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Abstract

Large Eddy Simulations are conducted for the Coria Rouen n-heptane spray jet
burner, featuring an unconfined geometry with a non-swirling air co-flow. The
resulting lifted flame exhibits a complex structure governed by strongly cou-
pled interactions of turbulence, droplet evaporation, and chemical reactions. The
multiphase flow is modeled using an Eulerian—Lagrangian approach to provide
detailed insight into turbulent spray flame structures. Simulations are performed



with the finite volume open-source code OpenFOAM. The combustion chemistry
is represented using a Flamelet Generated Manifold (FGM) approach, whereas
turbulence-chemistry interaction is modeled with Artificially Thickened Flame
(ATF) and a power law efficiency function. Two correction strategies, referred to
as standard and projection methods, are implemented to address the interaction
between the artificially thickened flame and liquid droplets. Departing from a
successful validation process of the employed models, the obtained results comple-
ment previous investigations conducted for turbulent spray flames stabilized by
pilot flames. The importance of the correction strategies for the accurate predic-
tion of lifted spray flames is clearly identified. Both approaches deliver in general
similar results, but the projection approach is presented as the most suitable due
to the evaporation rates observed on the droplets, with closer agreement with
the reference experiment, and furthermore the better theoretical consistency.

Keywords: Computational Fluid Dynamic, Large Eddy Simulation, Artificially
Thickened Flame, Flamelet Generated Manifold, Spray flame

1 Introduction

The usage of liquid fuels in modern engines and combustors usually encompasses the
formation of turbulent spray flames. Modeling such a combustion process by means
of Computational Fluid Dynamics (CFD) tools with the LES approach allows to
characterize the diverse underlying and strongly coupled phenomena. In specific to
turbulent spray flames, typically used models may conflict to each other in terms of
the basic hypothesis embedded into them when spatial resolution is increased. This
occurs when the grid resolution approaches that of the reaction zone width and the
minimum control volume size no longer attend the Particle Source in Cell (PSIC)
approach [1] applied in the description of disperse flows. When this is not carefully
watched, simulation outcomes may be distorted.

The particle source in cell approach is a common assumption in the modeling of
turbulent spray flames [2—41] as it circumvents the need for describing the boundary
of immersed liquid droplets moving into the gaseous flow [42]. This approach is used
in a broad spectrum of disperse flows simulations, which includes the simulation of
flames propagating in droplet mists [43-46], turbulent spray flames [2-39], engines
[40, 41] etc. Commonly, most studies found in the literature dealing with turbulent
spray combustion do not explicitly mention whether any treatment is applied to satisfy
the basic assumptions of the PSIC approach. Nevertheless, Portela and Oliemans [47]
have shown, for highly-resolved LES with two-way coupling, deviations from these
assumptions may not always affect the particle-laden flow.

In the literature, turbulent spray combustion is commonly modeled using presumed
PDF approaches [6, 7, 19, 27|, transported PDF methods [11, 15-17, 26, 27], Condi-
tional Moment Closure (CMC) [18, 34, 35|, Filtered Tabulated Chemistry for Large
Eddy Simulation (FTACLES) [8, 9, 25, 48, 49], and the Artificially Thickened Flame
(ATF) method [3, 10, 20, 28-30, 50-53]. Among the main models used to describe



turbulent spray combustion, the ATF method offers an important advantage in ensur-
ing compliance with the PSIC requirements and it avoids excessive mesh refinement
below the PSIC resolution limit for the reaction zone, thereby ensuring PSIC validity.
However, ATF introduces distortions in the interaction between artificially thickened
reaction zones and the fuel droplets.

The ATF was primarily designed for premixed gaseous flames, in which by
artificially thickening a flame front, the flame propagation can be resolved in the
computational grid [54]. Over time, the ATF was extended to spray flames [3, 28],
which involve liquid fuel droplets that evaporate and create a flammable mixture.
In this context, the artificial thickening of the flame introduces additional chal-
lenges. The modified temperature and species gradients throughout the reaction zone
affect the evaporation rates of the droplets, which subsequently affect the mixture
composition. These effects can influence the droplet lifetime, flame structure, and com-
bustion dynamics, introducing uncertainties. Therefore, while the ATF can be applied
to sprays, its implementation requires a correction considering the droplet—flame
interactions to account for the changes by the artificial thickening.

Strategies to account for the effects of artificial thickening on the droplets were
investigated in the literature [2, 10, 28]. In Sacomano Filho et al. [28], an investigation
was conducted within the Eulerian-Lagrangian framework for a piloted lean partially
prevaporized flame. Herein, mass and heat transfer rates were corrected by the Eule-
rian thickening factor computed at droplet location. No directional consideration was
done in this approach. Similarly, Boileau [2] considered a similar process, but within
the Eulerian-Eulerian framework. In order to preserve the flame speed in the resulting
approach, Boileau [2] did also include a correction in the Eulerian drag. Directional
effects are first introduced by Dressler et al. [10], where they studied numerically a
turbulent spray jet flame and implemented other two correction methods.

