is well captured Dexppeak = Dsimpeak = 14µm. However, the amount of droplets bigger than
20µm is less than the experiments.

Figure 5.28 – Drop Size Distribution for the high temperature case. On black: post-processed
DSD from the simulation. On yellow : experimental DSD by [Marrero, 2018]

We can observe also that the simulated Sauter mean diameter D32 is much lower than
the experimetal one. This fact is due to the lack of big droplets which are the ones that affect
more on the SMD calculation.
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Two configurations of injector systems highly used on the aeronautical field have been
numerically modelled and a workflow for each one has been proposed.

The first injector is a simplex swirl atomizer used on the Coria Rouen Spray Burner
(CRSB) design for academic studies on spray flame representative of GT combustion even if
this injector is not thought for aeronautical proposes but involving similar physical phenomena.
On this work, a workflow has been proposed to model a simplex swirl atomizer with a full
characterization of the internal flow including its geometry. The first step has been to measure
the internal geometry of the injector. This work has been carried out by a collaboration with
the Polytechnic University of Valencia where several measurement techniques (silicone molding,
optical and electron microscope, CT-scan) that were previously developed and experienced for
diesel injectors. Once the geometry was reconstructed the selection of a mesh topology was
not clear. On the scientific literature many topologies have been used for this kind of injectors
but due to the non-axysimmetric nature of this particular injector, when considering the inlet
ports, a hybrid hexahedral-tetrahedral mesh was developed after several tries. This kind of
mesh allows to refine in the zones of interest, despite the complexity of the geometry, keeping
the numerical stability and controlling numerical error even on the more complex zones. From
these simulations, parameters such as the fuel sheet thickness and the spray cone angle could
be recovered with respect to available experimental data but the mesh resolution out the
orifice nozzle was not fine enough to capture the atomization process. Refining the outer
mesh zone up to a level where the atomization could be caught would have increased the
computational resources needed preventing to perform the simulation. Thus, to solve this
problem, an outer sector domain have been proposed to model only the atomization process.
Ideally a full 360◦ domain would have been set up, but to contain the numerical cost a sector
simulation restrictided to 45◦. To take advantage of the internal simulations, the external
atomization simulation has been coupled with data from the internal simulation. These data
were mapped into the outer simulation on time and on space. Qualitative validation has been
done with two different operating conditions (ambient and high temperature) validating not
only the modelling but also the measurements of the geometry and the internal simulation
performed initially. The comparison with experimental pictures is good overall but some of
the larger structures are not well captured. This effect could be due to the periodic boundary
conditions which could cancel some sheet instabilities and the limitation of mesh resolution
that triggers a numerical break-up in particular for the liquid sheet perforation. Despite these
limitations, results are good if we compare with the current state of the art, accordingly an
article has been submitted to the journal of Atomization and Spray (see Appendix C).

The proposed methodology could be applied not only to research purposes but to
industrial design of nozzles. The internal flow simulation could be easily replicated with an
affordable amount of computational resources. Parametric studies can be done on a reference
injector, adding feed inlet ports or modifying the attach angle with the swirl chamber to test
the effect on the swirl motion. On the same way, variation of the geometry can be done
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to study important properties such as the liquid sheet thickness, the spray cone angle and
the swirl number that as we have seen on this work they affect the atomization process. On
the other hand, carrying out the spray-atomization simulation requires a huge amount of
resources but the methodology could be used for research projects.

Further work can be done to mesh the internal geometry with the same topology as
the outer domain to limit numerical error related to the transition between tetrahedral to
hexahedral elements. Also it is expected to use Adaptive Mesh Refinement (ARM) techniques.
With these improvement it could be possible to carry out a single simulation not increasing
too much the computational cost induced by the atomisation process on the outer domain.
In parallel, additional experimental campaigns are taking place to study the first stages of
the atomization process. The goal would be to combine both techniques, experimental and
numerical, to fill the gap on the description of the atomization between the development of
the first instability up to the formation of the final dilute spray. To combine the robustness
of the numerical simulation which can isolate instantaneous liquid structures and they can
provide tridimensional information even from the most difficult places. Combined with the
accuracy of the experiments could lead into deeper understanding of this kind of atomization.

The second configuration is a prefilming airblast atomizer used for the CHARiLIRFT
project. This kind of atomization involves several length scales; from the diameter of the nozzle
to the smallest droplet the range of scale extend over three to four order of magnitudes. Trying
to model it with a single simulation would have required a huge amount of computational
resources and would take a long time. Therefore, like for the swirl injector, a workflow have
been proposed to deal with this kind of complex atomizers using a multi-simulation, multi-scale
approach to deal with each phenomena in particular.

The first steps have been to model the air single phase flow going through the nozzle.
To capture the turbulent flow an in detail simulation has been carried out feeding it with data
from a full simulation performed by the University of Florence. Data at a certain plane has
been stored on time to later mapping it on space and on time to the main simulation as it
has been done with the simplex swirl atomizer and on the scientific literature.

On parallel, the thickness of the fuel film of the prefilmer has had to be estimated. On
the current state of the art this parameter is often neglected assuming it will not influence the
final distribution of the spray due to the accumulation effect on the prefilmer. However, it is
a parameter needed to set up the simulation. Therefore, a 2D simulation has been proposed
and carried out to develop the fuel film through the prefilmer and to extract the film thickness
value. The comparison with experimental correlations confirms it providing a thickness of
similar order.

Finally, a sector domain of the prefilmer has been simulated following previously published
work. On run time, the data necessary to determine the spray size distribution based on the
curvature distribution following the work proposed by [Palanti et al., 2022] is stored. This
original work has been extended to incorporate the velocity thus allowing for an early prediction
of the joint size and velocity distribution of the spray. Thus, the drop size distribution of the
CHAiRLIFT burner case has been computed but also the velocity distribution associated to
the droplets. Thanks to the joint distribution it has been possible to extract one distribution
for each droplet diameter finding out different behaviour of droplets depending on their size:
smaller droplets accelerated more than the bigger droplets due to their lower inertia. This
information are in principle important for initializing combustion simulation of spray flame.
The combination of the drop size distribution with the velocity distribution by droplet class
gives a much more complete definition of the spray issued from the injector. The validity of
these results has been validated qualitatively against MIE scattering results.

The same analysis has been applied to the simplex swirl atomizer for the two different
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operating conditions. On this case, the drop size distribution from experiments was available
but measured farther downstream. First, we have checked that the numerical determination
of spray characteristic near to the nozzle gives us a different but not incompatible distribution
by comparison with experimental results. The remaining difference could be due to two main
reasons. The first one has been already mentioned, the numerical resolution can not capture
perfectly the largest droplets and, hence, they are not present on spray size distribution. The
other one, and most important, is that the methodology does not take into account the
dispersion of the spray since it determines the spray characteristics where the droplets are
forming at early stage of the atomization process where the dispersion is not acting. This
approach is determining droplets before they are dispersed. Anyhow, this methodology could be
very useful for lagrangian spray injection on reactive numerical simulations since very often the
spray is injected inside of the nozzle. Currently, the spray injected is taken from experimental
measurement taken far away from the nozzle. Nevertheless, a first attempt, based on velocity
discrimination, filters the droplets by their trajectory has been tried improving the comparison
with experimental measurements. This is a perspective of this work to explore more in detail
how of the position of injection of the spray influence the spray flame.

To go further, the analysis technique to determine the spray characteristic from surface
distribution could be extended in different directions. This approach aims to filter the surface
element, to keep for the analysis only those that have reached their final stage of atomization.
For this objective the two main curvatures κ1 and κ2 to filter every liquid structure that is
not spherical. Improving the method to calculate the mean curvature on the Volume of Fluid
method would improve also the accuracy of the methodology. Other test are underway with
machine learning to create a spray generator that will combine surface curvature distribution,
experimental data and known characteristics of sprays. One aspect of the problem concern
the number of information stored: each small parts of the surface are stored with their related
curvatures, even if these pieces of surface belong to a single droplet, first attempt to recover
the the center of the droplet and compress all this information by the definition of a single
droplet have been done. Ultimately, a map of every droplet, with its velocity as a function of
time could be created and may be combine with machine learning to create a more realistic
model of the spray that can be used for instance in further combustion study.
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A | CHAiRLIFT airblast atomizer: Test
rig operating conditions

The process presented on chapter 4 is repeated for the CHAiRLIFT test rig operating
conditions. During the process, the behaviour of the liquid film is different regarding the
test case at high pressure. Thus, a preliminar study with a non steady liquid film thickness
has been carried out. The analysis reported on chapter 5 is applied for the steady and
non-steady liquid film thickness.

Contents

A.1 Air flow modelling 130
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A.3 Prefilmer simulation 132
A.3.1 Steady fuel film thickness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
A.3.2 Unsteady fuel film thickness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

A.4 Spray post-processing 134
A.4.1 Steady fuel film thickness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
A.4.2 Unsteady fuel film thickness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

On this appendix the work performed to model the ariblast atomizer based on the work
by [Kasabov, 2014] and studied on the CHAiRLIFT experimental test rig is shown. Since at
the moment of the writing of this thesis the experimental results on the spray have not been
yet carried out, the numerical results are just reported and not validated.

The main differences with the test case studied on chapter 4 are the operating conditions,
on this case atmospheric pressure and ambient temperature are set up and the nozzle is
bigger on scale keeping the same shape with an effective area of Akasabovef f = 319mm2. The
operating conditions are reported on Table A.1.

p0 ∆Pnozzle Tair Tfuel ṁair ṁfuel

1bar 3% 273K 273K 19g/s 1.15g/s

Table A.1 – CHAiRLIFT test rig ambient operating conditions

The properties of the fluids are reported on Table A.1.
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130 CHAiRLIFT airblast atomizer: Test rig operating conditions

Air Fuel Shared
ρ ν ρ ν ρf uel/ρair σ

1.184kg/m3 1.562e − 05m2/s 810kg/m3 1.5e − 06m2/s 684.12 0.023N/m

Table A.2 – Fluid properties for the CHAiRLIFT test rig case.

A.1 Air flow modelling
On this case the data extracted from section 4.3 is scaled on space and on magnitude to
match the bigger geometry from Kasabov and to keep the air mass flow rate equal to the
value reported on Table A.1. This procedure allow us to reduce computational resources
keeping a good accuracy.

A.2 Estimation of the liquid film thickness
On this section the same approach proposed on section 4.4 is followed. Thus, the same
computational domain and grid are used. First, a rough estimation is done with Equation 4.24
obtaining a value of tCHAiRLIFT = 1µm which is a small value. Later a 2D simulation has
been performed.

Figure A.1 – Liquid volume fraction contour to obtain the prefilmer film thickness. CHAiRLIFT
test rig operating conditions.

The results are shown on Figure A.1 where a contour of the liquid volume fraction
α is plotted. We can observe that the liquid film has a wavy behaviour and its thickness is
t = 27± 18µm. On the scientific literature is probed that the liquid film thickness does not
play any role on the atomization process [Gepperth et al., 2013, Chaussonnet et al., 2016],
but on this case another study has been carried out to implement a varying thickness on the
prefilming atomization modelling to afterward compare both studies.

A.2.1 3D film thickness modelling
The study by [Payri et al., 2021] implements a non-constant liquid film thickness boundary
condition to study a planar prefilmer. Using this work as a reference, the same process has
been implemented on OpenFOAM V6.0 and on the airblast CHAiRLIFT configuration.

Numerical domain
To adapt the reference channel to the requirement of this work, a small curvature has been
applied to the channel to match the diameter of the prefilmer. Figure A.2 shows the domain
geometry (black solid lines) and two cut views of the numerical mesh. The length of the
domain it is the same than the 2D cases so is the height of it.Then, the 2D is revolved an
angle of φ = 14◦, wider than the one used on the prefilmer simulation to avoid any problem.

In agreement with the 2D multiphase simulation, the boundary conditions are analogous
with the addiction of the periodic boundary conditions on the sides. The air inlet velocity
it is mapped from the single phase simulation explained on chapter 4, varying on space
and on time with a linear interpolation. The initial thickness of the liquid film is set up to
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Figure A.2 – Geometrical domain and two slices representing the numerical grid

t0
3D = ¯t f2D = 27µm; in this study the final thickness is not searched but the storage of the
liquid volume fraction field at the end of the domain to map it into the prefilmer simulation.
Therefore, as initial value the final value from the 2D simulation is set up. The velocity of the
fuel is calculated to match the mass flow rate. The top boundary is still a symmetry boundary
condition meanwhile the bottom one is still a wall boundary condition. Finally, at the outlet,
a pressure fixed boundary condition. A summary of the boundary conditions can be found on
Table A.3.

Air Inlet Liquid Inlet Outlet
u Mapped value Fixed value ∇u = 0

p ∇p = 0 ∇p = 0 totalPressure
α α = 0 α = 1 ∇α = 0

Top-Symmetry Bottom-Wall Sides-Periodic
u symmetry ∇u = 0 periodic
p symmetry ∇p = 0 periodic
α symmetry ∇α = 0 periodic

Table A.3 – 3D channel boundary conditions

The numerical mesh has 5.7 · 106 cells. The minimal resolution of the mesh cells is
δxmin = 4µm located around the prefilmer’s wall. The simulation has been carried out with
140 CPUs over less than 4 days spending a total of 11 · 103 CPU· hours.

In the same manner that the 2D simulation, the solver used was interFoam from
OpenFOAM v6.0 toolbox. The turbulence has been modelled with a LES approach, using the
WALE sub-grid model. The discretization schemes are second order on space and on time.

An instantaneous result is shown on Figure A.3 where the iso-surface of the liquid
volume fraction α is represented. The wavy motion is remarkable in both, axial and transverse
directions.
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Figure A.3 – Instantaneous snapshot showing the liquid volume fraction iso-surface (α = 0.5)
and some slices of the velocity magnitude

The liquid volume fraction and the velocity of the liquid is stored on transverse planes
at the end of the domain each 0.5µs. Some of the stored planes are shown on Figure A.4.

Figure A.4 – Planes stored on run time to map the prefilmer simulation. On the top: liquid
volume fraction α. On the bottom: velocity magnitude |u|.

A.3 Prefilmer simulation

Following the methodology shown on section 4.5 the consant fuel film thickness case has
been set up. For the varying fuel film thickness case a similar methodology has been adopted.
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On this case, the instantaneous liquid volume fraction α(t) planes have been mapped on time
and space as the air velocity has been done previously.

A.3.1 Steady fuel film thickness
We can observe on Figure A.5 that the accumulation effect is bigger with this operating
conditions in comparison with the test case shown on Figure 4.13. Another thing that can
be remarked is the fact that the primary break-up is not completely over and we have more
ligaments than droplets. Moreover, the droplets seems larger than the ones at high pressure.

Figure A.5 – Instantaneous iso-surfaces (α = 0.5) for the steady fuel film thickness, airblast
case.

A.3.2 Unsteady fuel film thickness
On this case, we can see on Figure A.6 that the thickness of the inlet is varying on time.
However, on this case the acumulation effect that creates a reservoir is not as pronounced
as it is on Figure A.5. Thus, when the fuel film reach its maximum peak, it creates larger
droplets. It is also remarkable the fact that more droplets are generated regarding the previous
case, even smaller droplets.

Figure A.6 – Instantaneous iso-surfaces (α = 0.5) for the unsteady fuel film thickness, airblast
case.

This case should be investigated more because it contradict the experimental studies
cited before. Moreover, the work by [Payri et al., 2021] concludes on the nule effect of
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the waves of this kind of atomizers even with numerical simulation. However, on that work
the amplitude of the waves was smaller meanwhile on this case the differences among the
minimum and maximum liquid film thickness is almost the double which could affect on the
accumulation effect on the prefilmer’s lip.

A.4 Spray post-processing
A.4.1 Steady fuel film thickness

Figure A.7 shows the drop size distribution computed with the methodology shown on
chapter 5. We can see that the Sauter Mean Diameter D32 = 37µm is almost the same that
we have obtained on the test case from Figure 5.11. On the other hand, the mean diameter
D10 = 18µm is a bit smaller than the one from the test case.

Figure A.7 – Drop size distribution of the steady fuel film thickness case.

The peak diameter is Dpeak = 6µm which is two time smaller than the one from
chapter 4. At atmospheric pressure and ambient temperature the droplets expelled by the
airblast atomizer are in general smaller. However, on the test case, most of the droplets
are concentrated around diameters from 10µm to 20µm; just a few medium droplets (D =

20− 50µm) and almost none large droplets (D = 50− 80µm) are expelled at those operating
conditions. On the other hand, we can observed that at atmospheric pressure the number
of smaller droplets is higher but also the distribution is thicker meaning that the amount
of medium droplets represents still a high number of the total. The comparison with the
correlation from Equation 4.18 gives us a value of DGepperth32 = 67µm that is twice the value
obtained from the simulation.

A.4.2 Unsteady fuel film thickness
On this case, we can see directly the differences among both drop size distribution. On
Figure A.8 the distribution obtained from the unsteady fuel film thickness simulation is plotted.
First, the Sauter Mean Diameter recovered match better the one from the Geppert correlation
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D32 = 62µm. Larger droplets are capture in contrast with Figure A.7. Moreover the peak
diameter is also a bit larger Dpeak = 11µm.

Figure A.8 – Drop size distribution of the unsteady fuel film thickness case.

As it has been reported before, this contradicts the experimental y numerical studies from
the scientific literature. It is also true that the waves of those studies had smaller amplitudes.
Anyhow, the results presented about the unsteady film thickness are just preliminary results
and further investigations are required to determine if those results are physical. Comparison
with experimental results would help to understand the effect of the waves on the fuel film.
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This appendix shows the implementation of a new OpenFOAM utility to extract data on
run time at the face of the computational cells. It is based on the default OpenFOAM
utility probes.

Contents
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B.1 Implementation
On this appendix the tool to store data shown on chapter 5 is explained. To perform
the postprocessing method proposed, the local storage of data on the face of the some
computational cells is required. Therefore, the default probes utility in OpenFoam v6.0 was
considered. A cartesian coordinate is given to the utility pi(xi , yi , zi) and the field of interest. If
the variable of the field is stored on the cell center, the utility will directly store it. Otherwise,
if it is stored on the face center, the utility will look for the closet face to the cell center and
it will store only the value of this particular face. The description of an OpenFoam cell and
the behaviour of the probes utility is shown Figure B.1

Figure B.1 – On the right: description of the one computational cell. On the left: behaviour
of the default probes utility . ci is the cell i on the computational grid, cp is the center of
the cell, fi is the i face of the cell, pi is the probe i , ∆xf i is the distance among the face
center and the cell center and ∆xcp is the distance among the cell center and the probe.

Nevertheless, the post-processing technique required to choose the face aligned with
the flux and since on both configurations the numerical grid is almost structured and isotropic,
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the election of the face where the data will be stored would be arbitrary with the default
utility. Thus, a modification has been developed and implemented on OpenFoam v6.0 called
faceProbes. The modification includes the possibility to choose a directional vector reflecting
the flux to choose the face more aligned with it. The following C++ code shows the modification
to the default utility:

1 forAll(*this, faceProbei)
2 {
3 const vector& location = operator[](faceProbei);
4 vector& fluxDir = fluxVector_;
5
6 const label celli = mesh.findCell(location);
7 labelList fluxFaces;
8 fluxFaces.setSize(2);
9 elementList_[faceProbei] = celli;

10
11 if (celli != -1)
12 {
13 const labelList& cellFaces = mesh.cells()[celli];
14 const vectorField& faceCentres = mesh.faceCentres();
15 const surfaceVectorField& surfaces = mesh.Sf();
16 label choosenFaceID = cellFaces[0];
17 double minDotProduct1 = 1.0, minDotProduct2 = 1.0;
18
19 forAll(cellFaces, i)
20 {
21 label facei = cellFaces[i];
22 vector surface = surfaces[facei]/mag(surfaces[facei]);
23 double dotProduct = fluxDir & surface;
24 double diffDotProduct = mag(mag(dotProduct) - 1.0);
25
26 if (diffDotProduct < minDotProduct1)
27 {
28 minDotProduct1 = diffDotProduct;
29 fluxFaces[0] = facei;
30 }
31
32 else if (diffDotProduct < minDotProduct2)
33 {
34 minDotProduct2 = diffDotProduct;
35 fluxFaces[1] = facei;
36 }
37
38 }
39
40 if (
41 (fluxDir & faceCentres[fluxFaces[0]]) <
42 (fluxDir & faceCentres[fluxFaces[1]])
43 and mesh.isInternalFace(fluxFaces[0])
44 )
45 {
46 choosenFaceID = fluxFaces[0];
47 }
48 else if(mesh.isInternalFace(fluxFaces[1]))
49 {
50 choosenFaceID = fluxFaces[1];
51 }
52 else
53 {
54 choosenFaceID = fluxFaces[0];
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55 }
56 faceList_[faceProbei] = choosenFaceID;
57 }
58 }

The "for" loop swept all coordinates pi that we have given to the utility and for each
of them it creates a location vector and it read the flux direction vector. It searches for the
closest cell (by default) and create a list of labels for the faces f cii from the chosen cell ci . It
calculates the center of these faces and the surface vector of each face. For each face inside
of the cell, it calculates the unit normal vector to the face and it calculates the dot product
among the normal vector and the flux vector. Finally, it chooses the face which dot product
among its normal vector and the flux vector is closet to 0.

This methodology worked well for computation with a single core. When the case is
decompose and run in parallel, if the face chosen is on a boundary face among processor,
the value there is not well calculated by the utility. Thus, the last part of the development
changes the face for the second face which dot product among its normal vector and the flux
vector is closet to 0 that on these configurations is always the opposite face to the first face.
It has to be further developed and tested since with another kind of mesh topology it can be
generate some problems.

Figure B.2

Figure B.2 shows the final implementation of the faceProbes utility.

B.2 Utility performance

To see the viability of using this tool on run time, two small test were performed. The first one
checks the computational time step ∆t in function of the number of probes np. Figure B.3
shows the results of this study where the normalized time step ∆t(np)/∆t(0) is plotted.

Figure B.3 – Normalized time step by number of probes
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We can see that the time step is independent on the number of probes and the small
variation among the different tests (≈ 0.002%) are due to the general performance of the
computer. This Independence of the number of probes is essential for the methodology since
regarding the computational domain the number of probes could be elevated.

The second study performed is the amount of storage required in function of the number
of probes used. Figure B.4 reflect the result of this study showing a linear evolution with the
number of probes.

Figure B.4 – Probes file size by number of probes

According to this study, the required storage is ≈ 13 byte
probe∆t .
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On this appendix the published works are reported. The first publication is a journal paper
about the work done on the CRSB injector reported on chapter 3 that at the time of writing
this thesis is under-review on the Atomization and Sprays journal (Bell House) . Another
publication was done on the same topic and presented on the International Conference on
Liquid Atomization & Spray Systems (ICLASS) 2021 in Edinburgh (Scotlan). A second
publication was submited and presented at the same conference about the modelling
of the CHAiRLIFT airblast atomizer and the surface-curvature analysis to obtain the
distribution of the dropelts.

Ferrando, D., Belmar-Gil, M., Palanti, L., Carreres, M., Demoulin, F.-X., Re-
nou, B., Duret, B., and Reveillon, J. (2022). Modelling Internal Flow and Primary
Aatomization in a Simplex Pressure-Swirl atomizer. Atomization and Sprays Ferrando,

D., Belmar-Gil, M., Palanti, L., Carreres, M., Demoulin, F.-X., Renou, B., Duret, B.,
and Reveillon, J. (2021). Internal numerical simulation of a swirl simplex atomizer to
predict atomization outputs. In International Conference on Liquid Atomization and
Spray Systems Ferrando, D., Palanti, L., Demoulin, F.-X., Duret, B., and Reveillon,

J. (2021). Spray drop size distribution and velocity distribution issued from a prefilm-
ing airblast atomizer. In International Conference on Liquid Atomization and Spray
Systems
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Numerical simulations of simplex pressure-swirl atomizers can aid their design process towards bet-
ter atomization. This work aims at studying the two-phase flow at both the internal geometry and
the first millimeters of the external domain of such atomizers where primary breakup takes place.
In particular, the atomizer under study has been used for the CORIA Rouen Spray Burner (CRSB)
that aims to study lean premixed turbulent flame. Ultimately, our goal is to complete spray char-
acterization in the vicinity of the injector. Such data will potentially enforce the validity of numer-
ical simulations for this burner. Injection characteristics are analyzed through the Volume of Fluid
(VOF) method in a Large-Eddy Simulation (LES) framework. We focus our attention on the internal
flow inside the injector and how it impact the atomization process. In the present investigation, an
experimental methodology combining different techniques is applied to obtain and parametrize the
actual internal geometry of the atomizer. The numerical workflow is separated in two simulations
to separately study the internal flow formation and the external spray development, given the dif-
ficulty to mesh the whole computational domain that handles all length scales still preserving the
required accuracy. Several mesh refinements are studied for each simulation, as well as the coupling
between internal and external simulations. The methodology is validated against experimental data
for two CRSB operating condition. The investigation then proves it is possible to couple the internal
and external flow in order to describe the actual air core formation, liquid film behavior and breakup
mechanism of these atomizers, extracting relevant atomization outputs in the near-field region where
experimental data are scarce.