In previous studies [10, 28], the ATF was investigated in the context of jet flames
stabilized by pilot flames. To broaden and generalize the applicability of the ATF
- particularly due to its inherently desirable PSIC feature - this work focuses on
lifted flames. In contrast to flames stabilized by pilot flames, lifted flames exhibit
distinct stabilization mechanisms and encompass multiple combustion regimes within
a single configuration, making them more representative of industrial applications.
Furthermore, this configuration enables the extension of the previous investigations on
piloted flames by Dressler et al. [10], thereby addressing an open need in the literature.

The correction models applied to represent the droplet-flame interaction within
the ATF context and the PSIC approach (i.e. those proposed in [10, 28]) are evaluated
to identify the most physically relevant and representative approach for simulating a
generalized flame configuration. The models are applied to a real setup, namely the
CORIA Spray Burner, where simulation results are compared with experimental data
to assess different strategies for correcting evaporation models. In this study, the objec-
tive is not to achieve exact agreement between simulation and experimental results.
Instead, the focus is on evaluating the behavior of the correction models within the
context of lifted flames. To this end, the chosen configuration allows for a consistent
and physically meaningful analysis of the simulation outcomes. This approach empha-
sizes the understanding of underlying mechanisms and trends specific to lifted flame



stabilization, rather than strict quantitative matching with experimental data. The
study evaluates the impact of the corrections on droplet evaporation and their subse-
quent effects on flame structure, with particular emphasis on assessing their necessity
and significance.

Following this introduction, the employed models used to perform our simula-
tions are briefly described. In the sequel, the experimental and the numerical setup
are detailed. More place is reserved to the presentation of the obtained results in
section 4, in which the results achieved for the turbulent spray flame are systemat-
ically exposed and discussed. At the end, final remarks are summarized and a brief
outline is presented.

2 Model

An Eulerian—Lagrangian approach was adopted to represent the two-phase flow. The
gas phase is treated as a continuous medium using an Eulerian formulation, while the
liquid phase consists of dispersed droplets tracked within a Lagrangian framework.
Although both phases are treated separately, a full two-way coupling between the
phases is considered.

The numerical analyses are carried out using the open-source finite-volume solver
OpenFOAM [55], which has been adapted to include the low-Mach-number formula-
tion proposed by Ries et al. [56]. Additional functionalities have been incorporated
subsequently by Dressler et al. [10].

2.1 Gas phase

The turbulent motions of the carrier phase are modeled within the LES frame-
work, considering the transport equations for mass, momentum, mixture fraction, and
progress variable. The unresolved turbulent fluxes, represented by the Subgrid Scale
(SGS) stress tensor, are modeled using the sigma eddy-viscosity model proposed by
Toda et al. [57], which has been shown to adapt dynamically to variations in the local
strain rate.

In the applied FGM database [58, 59], the chemical state is reconstructed using two
control variables: the mixture fraction Z and the reaction progress variable Ypy . To
generate such database, adiabatic and steady freely propagating premixed flamelets are
calculated using the solver CHEM1D [60]. It was used the Toluene Primary Reference
Fuels (TPRF) kinetic mechanism for the n-heptane of the Polytechnic University of
Milan [61-63], with the flammable equivalence ratio varying from 0.48 to 1.97. The
transport equations for both variables are expressed within the ATF approach in Egs.
1 and 2 and the sub grid terms are modeled considering the Reynolds analogy.
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The filtered quantities are transported according to the Favre decomposition ¢ =
¢ + ¢", where ¢ = pg/p. In this notation, over-bars and tildes represent respectively
spatially and density-weighted filtered quantities, while double primes correspond to
subgrid scale fluctuations. Here it is used the index notation, where the variable u;
represents the velocity at the direction ¢, S is the source term, p is the dynamic
viscosity, Sc is the Schmidt number and wpy is the source term for the progress
variable. In the ATF context, F' is the thickening factor, F is the efficiency function
and (Q is the flame sensor, used to constrain the thickened region.

The PSIC method is a two-way coupling approach commonly employed in
Eulerian—Lagrangian multiphase simulations to represent the interaction between a
dispersed and the continuous fluid phase. The influence of the dispersed phase on
the carrier flow is accounted for through a source term, Sz, added to the mixture
fraction equation. The mixture fraction, as formulated by Bilger [64], and the reac-
tion progress variable, defined as Eq. 3, are used to retrieve the thermochemical state
during runtime.
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The efficiency function proposed by Charlette et al. [65, 66] (Eq. 4) is applied to
account for subgrid-scale wrinkling and restore the actual turbulence-flame interac-
tion. To keep the present investigations aligned with those conducted by Dressler et al.

[10], the parameter /3 used in the efficiency function is here set to 0.5.
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The thickening procedure is applied within the reaction zone, identified using the
flame sensor €. In this study, the Aschmoneit’s formulation [67] is employed, which
combines the progress variable (likewise Durand and Polifke [52]) and its source term
to detect reaction zones.

Ypv =

2.2 Liquid phase

The dynamics of the considered non-rotating droplets are determined solely by drag,
gravity, and buoyancy forces. Heat and mass transfer on droplets are modeled accord-
ing to the Abramzon-Sirignano model [68], following the formulation proposed by
Miller et al. [69]. An additional correction term, Flp, is included to model the influ-
ence of flame thickening on the dispersed droplets. The mass and heat transfer rates
are described, respectively, by Egs. 5 and 6.