KEY WORDS: two-phase flow; internal flow; primary atomization; simplex atomizer;
pressure-swirl atomizer; geometry measurement; numerical simulation; pre-processing;
Large-Eddy Simulation; Volume of Fluid
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1. INTRODUCTION

Simplex pressure-swirl atomizers have engineering applications in several fields, such as agricul-
tural spraying (De Luca and Vallet, 2009), fire suppression (Amini, 2016), spray painting, spray
cooling, spray drying for food or pharmaceutical processing and different combustion applica-
tions (Amedorme and Apodi, 2018; Park and Heister, 2010). Focusing on thermal engines, spray
characteristics strongly influence their performance, fuel consumption and emissions generation
(Lefebvre and Ballal, 2010). Even though the industry and transportation sectors are progres-
sively being decarbonized, air transport will still need to rely on fossil fuels for some time due to
the large power requirements (European Commission, 2020). In this regard, the state of the art of
aero engines (such as the lean-burn GE-TAPS) tend to use airblast atomizers together with sim-
plex pressure-swirl atomizers that generate the pilot flame for the startup and low-power regimes
(Mongia, 2003).

In simplex pressure-swirl atomizers, fuel is fed to a spin chamber through several tangential
ports before being injected through the atomizer outlet (Lefebvre and McDonell, 2017). This
situation is depicted in Figure 1. If the Reynolds number (Re) is above a given threshold, the
swirling motion generated in the spin chamber induces a depression that pulls external air inside
the atomizer, shaping the so-called air core (Som, 2012). Hence, the fuel is forced to stick to the
walls in the shape of a film, being injected into the environment as a hollow cone. Chinn (2009)
reviewed some earlier works and developed an inviscid flow analysis to justify the discharge
coefficient, air core radius and spray cone angle observed for this kind of atomizer as a function
of the so-called atomizer constant, which embeds the relevant atomizer dimensions. Park et al.
(2007) found the liquid temperature can influence the air core stability through Re, defining an
unstable and a transitional regime. The initial liquid film thickness at the atomizer outlet can be
derived from these estimations.

FIG. 1: Cross-section sketch of the upper part of a simplex Danfoss pressure-swirl atomizer and paths for
the liquid (red) and air (light blue).

Leaving the internal flow and focusing on the atomizing features, simplex pressure-swirl
atomizers have drawn the attention of both experimentalist and modelling researchers. From
the experimental side, the techniques employed include Mie-scattering (Liu et al., 2019), Phase
Doppler Anemometry (PDA) (Dafsari et al., 2019; Leask et al., 2019; Maly et al., 2019), Laser
Doppler Anemometry (LDA) (Laurila et al., 2020) or Particle Induced Velocimetry (PIV) (Dur-
dina et al., 2014; Jedelsky et al., 2018). These investigations qualitatively show that primary
breakup is produced by the growth of a Kelvin-Helmholtz instability on the liquid sheet as soon
as the fuel leaves the atomizer and interacts with the surrounding gas. However, the quantitative
analysis by experimental means is restricted to the secondary breakup region, since the dense
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spray in the near-nozzle region is difficult to visualize by the current optical techniques. Numer-
ical simulation can then bridge the gap among the near and the far-field by offering a level of
detail that experiments cannot offer.

In this way, from the computational point of view, most investigations make use of diverse
Volume of Fluid (VOF) methods that deal with the two-phase flow in a fully Eulerian frame-
work. All turbulence modelling approaches have been used, including the laminar assumption
(Amini, 2016; Razeghi and Ertunç, 2018), Reynolds-Averaged Navier-Stokes (RANS) (Alajbe-
govic et al., 2002) and Large-Eddy Simulation (LES) (Laurila et al., 2019). Even though these
works cover both the internal and the external flow simultaneously, they do not seem to repro-
duce the liquid sheet instabilities that have been observed to produce breakup, and thus predict
atomization mechanisms that may differ from the actual one. Except for Laurila et al. (2019)
(with an atomizer configuration fairly different from those used for combustion applications),
only investigations using computationally expensive Direct Numerical Simulation (DNS) either
through VOF (Fuster et al., 2009; Galbiati et al., 2016) or Level Set (Shao et al., 2017) do cap-
ture liquid film instabilities triggering atomization. Shao et al. (2017) realized they needed to
prescribe a turbulent inflow condition in order to reproduce these fluctuations, highlighting the
role of turbulence on the process.

The objective of the present investigation is to present a methodology to numerically an-
alyze primary atomization in simplex pressure-swirl atomizers. The atomizer mounted in the
CORIA Rouen Spray Burner (CRSB) is particularly investigated, considering this configuration
was studied as a reference for gas turbine applications in the last Turbulent Combustion of Sprays
workshops (TCS: http://www.tcs-workshop.org). Hence, some spray features in the
spray secondary breakup region (Shum-Kivan et al., 2017; Verdier et al., 2017) and combustion
outcomes (Mulla et al., 2019a,b; Mulla and Renou, 2019) have already been determined experi-
mentally. The present investigation thus aims at filling the gap between this far-field region and
the atomizer outlet, where experimental data can scarcely be obtained, as stated. The proposed
methodology includes three pre-processing stages, namely the experimental determination of the
atomizer internal geometry, the mesh generation and the definition of a numerical setup able to
handle this multi-scale problem. The study discusses the addressing of these steps towards the
accurate obtaining of atomization outputs.

2. EXPERIMENTAL GEOMETRY CHARACTERIZATION

The first pre-processing step towards numerically modelling the internal flow and atomization
process is to determine the computational domain. The pressure-swirl atomizer mounted in the
CRSB is a commercial Danfoss OD-H 030H8103 oil nozzle. This is a hollow-cone atomizer
manufactured in accordance with European standard EN 293 with a nominal opening angle of
80° and a nominal mass flow rate of 1.35 kg/h.

As shown in Figure 1, two of the injector pieces (namely the tangential ports distributor and
the orifice disk) shape the internal geometry of the atomizer. This includes three inlet fuel ports,
the swirl and spin chambers and the orifice itself. The atomizer internal geometry has then been
characterized through a combination of experimental techniques applied to the aforementioned
pieces:

• Computed Tomography scan (CT-Scan).

• Optical microscope visualization.
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• Scanning Electron Microscope (SEM) visualization.

Additionally, a caliper was used to measure the global dimensions of the atomizer pieces.
The techniques, described in the following subsections, have been applied either to:

• The disassembled metallic pieces, or

• Silicon molds of the atomizer pieces, obtained as introduced by Macian et al. (2003) for
diesel injector nozzles.

This methodology has been described by Salvador et al. (2018), who validated its use when
determining the internal features of a Diesel injector. The reader is referred to this work for a
detailed description of the techniques and a comparison of their advantages and limitations.

FIG. 2: Sample pictures of the internal geometry of the CRSB atomizer: (a) CT-Scan visualization of the
upper part of the atomizer assembly; (b) Optical microscope visualization of the tangential ports distributor
piece, top view; (c) Optical microscope visualization of the silicon molds of the spin and swirl chambers,
side view; (d) SEM visualization of the silicon molds of the spin chamber, side view.

2.1 Computed Tomography scan (CT-Scan)

The Computed Tomography allows obtaining tomography cuts of the atomizer pieces in non-
transversal planes. These images are then used to reconstruct the full 3D geometry. A Nikon XT
H-160 CT-Scan machine able to produce x-ray beams with a power up to 60 W at a maximum
voltage of 60 kV was used.

The resolution achieved by this technique depends on the particular geometry and the ma-
terial that the beams have to travel through. The produced images in this application have a
maximum magnification of 150x and a pixel size in the order of 10 µm. This resolution is poorer
than the one reached with the other techniques, but it is the only one that allows visualizing the
full atomizer assembly, as shown in Figure 2(a). Hence, in this investigation it has only been
used to validate the other two techniques and to help determining the orifice contour.
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2.2 Optical microscope visualization

A Leica MZ APO system with up to 80x magnification has been used. It mounts a PLANAPO
1.0X objective and a KL1500 optic fiber illuminator.

Figure 2(b) and Figure 2(c) show samples of visualization corresponding to a disassembled
metallic piece and the silicon molds of the CRSB atomizer, respectively.

2.3 Scanning Electron Microscope (SEM) visualization

A Jeol JSM6300 Scanning Electron Microscope (SEM) has been employed. It operates at 30 kV
and offers a magnification up to 1000x.

The SEM requires the observed sample to be conductor. Hence, the silicon molds need to
be covered by a thin layer (in the order of nm) of gold dust. The accuracy of the technique
was reported to be around 2% (2-3 µm) in the determination of injector nozzle orifices outlet
diameter.

Figure 2(d) shows an example of SEM visualization of the CRSB atomizer silicon molds of
the spin chamber.

2.4 Geometry parametrization

From visualization through the aforementioned techniques it is possible to parametrize the atom-
izer geometry, as shown in Figure 3. This parametrization allows generating CAD volumes for
CFD modelling purposes and enables sensitivity studies on the geometry through the variation
of the parameter values.

FIG. 3: Abstraction of the Danfoss OD-H nozzle with the defined geometrical parametrization (over-
constrained).

Collecting images through optical microscope and SEM visualization allowed determining
the values of the geometrical parameters of the actual CRSB atomizer unit. A given parameter

Volume x, Issue x, 2022

146 Publications

Diego Ferrando Martínez University of Rouen - CORIA March 15, 2022



6 D. Ferrando, M. Carreres, et al.

can be obtained through several images with different techniques or different magnification rates.
A mean value and standard deviation can then be determined for each parameter.

Results from the application of the techniques are summarized in Table 1 together with the
values finally accepted to build the computational domain.

Dimensions

Parameter Unit Optical micr.
(molds)

SEM
(molds)

SEM (direct
visualization) CT Accepted

D0 µm 313± 2 300± 2 298± 1 301± 3 300
Dt−top µm 179± 4 180± 5 - - 180

Dt−bottom µm 164± 2 160± 1 160± 1 169± 3 165
Ds−top µm 209± 3 213± 2 - - 210

Ds−bottom µm 491± 5 480± 5 496± 2 500± 1 500
Dswirl µm 774± 6 781± 6 776± 2 773± 4 780
Dtotal µm - - 3492± 1 3375± 1 3375
ht−top µm 233± 4 238± 3 - - 240
hs−top µm 532± 6 546± 3 - 540± 2 540
hswirl µm 600± 5 605± 4 - 600± 2 620
htotal µm - - - 2400± 1 2400
Rn µm 303± 5 300± 4 - - 308
Rt µm 171± 6 191± 5 - - 190
ψt ° 6± 4 6± 2 - - 6
ψs ° 57± 6 58± 4 - - 61
ψslot ° 27± 6 28± 3 - - 30

TABLE 1: Summary of the results obtained from each metrology technique and accepted values
to construct the inner computational domain.

3. NUMERICAL STRATEGY

Due to the large range of length scales to be considered, about several millimeters for injector
scale down to few microns for the liquid film and drop size, the present work proposes a two
steps coupling methodology: first, the internal flow of the injector is modelled; afterwards, an
external simulation is set up to predict the early stage of the atomization process. Both numerical
simulations are carried out using the same numerical methods to keep consistency among them.

3.1 Numerical methods

The numerical simulation is based on the well known OpenFoam 6.0 library that already contains
many features needed for liquid-gas flows simulation on complex geometries, with a built-in
parallel computing ability to handle intensive simulation (The OpenFoam Foundation, 2018).
The solver used is the interFoam multiphase solver which uses the Volume of Fluid (VoF) method
with an Interface Capturing Method (ICM) to capture the interface among liquid and gas. The
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equations are the mass and momentum conservation:

∂uj
∂xj

= 0 (1)

∂ρui
∂t

+
∂

∂xi
(ρujui) = − ∂P

∂xi
+

∂

∂xj
(τij + τtij) + ρgi + fσi (2)

where u represents the velocity vector, P the pressure, ρ the density of the cell mixture defined
as ρ = αρl + (1 − α)ρg, τij and τtij the viscous and turbulent stresses, gi the gravitational
acceleration and fσ the surface tension forces, calculated as:

fσ = σκ
∂α

∂xj
(3)

where σ is the surface tension among the liquid and the gas, α is the liquid volume fraction and
κ is the curvature of the liquid, computed as:

κ = − ∂

∂xj

(
∂α/∂xj
|∂α/∂xj |

)
(4)

In order to determine the interface position, an equation for the liquid volume fraction α is
solved:

∂α

∂t
+
∂(αuj)

∂xj
+
Ur
j ∂(α(1− α))

∂xj
= 0 (5)

whereUr is a suitable velocity field selected to compress the interface region defined as a relative
velocity between the two phases.

The interface is implicitly captured through the liquid volume fraction (α) equation. Thus,
the interface is localized at the transition between the gas (α = 0) and the liquid (α = 1). To
keep an accurate description of the interface, the transition should remain sharp with a size in
the order of few ∆x. On regular VOF approaches, the interface position is reconstructed (Scar-
dovelli and Zaleski, 1999) and the liquid volume flux are based on the geometrical advection
of this surface. This geometrical approach brings difficulties for the generic polygons used in
OpenFoam as numerical cells to handle complex geometries. Thus, liquid advection is based on
standard numerical schemes bringing numerical diffusion that potentially enlarges the transition
zone. A sharpening term is introduced to counter this effect (Rusche, 2002; Wardle and Weller,
2013).

Regarding turbulence, a LES approach has been used. Some tests were performed in order to
choose a LES sub-grid scale (SGS) model. Finally, the work is performed with the WALE model
by Nicoud and Ducros (1999), which led to more reasonable results in the internal region of the
atomizer.

The OpenFOAM toolbox includes low order methods since it is thought as an industrial tool-
box to perform CFD simulations. In time, the backward second order scheme and the hybrid
first-second order CrankNicolson are set, the latter with a factor of 0.9 closely resembling sec-
ond order. The convection schemes are either limited linear or van Leer, both corresponding to
second order accuracy.
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3.2 Operating conditions

The operating conditions studied on this work are the ones experimentally studied by Verdier
et al. (2017), corresponding to atmospheric pressure and temperature (no fuel pre-heating).
Given that the interFoam solver is an incompressible isothermal solver, the density ρ and the
kinematic viscosity ν for both the fuel (n-heptane) and air have to be defined. Also, the surface
tension σ between the two fluids is needed. The values of the parameters used in the simulation
at the studied temperature are reported in Table 2.

T [K] ρ[kg/m3] ν[m2/s] σ[mN/m2]
Fuel 298 678.9 5.67e− 07 20.0Air 298 1.117 1.57e− 05

TABLE 2: Fuel and air properties used in the simulations.

4. INTERNAL FLOW MODELLING

4.1 Numerical domain, mesh and boundary conditions

The choice of the computational mesh topology is an important step in a multiphase simulation.
The minimal resolution has to be enough to be able to capture the interface between the liq-
uid and the gas. Therefore, studies such as Hansen et al. (2002); Sumer et al. (2012) used full
hexahedral structured meshes because it is straightforward to modify the length of the cells of
interest.

Nevertheless, for the present injector, the inlet ports are placed with a certain tilting angle
with respect to the swirl chamber, thus, preventing the geometry from being fully axisymmetric.
Hence, induce a high number of hexahedral cells had high values of skewness, aspect ratio and
non-orthogonality, producing a poor quality mesh. Several attempts were performed to improve
the mesh quality keeping the structured approach, but none of them was successful.

To overcome this problem, the approach used by Madsen et al. (2004) or Ding et al. (2016)
was utilized, adopting a strategy based on a hybrid tetrahedral-hexahedral mesh. The main idea
of this approach is to keep as much hexahedral elements as possible everywhere in the domain
but in the conflicting zone. Accordingly, a ring of tetrahedral elements is placed around the axial
center, where the tangential ports intersect the swirl chamber. The rest of the domain (i.e. the
three tangential ports, the body of the injector and also the external zone of the domain) is made
of hexahedral elements following a structured mesh.

A representation of the final mesh strategy is shown in Figure 4, where the different cell
topologies are represented.

Three boundary zones are defined to set up the boundary conditions: the tangential ports
inlet, the wall corresponding to the metallic pieces of the injector and the outlet boundary surface
corresponding to the atmosphere. Those zones are represented in Figure 5: green for the inlet
patches (number 1), grey for the wall patches (number 2) and blue for the outlet patches (number
3).

At the inlet, the fuel mass flow rate ṁfuel = 0.28g/s (corresponding to the CRSB operating
condition) is equally splitted among the three tangential ports. This imposes the boundary condi-
tion for the velocity as a fixed mass flow rate in each tangential port. Also at these patches, a zero
gradient condition is imposed for the pressure and a fixed value is used for the liquid volume
fraction, with α = 1 (only liquid entering the domain through the inlet).
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FIG. 4: Computational grid sketch. Hybrid mesh made of hexahedral and tetrahedral elements.

The walls are set up with usual boundary conditions. Therefore, the no slip boundary con-
dition is set for the velocity. The pressure and liquid volume fraction are set as zero gradient
boundary conditions.

Finally, for the outlet patch, the zero gradient condition is imposed for the velocity as it
is for the liquid volume fraction α. The totalPressure boundary condition is used and fixed to
atmospheric pressure. This boundary condition sets the value of the patch pressure as follows:

pp = p0 −
1
2
|u|2 (6)

where pp is the patch pressure, p0 is the total pressure given to the boundary, and the last term
1
2 |u|2 represents the dynamic pressure.

A summary of the boundary conditions is reported in Table 3:

1. Inlet 2. Wall 3. Outlet
u Dirichlet: imposed flux Dirichlet: u = 0 Neumann: zero-gradient
p Neumann: zero-gradient Neumann: zero-gradient Dirichlet: totalPressure
α Dirichlet: α = 1 Neumann: zero-gradient Neumann: zero-gradient

TABLE 3: Boundary conditions for the relevant magnitudes at the different domain patches.

The computation has been run with several mesh resolutions to carry out a mesh convergence
study. The characteristics of the computational grids are shown in Table 4. At least 85% of
the cells are hexahedral shaped cells. From the coarsest to the finest mesh, the main goal is to
increase the number hexahedral elements trying to keep the number of tetrahedral elements as
low as possible. On the bottom of the table, the y+ maximum and averaged values are shown at
different zones of the geometry. It is important to have a good y+ value around the spin chamber
since at this location the swirl motion is developed (Amini, 2016).
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FIG. 5: Boundary conditions patches of the CRSB internal flow simulation.

Coarse Mesh Medium Mesh Fine Mesh
Number of elements 2.7e6 13.2e6 32.8e6

Tetrahedra 0.13e6 1.6e6 3.2e6
Hexahedra 2.6e6 11.6e6 29.6e6

Pyramids 4.3e3 11.7e3 24.9e3
Y + Max Avg Max Avg Max Avg

Full geometry 66.1 12.1 21.8 2.6 3.4 1e-2
Inlet ports 66.1 9.2 21.8 2.8 1.7 0.78

Swirl Chamber 28.5 12.8 11.3 3.7 3.4 0.96
Spin Chamber 13.7 3.2 2.9 1.3 2.7 1.8

Throat 24.6 13.8 3.3 2.4 2.3 1.8
Nozzle 33.4 21.5 3.5 2.6 2.8 2.2

TABLE 4: Features of the meshes used for the internal flow simulations.

As a first step, the initialization is performed with the coarse mesh until the flow reaches a
steady regime to reduce the computational resources. The CPU-hours are collected on Table 5.
Afterwards, the computed fields are mapped into the more refined meshes to continue the calcu-
lations, reducing computational resources in the transient stages.

4.2 Initialization: Time evolution of hollow cone generation

Having a clear understanding of the liquid flow emanating from orifice section could be impor-
tant for some engine regimes. Considering the boundary and initial conditions, a certain amount
of time is required by the fluid to establish the cone-shaped flow (Razeghi and Ertunç, 2018).

Figure 6 shows the time evolution of the air core generation and the hollow cone shape of the
spray. Figure 6a represents the initial conditions of the simulation where the fuel fills the whole
injector. From Figure 6b to Figure 6d the fuel is expelled in a distorted pencil shape.

From Figure 6f the jet begins to break-up and in Figure 6i it starts being comparable with the
onion stage shape. From Figure 6k the hollow cone spray is established, meaning the cone angle
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Coarse Mesh Medium Mesh Fine Mesh
∆t 5e-9 s 2.5e-9 s 5e-10
CPUs 112 420 672
∆treal 0.26 s 0.6 s 2.9 s
CPUh/ms 1.6e3 28e3 1e6

TABLE 5: Computational resources for the internal flow computations.

FIG. 6: Hollow cone transient evolution depicted through liquid volume fraction contours at the domain
mid-plane.

and the liquid film thickness can be measured. Nevertheless, the air core is not fully developed
and it was necessary to compute additional 250µs for this to happen. With the air core developed,
it reaches the bottom wall of the injector and it widens.

In conclusion, the total time to initialize the simulation (i.e. the transient period of the injector
from rest to nominal conditions) is in the order of 0.5ms.

4.3 Liquid volume fraction

As stated in Section 4.1, the initialized results from the coarser mesh (velocity, liquid volume
fraction and pressure fields) are mapped into the medium and fine resolution meshes. Figure 7
depicts a mid-plane contour of the liquid volume fraction α for each mesh resolution. It can be
observed that the coarser mesh is not able to capture as much instabilities on the bottom zone
of the air core as the other two meshes. Computations with the more refined meshes do show
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instabilities at the air core. This phenomenon has already been reported on other studies about
simplex swirling injectors such as Sumer et al. (2012) or Maly et al. (2018). Regarding these
instabilities, no remarkable differences are seen among the medium and fine meshes.

FIG. 7: Liquid volume fraction contours at the domain mid-plane for the three mesh resolutions presented.
In each case, the left-hand side represents time-averaged data, whereas the right-hand side depicts instan-
taneous data.

Figure 8 shows iso-contours of liquid volume fraction α = 0.5 representing the liquid-gas
interface for each of the three meshes. The air core thickening is again observed in the medium
and fine meshes, but no substantial differences are found at the external part of the domain.

Figure 9 shows some experimental pictures reported by Verdier et al. (2017) for illustrat-
ing purposes. The comparison among Figure 8 and Figure 9 indicates a poor agreement of the
numerical computation due to a lack of resolution at the external zone downstream the nozzle
orifice outlet. With the nearly structured mesh approach adopted for this simulation, increasing
the cell resolution at the external part would also imply the need for more cells at the internal
part of the domain, where they are not needed anymore. This fact drove the authors to divide the
problem in two steps, analyzing the external domain by means of a specific simulation with a
different mesh strategy, as presented in Section 5.

FIG. 8: Liquid volume fraction iso-contour for α = 0.5.
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FIG. 9: Sample experimental pictures by Verdier et al. (2017) for three different instants.

4.4 Liquid film thickness

The liquid film thickness is retrieved at the nozzle orifice for the three cases. These values are
compared with some empirical equations to validate the computations. Equation 7 is nowadays
used to characterize the film thickness (tl) in the design of pressure-swirl atomizers (Lefebvre
and McDonell, 2017):

tl = 2.7
[
do FN µfuel

(ρfuel ·∆P )0.5

]
(7)

where do is the orifice diameter, ∆P is the pressure drop along the nozzle,FN = ṁfuel/(∆Pρfuel)
0.5

is the flow number, µfuel and ρfuel are the dynamic viscosity and the density of the fuel, re-
spectively.

Since Equation 7 is based on the geometry of a simple injector, its accuracy for complex ge-
ometries is not assured. However, it is also possible to reach an expression for the film thickness
through the discharge coefficient Cd, as follows:

Cd =
ṁfuel

ṁth
=

ṁfuel

Ao

√
2∆P ρfuel

(8)

The ratio among the air core area (Aa) and the orifice area (Ao) is expressed as:

X =
Aa

Ao
=
π(do − 2tl)2/4

πd2
o/4

(9)

from the ratio X it is possible to calculate the fuel sheet thickness:

tl =
do(1−

√
X)

2
(10)

Equation 11, proposed by Giffen and Muraszew (1953), relates the discharge coefficient to
the ratio of areas X:

Cd = 1.17
[

(1−X)3

1 +X

]0.5

(11)

The procedure to estimate the liquid film thickness with this method is as follows. First the
discharge coefficient is calculated from the mass flow rate of the operating condition studied
through Equation 8. X is then obtained iteratively from Equation 11. It is then straightforward
to obtain tl from Equation 10.