In this context, T, is the temperature of the gas phase and T, the temperature
of the droplet. The variables Nu, Sh, Sc, and Pr are the dimensionless Nusselt,
Sherwood, Schmidt and Prandtl numbers, respectively. The variable fs, 61, 74, and
H); are the correction factor due to evaporation, the ratio of the gaseous and liquid
specific sensible heat, the droplet relaxation time and the specific driving potential
for mass transfer, respectively. Nusselt and Sherwood numbers are calculated by Ranz
and Marshall empirical correlations. Additional details are found in [69].
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To examine the interaction between the liquid phase and the flame, both the stan-
dard and the projection correction methods proposed respectively by Sacomano Filho
et al. [28] (see Eq. 7) and Dressler et al. [10] (see Eq. 8) are considered. The correction
methods adjust the droplet heat and mass transfer rates to recover the appropriate
heat and mass transfer rates while droplets are traveling into the artificially thickened
scalar fields. This correction strategy provides a consistent and reliable framework for
studying droplet—flame interactions within the PSIC approach.
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The models used in this study were carefully chosen in order to provide a physical

consistent tool to evaluate a lifted spray flame. It is expected that the local thickening

of the flame modifies the droplet dynamics. The evaporation rates should consequently

be affected, triggering a cascade of interactions: additional fuel is released into the

gas phase, the local mixture composition changes, and the combustion process itself

is subsequently altered. This interaction between phases are analyzed in the next
sections.

3 Experimental and Numerical Setups

In this section, the experimental setup is described and the main characteristics of
the burner, the experimental techniques used to extract data, and the main aspects
of the flame are presented. To assess the simulations, the mesh is described and the
main regions are pointed out in the sequel. Next, important aspects of the numerical
setup are introduced.

3.1 CORIA Spray Burner simulations

The non-swirling, lifted flame of the CORIA spray burner setup was chosen as a ref-
erence for the conducted simulations in turbulent flow. This setup offers an important
configuration to assess the impact of the different correction approaches applied to the
interaction of droplets and the thickened flame. As the flame is lifted and droplets are
able to cross reaction zones, the effects of the investigated corrections are expected
to be pronounced, at least on spray characteristics. Exactly by the same aspect, the
resulting flame exhibits premixed and diffusion flame modes simultaneously, which
restricts the capability of the ATF and FGM approaches on rigorous capturing flame
characteristics. As already mentioned on the introduction of this manuscript, the ATF
was developed to described premixed flames, and the employed efficiency function



as well. With this in mind, the employed FGM was also constructed with premixed
flamelets preserving the consistency of the method. Therefore, the employed method
cannot rigorously describe eventual reaction zones burning in the diffusion flame mode.
Therefore, we focus on the flame stabilization region, which is predominantly governed
by the premixed flame mode. This does not affect the objective of the present study
to evaluate the behavior of the droplet-flame interaction models within the context of
lifted flames and the PSIC approach.

3.2 Numerical setup

The numerical simulations follows the experimental configuration, where measure-
ments were carried out in an atmospheric open ambient, with no confinement, no
swirling flow at temperature and pressure of 298 K and 1 atm. The nozzle exit fea-
tures an annular geometry, characterized by inner and outer diameters of 9 and 20
mm, respectively. The burner operates with an air flow rate of 6 g/s, with an average
velocity at the nozzle of 20.21 m/s and hydraulic Reynolds number of 14300, while
n-heptane is injected at a rate of 0.28 g/s through a DANFOSS hollow cone fuel injec-
tor. The flame is lifted, indicating that the combustion zone is positioned above the
nozzle exit, where the fuel has partially pre-evaporated and mixed with air to reach a
sufficient flammable mixture allowing ignition and stabilization [22, 32, 36-38, 70].

The experimental database, obtained from reference experiments conducted at
INSA Rouen Normandie, includes Phase Doppler Anemometry (PDA) measure-
ments of the droplet velocity and diameter, OH Planar Laser-Induced Fluorescence
(OH-PLIF) imaging, droplet temperature measurements using the Global Rainbow
Refractometry Technique (GRT), as well as simultaneous high-speed OH-PLIF and
high-speed Particle Image Velocimetry (PIV) measurements [22, 32, 36-38, 70].

Earlier experimental investigations [38] have identified and characterized the var-
ious regions within the flame as illustrated in Fig. 1, which was obtained from the
instantaneous plot of the temperature of the gas phase achieved from the LES con-
ducted in the present work. The leading edge (LE), located near the injector, connects
the inner and outer reaction zones (IRZ and ORZ). The thicknesses of OH layers in
experiments reveal the presence of two simultaneous combustion modes. The ORZ
shows a stable, but thick OH layer, indicating the diffusion flame mode, whereas the
IRZ presents a thinner, highly wrinkled flame influenced by the air jet, indicating a
turbulent flame driven by premixing of reactants. As mentioned by Sitte and Mas-
torakos [33], the ORZ behaves as a quasi-steady diffusion flame, while the IRZ exhibits
partially premixed characteristics. The LE is mostly premixed, exhibiting a thin OH
layer.