Figure 10 plots the radial evolution of the liquid volume fraction along the nozzle outlet for
the coarse, medium and fine meshes. The vertical lines represent the thickness obtained from
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empirical equations. It can be observed that the computational prediction is far from the film
thickness derived from Equation 7, but in very good agreement with the value predicted by
Equation 10. In any case, Equation 7 is reported to overestimate mean liquid film thickness for
atomizers whose inlet ports have a relatively small cross-sectional area Lefebvre and McDonell
(2017). Hence, the results on liquid film thickness enhance the confidence on the simulation
outcomes.

FIG. 10: Liquid volume fraction α plot along the radial axis on the nozzle outlet. Red: coarse mesh; blue:
medium mesh; green: fine mesh; black: empirical equations.

Both the medium and fine meshes show similar results, where the film fluctuations inside
the nozzle are captured. Finally, identifying the film from iso-liquid volume fraction contours of
α = 0.5, the film thickness on the coarsest mesh has a value of tcoarsel = 24 ± 4µm whereas
both the medium and fine meshes yield a value tfinel = 22± 15µm.

4.5 Spray cone angle

The spray cone angle is another characteristic parameter in simplex swirl atomizers. For the
numerical study it can be determined from Figure 7. The value of this angle 2θ is equal to 82◦,
matching the value obtained from experiments of 80◦ (Verdier et al., 2017).

4.6 First-second order discretization effects

Once the mapping described in Section 4.1 from the coarsest mesh into each subsequent finer
mesh is done, some time is needed for the simulation outcomes to reach nominal values. To
avoid numerical instabilities during this process, first order spatial schemes are initially set-up.
After running on the finer mesh for some time, they are fully replaced by second order schemes.

Figure 11 shows a comparison concerning the liquid film thickness appearance at the atom-
izer outlet cross-section for these two numerical schemes. It can be observed how first order
schemes are more dissipative, not being able to capture instabilities on the fuel liquid sheet.
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Second order schemes, in turn, allow capturing those instabilities that could be responsible for
triggering atomization.

In order to further investigate the role of these Rayleigh–Taylor instabilities on primary
breakup, results from both approaches (i.e. first order -constant fuel sheet thickness- and second
order -varying fuel sheet thickness) were stored to be later mapped to the inlet of the specific
external flow simulation discussed in Section 5.

FIG. 11: Liquid volume fraction α contour at the atomizer outlet cross-section. Top: three snapshots using
the upwind scheme for the spatial divergence. Bottom: three snapshots using the limitedLinear scheme for
the spatial divergence. The time step between pictures is ∆t = 5µs

5. EXTERNAL FLOW MODELLING: ZOOM ON ATOMIZATION PROCESS

In order to overcome the resolution problem on the external zone above the nozzle orifice shown
in the simulations from Section 4, a specific high resolution simulation for the outer part of the
domain is performed. Focusing only on this part of the problem should allow reliably modelling
the primary breakup mechanism of the pressure-swirl atomizer.

5.1 Numerical domain, mesh and boundary conditions

Figure 12 shows a sketch of the numerical domain and the boundary conditions considered for
the external flow simulation. The angle of the sector is ϕ = 45◦. The domain radius and height
are 12.5 times the orifice diameter do: rdom = hdom ≈ 4mm. These dimensions follow the
work by Galbiati et al. (2016).

Number 1 is the inlet patch of the domain. It is an arc whose radius is equal to the orifice
radius. The boundary conditions for the velocity u and the liquid volume fraction α are dy-
namically provided (time-varying) with the results from the previous internal flow simulation
presented in Section 4. The pressure p is set with a zeroGradient boundary condition.
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FIG. 12: Geometry domain and boundary condition of the external flow simulation. Left: 3D view; right:
view normal to a cyclic patch. 1: Inlet; 2: Wall; 3: Cyclic patches; 4: Outlet.

Number 2 is treated as a wall boundary condition: the velocity u is then set as noSlip. The
pressure p and the liquid volume fraction α are in turn set as zeroGradient.

Number 3 are two periodic patches. In OpenFOAM, such boundary conditions are called
cyclic; specifically, in this case, as the two patches are not equally created, the specific CyclicAr-
bitraryMeshInterface version of this boundary condition is used.

Finally, number 4 is the outlet of this simulation. As it was done in the previous simulation,
the velocity u and the liquid volume fraction α are set as zeroGradient, whereas the pressure p
is set as totalPressure as already explained in Equation 6.

A summary of the boundary conditions is reported in Table 6:

1. Inlet 2. Wall 3. Periodic 4. Outlet
u D: time varying fixed value D: u = 0 Cyclic N: zero-gradient
p N: zero-gradient N: zero-gradient Cyclic D: totalPressure
α D: time varying fixed value N: zero-gradient Cyclic N:zero-gradient

TABLE 6: Boundary conditions. D: Dirichlet. N: Neumann

As far as the mesh strategy is concerned, following the same approach of hexahedral struc-
tured meshes to model the external breakup process leads to additional issues. While this ap-
proach would allow freely refining the cells in the radial and axial directions, the further away
from the nozzle orifice (in the axial direction) the larger the tangential dimension of the cells.
Since the spray cone angle is wide, following this strategy leads to high aspect ratio cells that
lower their resolution in terms of interface capturing.

Numerical studies such as those performed by Galbiati et al. (2016) or Laurila et al. (2020,
2019) propose Cartesian isotopic meshes to model the atomization process of swirling injectors.
Due to the aforementioned issues, the same approach is adopted in this work.

In order to find the proper mesh resolution before running the actual 3D simulation, a small
2D axisymmetric study was performed beforehand. In this study, a 2D structured mesh with no
tangential dimension is used, thus accurately replicating the Cartesian mesh approach. Table 7
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reports mesh information for three different meshes used in the 2D grid convergence study. Since
these simulations are 2D, the number of cells increase by a factor of two every time the resolution
is doubled. Given that the Courant number remains the same for the three cases, the time step
∆t is reduced by half for each refinement level and also the physical time invested per iteration
∆treal increases by a factor of two.

2µm 1µm 0.5µm
Number of elements 0.27e6 1.1e6 4.4e6
Cells at liquid sheet 4 8 16

∆t 1.7e-8 s 0.8e-8 s 0.4e-8s
CPUs 72 72 72
∆treal 0.92 s 1.8 s 3.7 s

CPUh/ms ≈ 1000 ≈ 4500 ≈ 18500

TABLE 7: 2D grid convergence study: mesh information.

FIG. 13: Liquid volume fraction contours for different cell size cases in the 2D mesh convergence study
for the external simulation. From left to right: 2µm, 1µm, 0.5µm

Figure 13 shows the contour of liquid volume fraction α for the three different mesh cell
sizes. All mesh resolutions tested are able to capture the interface between the liquid and the gas,
not only on the liquid sheet but also on the ”droplets” that break-up from it. The main difference
among the lowest resolution and the highest one is the lack of instabilities of the liquid sheet in
the former. Even though the mesh resolution in the 2µm cell size case is greater than the one
showed in Section 4 at the external zone, this resolution is not enough to capture the fluctuations
triggered on the liquid sheet by the air motion. However, the cell size of 1µm allows capturing
those fluctuations. Moreover, as expected, it provides a better interface capturing of the liquid
sheet and the predicted shape of the 2D ”droplets” is more realistic. Finally, the finest resolution
also sharpens the interface capturing but it does not increase the amount of instabilities triggered
on the sheet. For this reason, a cell size of 1µm is chosen as a reference for the 3D study.

Once the cell size is chosen from the previous study, the 3D sector Cartesian mesh is set.
Figure 14 shows a mid-plane cut on the mesh. The refinement zone following the spray cone
angle can be appreciated, reaching up to 1.3 mm along the axial coordinate. The mesh has
around 88e6 elements where most of them correspond to ∆x = 1µm.
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FIG. 14: Slice on the external mesh. Left: full mesh slice; right: refinement zone detail.

5.2 Coupling methodology

The coupling between simulations is done storing the data from the velocity u and the liquid
volume fraction α from the internal flow simulation (Section 4) and setting up the inlet bound-
ary condition of the external flow simulation as the timeVaryingMappedFixedValue boundary
condition already implemented in OpenFOAM. This boundary condition takes the data from one
field and interpolates linearly in time and space, if needed. Data from the internal simulation
have been stored every 0.05µs, which has been checked to be way below the air core rotation
period.

No major variation is noticed from one mesh to another. Thus, since the medium and fine
meshes produce similar results and due to the lower computational resources requirements of
the medium mesh, the mapping data for the external simulation is recovered only on this mesh.

To validate the efficiency of the boundary condition acting as a link among simulations, the
conservation of the swirl number and the turbulent kinetic energy has been checked. This study
is done with the medium internal mesh, ambient operating conditions and the WALE LES SGS
model, as stated in Section 4.

5.2.1 Swirl number

The swirl number relates the swirling momentum to the axial motion. It was originally proposed
by Chigier and Beér (1964) and simplified by Sheen et al. (1996) as follows:

SN =
Gtg

RGax
=

∫ R

0 wur2dr

R
∫ R

0 u2rdr
(12)

where SN is the swirl number, Gtg is the axial flux of the tangential momentum, Gax is the
axial flux of the axial momentum, R is the outer radius, w and u are the tangential and axial
velocity at corresponding radial position r, respectively.

Figure 15 shows the swirl number evolution along the axial axis (Z) for both the internal
and external simulations. It can be appreciated that the output from the internal flow simulation
matches the input for the external flow simulation, validating the data exchange among simula-
tions after the interpolation process.
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FIG. 15: Swirl number evolution along the axial axis for both the internal flow and external flow simula-
tions.

5.2.2 Turbulent kinetic energy

The preservation of turbulent kinetic energy (TKE) is fundamental in the mapping process. Since
not every time step is stored and mapped into the external flow simulation, some turbulence-
related energy may be lost. The sub-grid modeled turbulence can also be missed in the process.
In order to assess the behavior of the method, the turbulent kinetic energy is plotted in Figure 16.

FIG. 16: Turbulent kinetic energy. Left: resolved scales; right: sub-grid energy.

It can be observed that, in general, the turbulent kinetic energy is underestimated in the exter-
nal flow simulation. This means that some data of the turbulent flow are lost during the mapping
process. Nevertheless, main trends are well recovered through the coupling procedure, ensur-
ing proper effects on the external flow simulations. It is remarkable that, despite no mapping
or injecting sub-grid turbulence to the domain, the sub-grid turbulent kinetic energy computed
in the external simulation has good agreement with the internal one. Still, the level of turbulent
kinetic energy is underestimated. To improve this point full simulation covering the whole flow
are required but this is beyond the scope of the present work.
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5.3 Steady and unsteady fuel film thickness

In Section 4.6, we noticed fuel sheet thickness fluctuation at the atomizer outlet that depend
on the numerical scheme. With first order spatial schemes in the internal flow simulation, no
fluctuations were recovered, but second order schemes provided fuel sheet instabilities. Two
external flow simulations have been carried out mapping data at inlet with and without these
instabilities. Both simulations are performed with second order discretization schemes in space
and time, so as to isolate the role of the liquid film instabilities on primary breakup. Figure 17
shows the results from these two cases. The iso-surface for α = 0.5 is plotted for both cases and
qualitatively compared with an experimental picture by Miglierina (2021).

FIG. 17: Left: Comparison among the iso-surface (α = 0.5) from the constant fuel sheet thickness case
and the experimental picture by Miglierina (2021); right: Comparison among the iso-surface (α = 0.5)
from the varying fuel sheet thickness and the experimental picture by Miglierina (2021).

It can be observed that with the constant sheet thickness case (first order scheme used in
the internal simulation to compute the mapped data) the liquid sheet contour, along the main
flow direction, remains straight until it breaks up, whereas the experiments show a wrinkling
or fluctuations of the film sheet starting from the nozzle orifice. Another difference is observed
concerning the arrangement of the ligaments that represent the intermediate state between liq-
uid sheet perforation and the production of final droplet: in the experiments, the ligaments are
arranged in a transversal direction (horizontal on the presented figure); but, in the simulation,
ligaments are aligned to the streamwise direction. Finally, the droplet formation seems not fully
developed with most of the liquid composed by flat liquid structured.

On the other hand, the results obtained by mapping the fuel injection with fluctuating liquid
film thickness (second order scheme used in the internal simulation to gather the mapped data)
provide a better match with the experimental results. In this case, the liquid sheet starts fluctuat-
ing from the beginning of the external domain. Moreover, the ligaments are arranged in the same
direction than in the experiment and the droplets are obtained with sizes that seem to be in the
same order than the experimental ones.