The modeling of the atomization process is beyond the scope of the present study.
Herein, we follow the premise of employing strategies already assumed in other studies
to better communicate our results with those obtained by pairs. Hence, as done for
the exponent of the efficiency function in Eq. 4, the injection of spray droplets in the
computational domain follows the method adopted by Both [4], in which the positions
and initial velocities of droplets are prescribed in a specific region. Again, this choice
ensures consistency with previous works [4, 33] bringing them in a same framework.



Fig. 1 Instantaneous plot of the temperature obtained from the LES conducted in the present work
with the projected correction method. The leading edge (LE) is located at the most lower part of the
flame, between the inner reaction zone (IRZ) and the outer reaction zone (ORZ).

3.2.1 Mesh, initial and boundary conditions

The computational domain consists in a mesh with a height of 220 mm and a diameter
of 260 mm. The mesh was created with hexahedral cells in its majority, with a few
prism in transitional zones, with approximately 4.8 million cells in total. The annular
non-swirling air inlet (at the bottom part of the burner) has internal and external
diameters of 9 mm and 20 mm and it is followed by air ducts supplied with 18 radial
non-swirling vanes. Figure 2 shows a quarter of the geometry meshed. The bottom
part of the mesh includes the plenum and the vanes. The upper region, after the vanes,
lodges the main phenomena of the simulations, with a height of 85 mm, therefore
requiring an uniform discretization (cells with 0.2 mm on average in its central region).
The mesh was designed to obtain a regular discretization and to attenuate numerical
artifacts in the stabilization zone of the flame. This region comprehends the detailed
screening performed with experimental measurements, allowing comparisons between
simulation results and experimental data.

A detailed view of the vertical cross-section is shown in the right side of Fig. 2. The
central region (central circle, radius from 0 to 18 mm) corresponds to the IRZ and it is
fully refined in the radial direction. The greater circumference (outer annulus, radius
from 18 to 50 mm) represent the ORZ, where a uniform cell size is applied in the radial
direction as seen in the bisector plane. The mesh indicated as the "FTT volume” in
Fig. 2 was specifically designed as the data-extraction region and were generated to
minimize cell distortion along the two principal axes (x and y) of the model.

The origin of the computational domain is defined at the spray injection point,
positioned immediately above the vanes along the main axis of the burner (marked
spot on the left side of Fig. 2). From this point, the liquid phase is introduced into
the simulation as spray droplets.

In this configuration, the fuel is injected in liquid form, with the entire mass flow
initially concentrated at the nozzle orifice. For z > 5 mm, droplets are assumed spher-
ical and the spray dilute, allowing droplet—droplet interactions to be neglected. The
numerical spray has an average of 2.2 million per second parcels being injected, with
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Fig. 2 Mesh of a quarter of the geometry. On the left, a horizontal sectional view. The "FTT
volume”, outlined in red, shows the volume used to calculate the FTT, and below the vanes connecting
the plenum with the combustion region, both also outlined in red. On the right, a vertical cross
section extracted at height of 10 mm and radius up to 50 mm. The data extraction region, outlined
in red, is where all the data was extracted from simulations. It has cells with better quality and less
distortions. All indicated dimensions are in mm.

a mean angle of 40 degrees and velocity of 32.88 m/s. A Rosin Rammler distribution
is used to set the values for diameters, with minimum and maximum diameters of 3.5
and 70 pm and average diameter of 35.062 pm and an exponential parameter of 3.45.
The parcels are separated in large and small diameters (70 and 20 pm, respectively),
with angles of injection between 20 and 60 degrees for small particles and between 35
and 42 for large ones. Along the simulations, it was injected around 1.5 million parcels.



In regard of the gaseous phase, the air entry in the lower part of the plenum has
a flow of 6 g/s, with a zero gradient condition for pressure. The co-flow (at z = 0
mm and 7 > 70 mm) has a constant velocity input of 0.5 m/s, with also zero gradient
condition for pressure. The free domain boundaries are modeled with zero gradient
condition for velocity and zero total pressure. Wall conditions are used for the walls
of the plenum and the surface of the burner at z = 0 mm and r < 70 mm.

The simulations were started with the injection of n-heptane under non-reacting
conditions, allowing the fuel to evaporate and form a mixture suitable for ignition.
This initialization phase last 0.1 s, ensuring adequate conditions for flame ignition.
The simulations were run for 1.5 flow through time (FTT) to initialize the flow field,
followed by the time averaging for 4.5 FTT to reach a statistical convergence. The
FTT was computed using the "FTT volume” indicated in Fig. 2, defined by a height
of 85 mm and a diameter of 100 mm. Using the previously defined mass flow rate, one
FTT corresponds to approximately 0.1318 s.

4 Results

As previously mentioned, a great extension of this manuscript is dedicated to the
presentation of the obtained results. In the follow, the general characteristics of the
flame are described, in order to situate the reader about its main aspects. More detailed
results are presented from sections 4.2 to 4.3.

Altogether, three simulations were performed to assess the impact of different
correction approaches. The first simulation was conducted without any correction
and serves as the baseline for comparison (reference case). The second employed the
standard correction method [28], while the third used the projected correction method
[10]. Both correction strategies are evaluated relative to the reference case, and a direct
comparison between the standard and projected methods is also performed. The non-
corrected reference case will be denoted as REF, while the standard and projected
correction will de denoted as STD and PRJ, respectively.