This study points out that the liquid film thickness instability plays a driving role on the
primary breakup mechanism of simplex pressure-swirl atomizers. Properly capturing these fluc-
tuations, which was achieved in the current investigation thanks to a proper resolution of the
internal flow. Thus, it is essential to carry out an accurate modelling of the interior flow justify-
ing all the work devoted to the carefull measurement of the internal geometry, since the whole
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process of atomization that takes place outside of the injector can be completely changed with
slight modification of the injection characteristic.

5.4 Further analysis

Figure 18 represents the liquid volume fraction α iso-contour (α = 0.5). To have a closer view
to the experimental results, the sector iso-surface has been copied and rotated to cover the 360◦

of the total cone, considering the use of a periodic boundary condition.

FIG. 18: Liquid volume fraction α contour (α = 0.5) 360◦ render. From left to right, snapshots at:
t = 60µs, t = 65µs, t = 70µs and t = 80µs

A closer experimental view of the spray is compared to an instantaneous snapshot of the 3D
rendering. Two comparisons with different experimental pictures can be observed in Figure 19.
On the left, the liquid volume fraction iso-surface is compared with the experiments by Verdier
et al. (2017). The arrangement of the ligaments is similar and it can be seen that the simulation
yields drop sizes in the order of those from the experiments. On the right, numerical results are
compared with more recent experimental pictures by Miglierina (2021) where a rearrangement
of the experiment allow a better view of the injector exit. In this picture it can be seen that
there are small fluctuations on the fuel sheet breaking it up near the nozzle orifice. This early
break-up is captured by the numerical simulation. These comparison show that there is a need
for more refined experimental data to characterise the early stage of the liquid sheet instability
to go further on this comparisons, this would be the topic of further work. An additional feature
of such injector that are commonly measured is the drop size distribution. However, most off
the experimental techniques required a dispersed spray composed by spherical droplet (PDA,
Difraction , ...). Thus, such measurements are conducted downstream where such conditions are
achieved.

Applying the post-processing technique based on the surface interface Σ and the mean cur-
vature κ proposed by Palanti et al. (2022), the drop size distribution can be determined. A com-
parison between the drop size distribution extracted from the numerical modeling and those
experimentally by PDA is shown on Figure 20.

The experimental distributions are taken at Z = 13mm (first downstream location where
experimental PDA data was reported to be reliable by Verdier et al. (2017)) and in two different
radial positions: at the axis R = 0mm and at an angle around 40◦ (R = 10mm). It can be seen
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FIG. 19: Qualitative validation. Left: comparison with experiments by Verdier et al. (2017); right: compar-
ison with experiments by Miglierina (2021).

that near the axis the distribution (Exp(Z13,R0)) is mostly formed by small droplets from D =
1µm to D = 20µm. Meanwhile, the distribution taken at the spray cone angle (Exp(Z13,R10))
is wider and is formed by medium and big droplets on the range D = [10, 67]µm. This means
that the smallest droplets tend to disperse into the hollow cone though the largest ones remain on
the streamwise direction thanks to their inertia. The distribution obtained through the simulations
is obtained much more upstream at of the early stage of the atomization process. To reconstruct
the drop size distribution, first, the curvature distribution is measured per unite of liquid surface.
Then the negative curvature (droplet curvature are positive in our definition) are filtered because
they do not correspond to droplets and represent elements of surface that have not achieve yet the
atomization process. Then diameter distribution is obtained from the definition of the curvature
assuming both main principal curvature to be the same. This reconstruction finally required then
one free parameter that is set by enforcing the Sauter mean diameter that is obtained as the
ration of the liquid volume fraction to the liquid surface density. For more detail, please refer
to Palanti et al. (2022). For the present analysis it is important to note that the numerical drop
size distribution is determined at early stage of the atomization process (Z=1.2mm) though the
PDA experiment are achieve further downstream (Z=13mm). However, the numerical drop size
distribution shows that it falls between two the experimental distributions. This is reasonable
since the degregation between the smallest droplets and the largest droplet thought the convection
and dispersion process have not been done yet. Thus all the droplet are still collected by the post-
processing technique applied on the numerical simulation.

6. CONCLUSION AND PERSPECTIVES

A complete analysis of a swirl injector representative of gas turbine injection and of interest for
combustion research has been conducted. A workflow to replicate the process with any commer-
cial injector has been defined starting from the measurement of the internal geometry. Several
measurement techniques such as computed tomography scan, optical microscope visualization
and scanning electron microscope have been used to achieve an accurate description of the ge-
ometry. Both the actual metallic pieces and their silicon molds have been measured. The internal
geometry has then been reconstructed and parametrized.

A two step coupling between numerical simulation has been proposed to separately study
the internal flow of the injector and the external flow focused on the atomization process. A
hybrid tetrahedral-hexahedral mesh is used on the internal flow simulation to avoid numerical
instabilities due to the complexity of the geometry. From this simulation, main characteristics of
the injection are recovered such as the spray cone angle and the fuel sheet thickness. The liquid
volume fraction and velocity fields on the nozzle orifice have been stored to feed the external flow
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FIG. 20: Drop size distribution. Black Sim(Z1.2, R1.2): numerical results taken at Z = 1.2mm and
R = 1.2mm; blue line Exp(Z13, R0): experimental distribution placed at Z = 13mm and R = 0mm;
yellow line Exp(Z13, R10): experimental distribution placed at Z = 13mm and R = 10mm.

simulation. In the latter, a full Cartesian mesh has been built to model the atomization process
where a high resolution zone to properly capture liquid structures and break up process. The
conservation of the swirl motion and the turbulence between simulations have been checked. By
comparing liquid gas surface with a experimental image a good qualitative agreement between
the simulation and experiments has been found.

Finally, the post-processing based on the surface and curvature analysis proposed by Palanti
et al. (2022) was applied to the external flow simulation, allowing the drop size distribution to be
reconstructed. Further investigations are needed both experimentally and numerically to achieve
this final comparison, but the result obtained for the drop size distribution is compatible with
reported experimental data.

The perspectives of this work are the combination of experimental and numerical studies
to achieve synergies among them. Most of the experimental studies are focused on the spray
disperse phase where the distribution and velocity of the droplets can be measured. However, the
difficult access to certain zones, such as the internal part of the injector or even the first steps of
the atomization process, can be resolved applying numerical simulations providing instantaneous
data on the areas where the experiments can not reach. The symbiosis of both methodologies
could lead into improvements on both methodologies.
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Abstract
Numerical simulation of injectors could help improving their designs. In particular, a two-phase
flow simulation of a swirl simplex atomizer allows computing the main characteristic parameters
such as the spray cone angle, the fuel sheet thickness and the air core diameter. This work
describes an attempt to go a step further to characterize atomization and spray characteristics
with the ultimate goal to predict the spray distribution in terms of size and velocity.
A commercial injector has been used in the CORIA Rouen Spray Burner (CRSB) set up to study
turbulent spray combustion. This experiment has produced a well-documented database for
the last two TCS workshops (see TCS 6 and 7 at http://www.tcs-workshop.org/). Even though
spray measurements are used to define the fuel injection in combustion numerical simulations,
the spray injection characteristics remain the main cause of uncertainties. The present work
aims at answering this question: Is it possible to complete our knowledge of spray injection by
numerical simulation of the full atomization process?
The first challenge is to measure the inner geometry. Standards techniques such as X-ray
tomography and microscopy have been applied. In order to accurately reproduce the internal
throat and swirl chamber, additional measurements have been performed by silicon molding,
leading to the definition of a nominal geometry that can be used for further CFD simulation.
The second challenge is to produce a mesh regular enough to be compatible with the interface
capturing method. Several mesh strategies have been tested starting from the swirl chamber
with very thin mesh layers to capture the liquid film at the injector wall and to describe the
external liquid sheet. Then, a third challenge concerns the numerical simulation itself, since
it must handle the multi-scale nature of such flows until the formation of the spray. A non-
reactive condition has been tested with the interFoam solver (OpenFOAM library) in a Large
Eddy Simulation (LES) framework.
Eventually, the last challenge is to build an analysis to connect the numerical simulation that is
limited to the close vicinity of the injector and the experimental measurements that are rejected
farther downstream on the dispersed spray. This last step is based on the analysis of the
surface curvature distribution that is described with more detail on another presentation at this
ICLASS conference.

Keywords
swirl-simplex-atomizer, two-phase flow, numerical simulation,atomization

Introduction
In pressure-swirl (simplex) atomizers, fuel is fed to an internal chamber through several tan-
gential ports. The chamber outlet constitutes the atomizer orifice. Hence, the swirling motion
in the chamber generates an air core so that the fuel is atomized to the exterior as a hollow
cone. The swirling motion allows the liquid sheet to spread out achieving wider cone angles
than those obtained with plain-orifice atomizers [1]. The applications of these atomizers are
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diverse, including agricultural spraying processes, paint spraying, spray drying of wet solids,
food processing and several combustion applications [2, 3].
Focusing on combustion applications, these include internal combustion engines, gas turbine
engines and others [4], where the spray characteristics are of key relevance to the engine
performance, fuel consumption and generation of emissions. While fossil fuels are being pro-
gressively replaced in land transportation, aircraft engines will still rely on their combustion for
some decades. Last-generation lean-burn engines such as the GE-TAPS start making use
of airblast atomizers together with simplex atomizers, the latter generating the pilot flame for
engine startup and low-power operations [5].
Due to its importance in the industry, research studies on the atomization features of this kind
of atomizer are varied. Experiments include high-speed imaging and the application of opti-
cal techniques such as Phase Doppler Anemometry (PDA) [6, 7], Laser Doppler Anemometry
(LDA) [8] or Mie-scattering [9]. These works reveal that the primary breakup takes place by
the growth of disturbances on the liquid sheet that are generated by the external surround-
ing air as soon as the fuel leaves the atomizer. Nevertheless, quantitative studies are limited
to the secondary atomization regime, as observation of ligament and droplet formation in the
near-nozzle region is precluded by limitations of the optical techniques and experimental ar-
rangements. These limitations can be overcome through computational techniques.
Many numerical studies are based on the transport equation of the liquid volume fraction
method to treat the two-phase flow in a Eulerian framework. These approaches are often
referred as Volume of Fluid (VOF) methods even if this appellation hides a wide range of treat-
ment of the liquid volume flux. Turbulence modelling approaches include laminar assumption
[10, 11], RANS [12] and LES [13, 14]. The computational domain generally includes the inter-
nal and the external flow, but none of these works seems to reproduce the instabilities in the
liquid sheet experimentally reported to produce breakup, thus predicting different atomization
mechanisms. Except for Laurila et al. [14], whose atomizer configuration differs from those of
combustion applications, only works making use of costly DNS through VOF [15, 16] or Level
Set [17] are able to capture the film instabilities triggering atomization.
The main objective of the present work is then to present a methodology that allows studying
the primary atomization in pressure-swirl (simplex) atomizers. Three main stages are here
reported to this end: on the measurement of the geometry, on the production of the mesh and
on the development of a numerical strategy to handle the multi-scale nature of the problem.
The particular atomizer under study belongs to the CORIA Rouen Spray Burner (CRSB) setup
that has been used to create a well-documented database of relevance for gas turbine ap-
plications and used for the two last TCS (Turbulent Combustion of Sprays) workshops [18].
Thus, some of the features of the generated spray have been experimentally investigated in
the secondary breakup region [19, 20]. The present investigation will then help filling the gap
between this region and the atomizer outlet, thus allowing to generate realistic boundary condi-
tions for standard Eulerian-Lagrangian simulations of the full burner geometry in a wide range
of operating conditions.

Experimental characterization of the geometry
The simplex atomizer used in the CRSB burner is a Danfoss commercial nozzle. Its three main
pieces shape the three fuel inlet tangential ports, the swirl chamber and the orifice duct, as
shown in Figure 1(b). The geometrical details of the interior of the atomizer have been exper-
imentally obtained via silicone molding of the outer piece, labelled as (1) in Figure 1(b). This
technique was first applied to determine the internal geometry of Diesel nozzles by Macian et
al. [21]. Metrology on the obtained molds and atomizer pieces is performed through a combina-
tion of three visualization techniques (see Figure 1), namely optical microscope visualization,
Scanning Electron Microscope (SEM) visualization and Computed Tomography (CT) scan.
Please note that a gold coating (in the order of nm) must be applied to the molds before visual-
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Figure 1. Sample pictures of the CRSB atomizer: (a) optical microscope visualization of the silicone molds, (b) CT
scan of the atomizer assembly, (c) SEM visualization of the silicone molds.

izing them in the SEM so that they become conductor. The accuracy of the methodology has
been reported to be around 2% in the determination of diesel injector nozzle outlet diameters
[22].
As a result from the experimental metrology, the internal geometry of the atomizer is recon-
structed as sketched in Figure 2. The main dimensions obtained are summarized in Table 1.

Figure 2. Sketch of the CRSB atomizer reconstructed internal geometry.

Numerical methodology
The numerical simulation is based on the well known OpenFoam library that already contains
many features needed for liquid-gas flows simulation on complex geometries, with a built-in
parallel computing ability to handle intensive simulation. Two important flow characteristics
have to be considered: turbulence and the liquid-gas interface. Regarding turbulence, a LES
approach has been used with the Smagorinsky model [23] and the WALE model [24]. The
interface is implicitly captured through the liquid volume fraction (α) equation. Thus, the inter-
face is localized at the transition between the gas (α = 0) and the liquid (α = 1). To keep an
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Table 1. Summary of the CRSB atomizer internal dimensions.

D0 Dthroat Dswirl hswirl R0 Rt

Value [µm] 340 165 780 620 310 190

Ψthroat Ψswirl Ψport

Value [◦] 6 60 30

accurate description of the interface the transition should remain sharp with a size of the order
of few ∆x. On regular VOF approaches the interface position is reconstructed [26][27] and the
liquid volume flux are based on the geometrical advection of this surface. This geometrical ap-
proach brings difficulties for the general polygons used in OpenFoam as numerical cells used
to handle complex geometries. Thus, liquid advection is based on standard numerical schemes
bringing numerical diffusion that potentially enlarges the transition zone. To counter this effect
a sharpening term is introduced [28][29].
The numerical simulation has to deal with a wide length scale range. Hence, the mesh reso-
lution needs to be fine enough at particular locations to accurately capture the smallest length
scales. Starting in the internal zone of the injector, the mesh resolution has been refined in
the normal direction to the wall in order to compute the boundary layer. The liquid film thick-
ness inside the nozzle also needs to be accurately meshed. On the other hand, downstream
of the nozzle, the liquid sheet is developed, becoming thinner and thinner, requiring additional
mesh resolution. Finally, once the liquid sheet breaks up, the droplets are atomized. The mesh
resolution has to be fine enough to capture the smallest droplets. As a conclusion, the compu-
tational meshing process is not straightforward and, thus, a workflow to handle the simulation
has been proposed. The workflow of the simulations is shown in Figure 3.
First, the inner flow has to be modelled. A full 3D simulation of the atomizer internal flow (swirl
chamber and the three fuel ports) and 2mm of the external region is carried out to this end.
Data on the velocity coordinates and the liquid volume fraction are sampled at an orifice cross-
section slightly upstream of the atomizer outlet. As the second step, these data are then fed
to a more refined sector simulation (25◦) of the external domain where the spray is captured.
These simulations have been run in a preliminary manner with the ultimate goal to perform a
single full domain simulation which could handle the multi-scale nature of the simplex atomizer.
The operating condition tested has been chosen from the guidelines of TCS7 [18], from where
some experimental data and reference images taken in the CRSB are available. The main
parameters used to define the boundary conditions of the simulations are shown in Table 2.

Figure 3. Simulation workflow: internal flow simulation (left) and external flow simulation (right).
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Table 2. Summary of the operating condition tested.

Fuel ṁf [g/s] T p [MPa]

Value n-Heptane 0.28 298 0.1

Internal flow simulation
As depicted in Figure 3, the mesh for the internal flow simulation is hybrid: a structured mesh is
adopted at the fuel ports and for most of the atomizer interior. A transition region between the
fuel ports and the structured region of the swirl chamber is filled with polyhedra to overcome
the limitations posed by the asymmetry of the channels. Special refinement is adopted near
the walls, both to keep the y+ below 5 at the walls anywhere in the domain (no wall functions
are then used) and to represent the liquid film inside the atomizer with at least 10 cells in the
radial direction. A mesh sensitivity study (not shown for the sake of brevity) has been carried
out considering the purpose of this simulation is to feed the sector simulation. A compromise
between accuracy and cost provided a mesh with a total of 13 M cells.
The WALE (Wall-Adapting Local Eddy-viscosity) sub-grid scale model introduced by Nicoud
and Ducros [24] has been used as it theoretically replicates the proper near-wall scaling for the
subgrid scale eddy-viscosity at the wall. Please note that the situation is even more complex
since it concerns a two-phase flow boundary layer for which no model has been proposed up to
now. As boundary conditions, the fuel mass flow rate from Table 2 prescribes the velocity at the
three inlet ports. Atmospheric pressure is set at the outlet. A no-slip condition has been used at
the physical walls, whereas a zero gradient condition is used at the outer external boundaries.
Concerning the numerical setup, a PIMPLE algorithm is employed. 2nd order accurate schemes
are chosen both in space and time. Variable time-stepping is used, the maximum CFL number
being limited to 0.4. This results in time steps in the order of 2.5× 10−9 s. The simulation is run
for a physical time of 0.4ms, with a cost of 32,000 CPU·h. Data for the external flow simulation
were sampled every 5× 10−8 s for 0.1ms.
The main flow features obtained at the atomizer mid-plane are shown in Figure 4. From the
liquid volume fraction representation, a spray angle of 82◦ is recovered in good agreement with
the manufacturer’s nominal opening angle (80◦). A liquid film thickness of 15µm is obtained
at the outlet, in agreement with Lefebvre’s correlation [1]. However, the diffuse behavior of the
interface at the external part highlights the need for additional refinement. Despite the air core
fluctuating motion at the bottom of the chamber, the instantaneous and averaged fields down-
stream of the throat resemble each other. The important radial velocities lead to a computed
swirl number Sw ≈ 1.5 at the chamber inlet plane, Sw ≈ 2.5 in the chamber and Sw ≈ 0.5 at the
orifice outlet. The axial velocity contour shows a shear layer around the liquid-gas interface,
with an important acceleration of the liquid film from the throat to the outlet and an accused air
entrainment at the orifice axis.

External flow: sector simulation
The instability of the liquid sheet is what triggers the primary break-up, thus, it must be captured
in the numerical simulation. This physical phenomena happens due to the combination of the
streamwise shear and the centrifugal instability due to the azimuthal motion within the liquid
sheet[25]. Capturing the liquid sheet instabilities requires a well refined computational mesh
and an extended domain in axial and radial directions as reported in [14] [16].
In order to define the domain length and the mesh resolution, several 2D asymmetric simu-
lations have been carried out. The aim of this work is to be able to catch these instabilities
and the atomization process in a sector 3D simulation and later on in a single simulation of the
complete injector.
Three different mesh resolutions have been used to study the mesh sensitivity. The most
refined cell sizes located around the liquid sheet are 2µm, 1µm and 0.5µm. The domain begins
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Figure 4. Mid-plane contours of liquid volume fraction (left), radial velocity (center) and axial velocity (right). In
each case the left-hand side represents instantaneous data and the right-hand side shows averaged data.

at the throat of the atomizer (where the sampling surface has been recorded) and is extended
up to 15 times the nozzle diameter in both axial and radial directions.
As it has been reported for the internal flow simulation, the WALE sub-grid scale model has
been retained. As boundary conditions, Dirichlet time-varying boundary conditions have been
used both for the velocity and the liquid volume fraction. This boundary condition has been
mapped from the sampling of the internal simulation. Atmospheric pressure is set at the outlet
and no-slip boundary condition has been set at the wall.
The liquid sheet destabilisation is captured only for mesh resolution with less than 1µm. On
the other hand, with a cell size of 2µm the liquid sheet remains straight up to a point where the
break-up occurs by lack of resolution (Figure 5).

Figure 5. Liquid sheet instabilities on different 2D asymmetric resolution meshes: 2 µm (left), 1 µm (center), 0.5 µm
(right)

Further work is going on following the same methodology but with a sector domain using a
periodic boundary condition. As Figure 6 shows (the sector simulation has been replicated and
rotated to fulfill 360 ◦), the liquid sheet seems more stable than in the 2D test cases despite
the fine mesh resolution that has been preserved. However, the liquid-gas interface defined
as the iso-contour of the liquid volume fraction (α = 0.5) looks qualitatively in agreement with
the experimental pictures. The angle of the spray is correctly reproduced and the size of the
liquid droplet seems of the same order of magnitude. However, the liquid sheet instability on
the experimental side seems to produce a more wavy behaviour than in the simulation. We
are presently using the sector simulation extensively in order to understand what could trigger
this wavy behaviour on the liquid sheet. It is also possible that the interpolation induced by the
connection between the internal and external sector simulations damped the transmission of
the internal fluctuations. This preparatory simulation has set the characteristics of the full single
simulation (around 200 M elements and 500,000 CPU·h) that will be tested an presented at the
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ICLASS meeting.

Figure 6. Comparison among experiments and sector simulation

Conclusions
In this paper, we have presented a methodology to model a commercial simplex-injector. The
measurements of the internal geometry of the injector have been obtained by metrology tech-
niques such as optical microscope visualization, SEM visualization and CT scan. From this
internal geometry, several computational meshes have been designed to fulfill the mesh refine-
ment requirement necessary to handle the small scale features of this atomization process. A
hybrid mesh has been used to handle the non-asymmetric internal geometry prescribed by the
fuel inlet ports. In order to optimize the computational cost, a methodology has been proposed
to be able to capture the liquid sheet and the droplets with an interface capturing method based
on the OpenFoam library. The process has been divided in an internal simulation where the
air core is developed reaching the bottom wall of the injector. The angle of the spray is well
captured and in a good agreement with the experimental measurements. The second part of
this methodology is to simulate the primary break-up itself, which takes place outside of the
injector. Several 2D asymmetric simulations have been carried out to determine the minimal
mesh resolution required to catch the liquid sheet instabilities. A first work based on the 3D
sector simulation has been performed leading to a good agreement with experimental pictures,
but missing the wavy behaviour of the instabilities occurring on the liquid sheet. Additional
works are ongoing to simulate the full injector flow in one single simulation and to capture the
full interaction between the internal flow and the external atomization process.
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Nomenclature
D Diameter [µm ] R Rounding radius [µm ]
h Internal chamber height [µm ] Sw Swirl number [-]
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ṁf Fuel mass flow rate [g s−1 ] T Temperature [ K ]
p Pressure [ MPa ]
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Abstract
This work explore the possibility to determine the spray characteristics at early stage of the
atomization process. This approach has been firstly proposed in [7] propose to characterize
the liquid-gas surface in term of surface curvature distribution allowing the determination of
which part of the surface is already representative of the final spray. This innovative approach
is based on numerical simulation but could be extended in principle on experimental imagery
techniques for instance. In this work, the methodology is extended to include surface velocity
measurements to provide the joint distribution of the spray in term of diameter and velocity. The
configuration is representative of an aeronautic injector used in the European project CHAiR-
LIFT and focus on the prefilming airblast atomization. Such an atomization process involves
a wide range of length scales. The diameter of the aeronautic atomizer could be three orders
of magnitude higher than the diameter of the smallest droplet. Therefore, performing a CFD
simulation is neither a straightforward nor a cheap process computationally speaking. Thus,
a workflow, which divides the atomizer in less complex processes, is presented in this work
to make the simulation affordable in an industrial perspective. The objective is to compute
the properties that determine the spray behavior for the following combustion process. The
OpenFOAM library is used to perform the simulation. In addition to the numerical strategy to
capture first steps of the atomization process the focus of our presentation will be on the post
processing of the simulation to extract the main features of the spray. The results presented
concern the drop size distribution of the spray and the joint velocity distributions of the droplets.
The post processing methodology is based on an analysis of the surface density joint distribu-
tion for curvatures and velocity. We believe this methodology can be used to enrich the spray
injection models for further reactive spray flame simulations.

Keywords
Airblast Atomization, Spray, Volume of Fluid, Drop Size Distribution, Curvature.