It is important to mention that a non-reactive simulation was conducted to success-
fully validate the entire numerical setup (see supplementary material). Good adherence
between numerical and experimental data was observed, providing a consistent basis
for its application to reactive flows.

4.1 General characteristics of the flame

The instantaneous results for the REF case are presented in Fig. 3, in which the OH
regions delineate the flame. enveloped by the regions with high concentration of OH,
the elevated CO concentrations indicate incomplete oxidation. The fuel-rich regions,
expressed in terms of mixture fraction (Z > 0.062), contain significant amounts of
partially oxidized species, evidencing the progressive conversion of fuel before complete
combustion. Due to the axisymmetric structure of the flame, this partially oxidized
zone assumes a toroidal shape. The OH-rich regions are observed to coincide with the
reaction zones, which correspond to the regions of highest temperature, while CO is
associated with fuel-rich mixtures characterized by lower heat release and temperature.

10
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Fig. 3 Instantaneous plots for temperature, mixture fraction, OH and CO, respectively, with the no
ATF correction (reference case).

These two species are further addressed, as they are employed in subsequent post-
processing.

The inner region of the flame contains the highest fuel concentrations, reaching
levels that are overly rich. The fuel then gradually diffuses outward toward the flame
contour, where it mixes with the surrounding air and then reaches the outer reaction
zone. This mixing reduces the local fuel concentration, bringing it into the flammable
range and enabling combustion to occur.

The double flame process was already presented by Shum-Kivan et al. [32], where
the authors analyze the combustion regime with the Takeno flame index [71]. This
dual behavior is common in lifted spray flames, where local mixing conditions vary
spatially, creating regions that transition from premixed to diffusion flame modes.
In our simulations, the thicknesses of the OH layers were not significantly different
between IRZ and ORZ due to the artificial thickening. It is worth noting that the
species mass fractions are directly obtained from the FGM table, which may lead
to inaccuracies for the estimation of species variables close to the regions where the
diffusion flame mode prevails, i.e. the ORZ. This is an unavoidable consequence of
the choice made to construct our FGM table with premixed flamelets. This choice
can be justified by the characteristic of LE burning mode, where special attention is
given in the present work. This region determines the flame stabilization and defines
the flame height, an important flame characteristics. Consequently it influences the
region where droplet evaporation primarily occurs, modifies the mixture distribution,
and affects the overall flame structure. In this sense, the flame height was regarded as
an important parameter for this configuration.

The droplet—flame interactions play an important role in shaping the overall flame
structure and the spatial distribution of combustion regimes. This effect is particularly
pronounced when comparing the STD and PRJ correction approaches for the ATF.
The STD method, which neglects the orientation of parcels or droplets relative to the
thickened flame, results in higher correction factors and consequently reduces the heat
and mass transfer to droplets within the thickened flame region. In contrast, the PRJ

11



approach accounts for the orientation of droplet trajectory relative to the flame front,
enhancing evaporation and accelerating the formation of a flammable mixture at lower
axial positions. The STD correction consistently applies a correction factor equal to
F, while the uncorrected case naturally corresponds to a factor of 1 and the PRJ
correction produces values ranging between 1 and F', representing an intermediate
condition between the two approaches that depends on the angle between the flame
front and the droplet trajectory. These differences have a notable effect on local flame
dynamics and the evolution of the reaction zones, as illustrated in the time averaged
mixture fraction plots in Fig. 4.

The STD correction produces a region with higher fuel concentration on the inner
side of the flame compared to the REF approach. This behavior arises because, without
correction, evaporation occurs more intensely at the flame front, resulting in locally
higher flame propagation speeds and allowing higher penetration of the flame into
the jet inner core. In contrast, the corrected approaches reduce the evaporation rate
throughout the flame front, resulting in the opposite behavior. However when reducing
the evaporation in the jet inner core, more fuel is allowed to evaporate in the hot inner
region of the flame, changing the structure of the ORZ.

4.2 Velocity field

The results exhibited in this section show the temporal mean and root-mean-square
components at the axial and radial directions of the filtered velocity of the gas phase
(Figs. 5 and 6 respectively). The experimental data were obtained using Phase Doppler
Anemometry (PDA) as reported in [22, 32, 36-38, 70]. Overall, the numerical results
exhibit very good agreement with the corresponding measurements. All simulations
show good agreement with the experimental velocity data, remaining within one stan-
dard deviation band (represented by the gray area in the plots). In Fig. 5, the impact of
the prediction of the flame structure can be noticed. The correction models are able to
modify the velocity profile at positions downstream of 16 mm. The PRJ and STD cor-
rections result in a reduction of the carrier-phase velocity, allowing results to be always
within the one standard deviation band. Both corrections produce similar results for
the carrier phase, indicating that the two approaches yield comparable equivalent
behavior for the axial component of droplets velocity. Such results evidentiate the
need of applying the correction. It is observed that the corrected approaches yield
slightly improved results at higher axial positions, particularly at heights positions
downstream of 16 mm.