Introduction
Prefilming airblast nozzles are suited for atomizing liquid fuels in continuous-flow combustion
systems, such as gas turbines, where high velocity air flows are available. In this kind of at-
omizers, the fuel is first spread out in a thin liquid sheet and then subject to the atomization
provoked by the shear stress at the liquid gas surface due to the high-velocity air flows [1].
Prefilming airblast atomizers are widely used in the aeronautic field since they allow an excel-
lent atomization of the liquid fuel.Unlike other kind of atomizers, prefilming airblast atomizers
creates smaller droplets which evaporates faster than large droplets. Thus, they preserve well
balanced fuel vapor - air mixing before reaching the flame front, allowing for a better controlled
combustion[2].
The goal of this work is to perform a numerical simulation of the prefilming airblast atomizer
able to characterize the spray. Then, these characteristics are used as spray injection data
for large scale turbulent combustion simulation. This approach is an attempt to complete the

177

Diego Ferrando Martínez Aeronautical injection modelling March 15, 2022



ICLASS 2021, 15th Triennial International Conference on Liquid Atomization and Spray Systems, Edinburgh, UK, 29 Aug. - 2 Sept. 2021

experimental measurement of the spray that is usually done to get this kind of information :
Spray size distribution and spray angles. Numerically, the ultimate goal is to compute the Drop
Size Distribution (DSD) and the droplet velocity joint distribution. The challenge is to connect
the experimental spray data generally obtained far away downstream of the injector with the
numerical characterisation of the spray that is limited to the close vicinity of the injector due to
the cost of such simulation. The main concept is to analyse the spray formation at an early
stage of the atomization by characterizing the spray surface and to determine which part of this
surface carry relevant spray information [7].
The present work is part of the CHAIRLIFT European project 831881 - CHAiRLIFT - H2020-
CS2-CFP08-2018-01 which study compact helical arranged combustors with lifted flames which
is suited for small aeronautical gas turbines. The Figure 1 shown the CHAiRLIFT atomizer
which is the same studied in [3].
The whole injection system is fed by a simplex atomizer which creates a spray with a hollow
cone shape. Most of the droplets reach the wall of the prefilmer where a thin fuel film is devel-
oped. In this atomizer, the inner air flow has a swirl component meanwhile the outer air flow
has no swirl. The fuel film is carried by the air flow and is atomized to produce small droplets.

Figure 1. Schematic view of the CHAiRLIFT combustor [3]

Carrying out a single simulation to model the full airblast atomizer is still very time consuming
and expensive computationally speaking. Due to the wide range of scale involved it cannot be
achieved yet despite the CPU resources to our disposal . Indeed, the smallest droplet diameter
could be three or four orders of magnitude smaller than the airblast nozzle diameter. Since the
size of the computational cell have to be smaller than the smallest droplet to capture accurately
the surface interface between the liquid and the air [11], performing a full domain simulation
requires a large computational mesh [10]. Therefore, a modelling workflow has been defined
to handle every part of the prefilming airblast atomizer separately. Then the last simulation
concerning the liquid film atomization is analysed in details to provide spray characteristics.
Nowadays, numerical post-processing techniques to determine the droplet characteristics are
based on interface capturing techniques then the droplets are identified and characterized one
by one [4][5][6]. These approaches are able to compute the droplet and velocity distribution
accurately, but they demand an important computational resources; they require to simulate
the spray formation until the end of the atomization process. On the other hand, the post-
processing technique proposed in [7] use only surface based information to compute the drop
size distribution at early stage of the atomization process. In the present work, this approach
is developed a step further to compute simultaneously the joint distribution of diameter and
velocity of the spray.
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Prefilming airblast modelling workflow
The workflow proposed is shown in the Figure 2. The point 1 is the modelling of the pressure
swirl atomizer. The spray angle is obtained from this simulation. The liquid film thickness is
unknown, therefore it has to be estimated (point 2). Hence, a 2D simulation is carried out for
this purpose and the length of this computational domain is calculated with the spray angle
computed in the previous step.

Figure 2. Prefilmer airblast atomizer modelling workflow

Following the work done by [7][9] in the planar prefilmer test case [12] a reduce angular sector
numerical domain is simulated. To characterise the inlet velocity boundary condition for the
gaseous phase, a single phase simulation is carried out to sample the velocity field (point 3)
at different time steps to, afterwards, map it as transient Dirichlet boundary condition for the
prefilmer simulation. Then the prefilmer has been simulated on a restricted angular sector of
8 degrees. At run time, the necessary variables for post processing analysis are stored on
transverse measurement planes (point 5).

Numerical methodology
The OpenFOAM library is used to perform the simulation, specifically, the well konwn interFoam
solver. It offers an interface capturing method mostly based on the simulation of the liquid vol-
ume fraction by preserving a sharp transition between liquid and gas phase with a special
sharpening numerical method used to limit the numerical diffusion. Time varying velocity is set
up for the gaseous inlet velocity from an external simulation to reproduce accurate turbulent
boundary condition. Meanwhile, a constant value velocity is set up for the fuel preserving the
actual mass flow rate. A no-slip boundary condition has been used for the prefilmer walls and
atmospheric pressure has been set up for the external boundaries. Finally, the two patches lim-
iting the domains are related through periodic boundary conditions. The computational mesh
is shown in the Figure 3. It has 8M cells and the zone where data are sampled for the post pro-
cessing is particularly refined. The Smagorinsky turbulence LES sub-model has been used in
this study. Concerning the numerical setup, a PIMPLE algorithm is employed and coupled with
the liquid volume fraction equation. Second-order schemes are used both in space and time.
Variable time-stepping is used, the maximum CFL number is limited to 0.4. The computation
has ran for 10 days using 240 CPU having a total of 60K of computational hours.

Sampling and Post-processing methodology
This technique is based on the measurement of the interface between the liquid and the gas to
extract its characteristics in term of velocity and curvature. These information are then analyse
to characterize the droplets. In other words, every variable sampled is weighted by the amount
of surface (area). The sampled variables are the surface interface density flux (φΣ = u ·n|∇α|),
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Figure 3. Simulation set-up and computational mesh

the curvature (κ = ∇ · (∇α/(|∇α|))), the velocity vector (u) and liquid volume fraction flux
(φα = u ·nα). These variables are stored at determined coordinates and at every time step. To
sample the data a measurement zone is set characterized by it surface with its normal directed
to stream-wise direction. All fluxes going through the surface have to be recorded but keeping
the local information. Thus, this surface is filled by a set of probes, having one probe on every
face of the numerical cell composing the surface.

Sauter Mean Diameter results
The Sauter mean diameter (SMD) represents the ratio of the volume to the surface of a spray
but this notion can be extended even for a general liquid-gas flows composed of liquid structured
of any shape: (Equation 1).

D32 =

∑
iD

3
p,i∑

iD
2
p,i

= 6
Vl
Al

[1] (1)

Thus, the SMD can be computed for a liquid-gas flow crossing a surface and averaged in time
following the Equation 2 that is computed using the stored variables over the measurement
surface.

D32(S) = 6

∫
T

∫∫
S(αu · nds)dt∫

T

∫∫
S(Σu · nds)dt [7] (2)

The Figure 4 shows the evolution of the SMD along the axial axis starting from the edge of
the prefilmer. The value calculated at the lip of the atomizer is not a representation of any
characteristic diameter but a characteristic length. The SMD first increases up to a maximum
value where some liquid is accumulated increasing the thickness of the liquid sheet just before
being atomized. Then, the SMD strongly decreases due to an active primary break-up that
generates smaller liquid elements. Finally, this value remains constant, which is an indication
that most of the primary break-up has been taken place even if there are some ligaments or
other liquid parcel with complex surface morphology that are not yet fully atomized.

Surface Curvature Distribution (SCD)
From a known cloud of droplets (drop size distribution) is it possible to obtain the surface curva-
ture distribution[8] since the two distribution are linked by the relationship between the diameter
and the curvature. In the reverse way, it is possible to compute the drop size distribution from
the surface curvature distribution. From the sampled data, the total amount of surface interface
is stored in different types of curvature obtaining the surface curvature distribution.
Not all the curvature samplings are representatives of the final droplet, thus, the distribution has
to be cleaned up to distinguish which surface elements has to be preserved. In the Figure 5
it can be observed that there are different kinds of structures. Starting from the left side of
distribution, it can be seen that there is surface area which is related to a negative curvature.
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Figure 4. Sauter Mean Diameter computed along the axial axis

This liquid structures correspond to concave elements such a bubbles, ligaments or surface
waves (capillary waves for instance). As a preliminary post-process, all the surface related to a
negative value is removed since that structures are definitely not droplets. The not considered
surfaces (negative curvatures) are shown in black and it correspond to 11.3 % of the total
surface sampled.

Drop Size Distribution (DSD)
Once the surface curvature distribution is cleaned up, the drop size distribution is computed
by the relation between the curvature and the diameter (dκ = 4/κ) and the relation between
the surface interface and the number of droplets (n(dκ) = Aκ/πdκ). These relations are based
on the most simple assumption that the retained surface correspond to shell piece of the final
droplets. Many other possibilities could be considered but for the time being we have kept this
simple approach corresponding also to the approach developed in [7].
The Figure 6 shows the drop size distribution computed from the surface curvature distribution.
We can observe that there are a small number of large droplets. They are non-physical droplets
since they correspond to a bigger liquid structures such as ligaments or almost flat structures.
To discard this very large diameters, the distribution is clipped to match the SMD estimated
through the global relation Equation 2. This procedure proposed in [7] enforced the linked
between local surface curvature measurement and the global characteristic of the spray that
are also computed within the numerical simulation keep a self-consistent approach.
The result of this methodology can be observed on Figure 5. The last figure shows the SCD
where the negative curvatures and the party corresponding to non-physical large droplets have
been discarded. On the right hand side, the iso-surface of the liquid volume fraction is drawn
colored by the curvature where the surface have been retained. All the discarded structures
corresponding to the surface element still under atomization process before, i.e. that have not
yet reach there final state where they can be considered has representative of the final spray,
are represented in black. As expected close to the injector lip most of the surface is blacked
since the atomization has not started yet, but farther downstream more and more colour surface
element appear as the primary break up and the full atomization process takes places. At the
transverse plane location, where the global SMD is stable and the curvature distribution used
to estimate the SMD is measured, the surface kept to compute the DSD is 54% of the total
surface.

Velocity joint distributions
In a similar way, the velocity joint distributions can be computed. The number of droplets is
associate with their velocity vector. In the Figure 7 the three velocity component distributions
are shown. The dotted line is the inlet fuel velocity meanwhile the straight line is the inlet air
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Figure 5. Surface Curvature Distribution (Left) and α contours (right) displaying the removed surface each step of
the post-processing. From top to bottom: None surface removed, negative curvature surfaces removed and small

curvature surfaces removed. Red dotted line represents the post-processing measurement plane.

velocity averaged on time and space. As expected, the estimated droplets are accelerated from
their initial velocity but not overcoming the air velocity. This fact does not happen in the radial
component distribution but still the result is physical since once the fuel have left the prefilmer
wall, the tangential component of the liquid structures is converted into the radial component.
It is also possible to compute the drop velocity distribution for each kind of droplet diameter. It
can be noticed in Figure 8 that the smaller droplets (D = [10 − 11]µm) are more accelerated
by the air flow than the medium droplets (D = [40 − 41]µm) and the bigger droplets (D =
[70− 71]µm). This effect is expected due to the lower inertia of the smaller droplets compared
to the bigger ones and also to the momentum conservation.

Conclusions
A workflow to carry out the modelling of an industrial prefilming airblast atomizer has been
proposed. The computational resources has been greatly reduced in contrast to perform one
single simulation that encompasses all the physical phenomena taking place and dividing them
in different length scales.
The innovative post-processing technique proposed by [7] has been further developed using a
CFD simulation based on OpenFoam that include an interface capturing method. It has been
reported that it is possible to extract from the prefilmer sector simulation the surface curvature
distribution. Then, a self-consistent analysis allows to estimate the final drop size distribution at
early stage of the atoimization process. The new contribution to this post-processing method-
ology concerns the calculation of the joint distribution for the three velocity components and
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Figure 6. Drop Size Distribution: before clean up (left) and cleaned up(right)

Figure 7. Velocity joint Distribution. Left to right: axial, radial and tangential component

Figure 8. Velocity joint Distribution by droplet diameter. Left to right, axial, radial and tangential component. Top to
bottom: small, medium and big droplets
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the droplet diameter. Hence, the spray injection characteristics can be determined giving the
opportunity to use these data to set-up the injection model for further reacting flow simulation
which is the purpose of this work inside the CHAIRLIFT project.
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Nomenclature
α Liquid Volume Fraction [-]
Σ Surface Interface Density [m−1]
φ Flux [m3s−1]
κ Curvature [m−1]
D32 Sauter Mean Diameter [m]
u Velocity vector [ms−1]
dk Diameter related to a curvature [m]
n(dk) Number of droplets related to a curvature [-]
Ak Surface area related to a curvature [m2]
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