In Fig. 6, at z = 5 mm, it can be observed that the airflow draws the surrounding
fluid toward the centerline. This motion is driven by a low-pressure region generated
by the jet flow stream, which entrains the co-flow into the flame’s center line. This
inward motion persists up to approximately z = 16 mm. Since this region is not
directly influenced by the flame, all three simulations presented similar results. A
major discrepancy is observed at higher axial positions, where the flame is present
(z > 15 mm), and the experiments indicate a progressive radial spreading of the
flame. Although the simulated values remain within the experimental RMS range,
the numerical results tend to maintain an approximately constant radial velocity. In

12
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Fig. 4 Time averaged plots for temperature, mixture fraction and binary progress variable in the
PRJ, STD and REF cases, respectively. In the binary progress variable plot, the white dashed line
correspond to the experimental data contour, extracted from [70]. Dimensions are in mm.
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Fig. 5 Mean axial velocity of the carrier phase at different heights (5, 7, 10, 13, 16, 20, 25, 30 mm),
evaluated in REF, STD and PRJ cases. Grey zone represents 1 rms.
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Fig. 6 Mean radial velocity of the carrier phase at different heights (5, 7, 10, 13, 16, 20, 25, 30 mm),
evaluated in REF, STD and PRJ cases. Grey zone represents 1 rms.

contrast, the measurements reveal an increasing outward radial velocity, reflecting the
gradual lateral expansion of the flame.

The results exhibited in this section show a small impact of each correction model
over the Eulerian flow field. The effect of differences in evaporation rates are also
small in the final velocity profiles. The velocity profiles of the simulations are very
adherent with the experimental result, which is expected in the flow field. Moreover,
it is important to validate the next results, in particular the droplet size distribution
in the domain.
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4.3 Droplets size distribution

Figure 7 presents an instantaneous contour plot of the thickening factor on a slice plane
crossing the jet centerline, the instantaneous position of the tracked parcels at time are
indicated with white dots. Such a plot is obtained from the simulation conducted with
the projection method. The flame thickening alters the evaporation rates according to
Eq. 5, in which the term Fip defines a knockdown factor, computed by the STD or the
PRJ methods (Eqs. 7 and 8). The spray has a coned shape, which covers a significant
portion of flame. The numbered circles on the figure represents points where data was
extracted for the subsequent analysis presented in this section. Such data is condensed
in Figs. 8, 9, and 10. These figures present droplet size distributions achieved in all
simulations in terms of probability density functions (PDF). All of these figures also
include experimental data obtained with PDA in [22, 32, 36-38, 70].

Fig. 7 Plot of the thickening factor with the droplets, in white. Some points marked in the picture
correspond to a plot in Figs. 8, 9 and 10.

Three main regions are chosen for this analysis based on the three reaction zones
depicted in Fig. 1. The first embraces the IRZ, where the droplets trajectory and the
progress variable gradient form a more obtuse angle, causing differences in the droplet
evaporation behavior. This can be seen in points 1, 2, 3, and 4 of Fig. 8, where the REF
case is offset from the corrected models. It is noted that as long the height increases,
the angle between trajectory and gradient of progress variable rises, and the curves for
the three cases start to detach from each other. The misalignment between trajectory
and gradient of progress variable already points toward a more suitable approach.
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Comparing with the experimental values, the PRJ is more adherent than the other
methods in the IRZ.
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Fig. 8 Probability density function of the diameters of droplets in the reactive flow evaluated in
REF, STD and PRJ cases for the IRZ.

For the LE region, the gradient of the progress variable and the trajectories of the
droplets form sharper angles. The droplet size distributions of the points 6 and 7 are
selected to represent the LE region in Fig. 9. It is evident in Fig. 9 that a correction
is also required in this region. However, no clear distinction is noticed between both
correction methods in the LE, as expected. In the LE droplets straightly cross the
reaction zone, and small directional effects affects the droplet size distributions. Also
in Fig. 9 results extracted on the point 5 are presented. In this case, no distinction is
noticed among the three models. This occurs since droplets are facing smaller values
of the thickening factor.
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Fig. 9 Probability density function of the diameters of droplets in the reactive flow evaluated in
REF, STD and PRJ cases for the LE.

The ORZ region, in contrast to the LE and IRZ, carries the information of a droplet
that probably has already crossed the IRZ or LE or even both. Hence, droplet size
distributions are results of accumulate interactions with the different flame zones in
this region. Another point is the angle of the trajectory with the gradient of progress
variable is again misaligned with the ORZ. This influences the PRJ and STD correction
methods. However, as angles are not obtuse as for IRZ, the PRJ result tends to do
not differ from those of the STD.

When comparing the three methods at the point 10 in Fig. 10, the PRJ presents
again a better behavior with the experimental PDF. Although an offset is noticed, both
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have similar shapes. The REF method predicts a higher concentration of relatively
smaller droplets and a flatter shape when compared to the PRJ results. In contrast to
the mono modal shape achieved in all the remaining cases, the STD method shows a
bimodal shape with a small peak between 0 ym and 20 ym and a larger one between
30 pm and 40 pm. The inner region of the flame, between the IRZ and ORZ, evaporate
the great part of smaller droplets and the bigger droplets survive and remains until
they reach the outside, shifting the diameter PDF to bigger diameters. After passing
through the ORZ, just some droplets survive with a very narrow interval for the
diameter, around 30 pm.

The observed offset among simulation results and experimental data was an
expected outcome. In view of the deviations among the simulated and predicted flame
shapes, deviations in the PDF at this position are a natural consequence. Furthermore,
the point 10 is located in a delicate region of the simulated flames, namely the ORZ.
As deduced from experimental measurements [32] the ORZ is dominated by the dif-
fusion flame mode, which is not suitably described by the adopted modeling strategy.
The experimental PDF indicates that larger droplets reach the point 10 when com-
pared to simulations. Such deviations are not exclusively caused by deviations among
measured and calculated flame shapes, but they are also strongly influenced by the
adopted numerical injector.

In all the three regions analyzed, REF results showed high evaporation rates, which
suggests the need of a knock down factor and in all three regions. The droplet tra-
jectory and gradient of the progress variable are misaligned, implying that the PRJ
method has the most solid theoretical basis for these cases and the better adherence
with experimental data.

Is is important to highlight an important characteristic in Fig. 7: a double layer
structure is noticed at the ORZ in the contour plots of F'4rr. This behavior is a natural
consequence of the absence of any clipping for the computation of the thickening factor.
This option was made prior to the start of simulations in order to avoid any sharp
gradients in the scalar fields and, consequently, numerical overheads. Although there
is a flame sensor to limit the artificial thickening, a gradient of the normalized progress
variable is formed upstream the LE due to the species diffusion transport, which
enables non-zero values of the applied flame sensor (see Aschmoneit’s formulation
[67]). This has a negligible impact in the overall simulations, but it is sufficient to allow
some differentiation among correction models, as seen in terms of the gas temperature
in section 4.5.

4.4 Flame height

Although the investigation of the flame high is not a central aspect of this study,
results of this quantity are presented here due to its relevance in the context of lifted
flames. This quantity is expected to be less sensitive to the investigated models since it
is more affected by the mixture and flow conditions arriving the flame front. However,
as the correction models affect the mixture formation within the reaction zone, some
impact is noticed as such an impact is reflected on the flame speed that influences the
definition of the flame height.

17



Zz=20mm,r =24 mm zZ=25mm,r =24 mm z=30 mm,r =24 mm

o o
n w

PDF Particles
o

PDF Particles

% 0.3
°
To2
a
L
G o1
a
0 20 40 60 0 20 40 60
Z=25mm,r=33 mm z=30mm, r =33 mm

06 0.6
B05 05
o
-g 04 04
Fos 03
L 0.2 0.2
a
o 0.1 0.1

0 0 :
0 20 40 60 0 20 40 60
Diameter [um] Diameter [um]
— Projection ---— Standard - - - Nocorrection - Experimental

Fig. 10 Probability density function of the diameters of droplets in the reactive flow evaluated in
REF, STD and PRJ cases for the ORZ.

The flame height is evaluated using the binary progress variable, which is described
subsequently. This variable was selected to ensure consistency with the available exper-
imental data. Mulla et al. [70] proposed a method based on OH-PLIF imaging to
identify the flame front using the mass fraction of OH, in which the plots are usually
continuous lines that follow the flame front. In these plots, it is discerned a center-
line for the mass fraction of OH, that is used as a reference to distinguish the burned
(inner) region, that receives the value of unity, and the unburned (outer) region, which
is assigned a value of zero. By applying this procedure to 1,500 images and averaging
the results, the authors obtained a mean progress variable. The resulting flame shape is
indicated on the binary progress variable plots of each simulated case in Fig. 4. To allow
a direct comparison with experiments, an analogous methodology used to obtain the
experimental mean progress variable was applied using numerical simulation results.
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A numerical counterpart for the mean progress variable [70] is proposed. Figure
11 illustrates the procedure used to construct the binary progress variable from the
mass fractions of the OH and CO species in the numerical environment. First, the OH
mass fraction is used to separate burned and unburned regions (Fig. 11 a). Next, a
representative species must be assigned to represent the inner burned region and CO
was selected based on agreement with experimental observations (Fig. 11 b). The OH
and CO fields are then combined via a weighted sum (Fig. 11 ¢) and classified into
binary values: one for burned, zero for unburned (Fig. 11 d). This field is captured
during simulations, and a time average is computed by the solver (Fig. 11 e). The
resulting field, referred to here as the binarized progress variable, enables a clear
comparison between the numerical procedure and its experimental definition, created
from OH-PLIF measurements.

Fig. 11 TIllustration of the procedure applied in the numerical simulation to compute the progress
variable obtained from experiments in [70]. From left to right, a. mass fraction of OH (Yog), b.
mass fraction of CO (Yco), c. pondered sum of mass fractions (2Yco/Yco,maz + Yo /YOH, max)>
d. binary PV, e. time averaged binary PV.

Figure 12 and Table 1 present the results obtained from the three conducted simu-
lations for the flame height. The results indicate that, across all simulations, the flame
height, defined as the distance between the burner head and the LE, is 15.87 mm
for REF, 17.70 mm for STD, and 17.25 mm for PRJ. In these cases, the LE position
was defined as the point with the lowest Z coordinate (see Fig. 2), when the averaged
binary progress variable reaches 0.99. For comparison, Mulla et al. [70] reported an
experimentally measured flame height of 30.63 mm using the mean progress variable
in their experiments.

In view of the good agreement noticed in section 4.2 for the velocity field, the
observed deviations for the flame height are not expected to derive from the flow
momentum. Other aspects may be more important for it, for instance the droplet
distribution into the computational domain and the inclusion of heat losses. Hence, by
enhancing the numerical injector and including non-adiabatic boundary conditions, a
better adherence of the obtained results to the experimental data may be achieved.

The influence of the correction on the LE shape is clearly observed in Fig. 12 and
Table 1, and in terms of the contour plots in Fig. 4. The corrected models yield a
smoother and more rounded contour of the binarized progress variable, whereas the
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of the flame, which is estimated at 99% of its maximum value.

Table 1 Summary of the flame
heights [mm)] estimated in Fig. 12.

Reference  Standard  Projection
15.87 17.70 17.25

uncorrected model exhibits a markedly sharper interface due to the higher evaporation
rate enhances mixture formation in the lower regions of the LE. This is an important
result, as the correction factor primarily alters the shape of the flame front, causing it
to penetrate further into the flow, which changes the temperature, species, and other
fields.

Although the radial positions of the IRZ obtained from simulations demonstrate
good adherence with the flame shape obtained from experimental measurements, devi-
ations are evident in Fig. 4. Predictions of the IRZ are also insensitive to the correction
models. Deviations are noticed in the flame height and the ORZ. The deviations on
the ORZ are a natural consequence of the employed strategy to describe the combus-
tion process (premixed FGM table and the ATF'), while those noticed for the LE can
be justified by the same arguments used for the deviations noticed in the flame height.
As expected, IRZ, which burns in premixed mode, is well predicted by the ATF, while
ORZ, which burns in diffusion flame mode, diverges from the ATF predictions.

From the present results, it is clear that the correction is not indispensable for the
stability of a lifted flame. Even without correction methods, the lifted flame can exist,
showing its high robustness. However, it also affects the flame height, as expected,
with higher evaporation rates leading to a reduction in flame height.

4.5 Temperature field

The computed temperature field has been demonstrated to be sensitive to the correc-
tion methods, as seen in Fig. 4. As this quantity is obtained from the FGM table, the
mixture fraction is analyzed together with the temperature in this section. The mix-
ture fraction is straightly affected by changes of the evaporation rates, as seen through
the coupling source term in Eq. 1. For both temperature and mixture fraction, exper-
imental data are unavailable. Hence, results presented here are exclusively obtained
from the conducted simulations.
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In Fig. 13, radial profiles of the gas temperature are presented at four different
axial locations. In these plots, the impact of the different correction methods is quite
evident. The temperature amplifies differences between models when compared to the
profiles extracted at the same positions in Fig. 14.

Although outside the flammable region (the shaded area on the plots presented
in Fig. 14 indicates mixtures between the flammability limits), slight changes in the
mixture fraction values are sufficient to cause a strong difference in the temperature
profiles at z = 5 mm. The three methods deliver different values for the temperature
at this position with the PRJ laying in between the remaining both. At z = 10 mm,
both correction methods become close to each other, while the REF is still away from
both. This occurs again for mixtures outside the flammability limits. The differences
between methods in the region outside the lammability limits is a natural consequence
of the absence of any clipping for the computation of the thickening factor, as discussed
in section 4.3.

Further downstream, the formed mixture hits flammable compositions and tem-
peratures are able to reach higher values. Temperature differences among uncorrected
and corrected droplet-flame interactions reach approximately 500 K at z = 15 mm.
As seen in section 4.4, this position coincides with the LE of the REF simulation. The
plot at z = 25 mm is found in a region downstream of the LE for all the simulated
cases. Herein, a double peak structure for the temperature due to the variation of the
mixture fraction as seen in Fig. 14. Approximately between the radial coordinates of
15 mm and 25 mm, the mixture enriches by droplet evaporation at high temperatures
in such a way that it comes outside the rich flammability limit. The radial dilution of
the mixture allows it to return to a flammable mixture forming the enveloping diffu-
sion flame denoted by ORZ. At both z = 15 mm and z = 25 mm, notable differences
are noticed in temperature and mixture fraction profiles.

Differences between STD and PRJ methods are limited to small deviations in
the descending part of temperature profiles at z = 10 mm and z = 15 mm. Small
deviations are also found at z = 25 mm in the region where the mixture fraction
reaches its maximum value. This indicates small sensitivity of the directional effects
for the temperature at positions downstream of z = 5mm.

The artificial thickening knock down factor is the single feature that alters the
temperature distribution. In the REF case, the evaporation will be more pronounced,
which gives the highest temperature, in contrast, the STD case has the highest knock
down factor in our evaporation models and this also reflects in the lowest mixture frac-
tions. This highlights the differences in the corrected and non corrected approaches.
For far downstream positions of the flame, the temperature curves are prone to
converge to the similar values between the three models.

As noticed, the IRZ and ORZ can be clearly identified by the double maximum
value regions on each side of the flame, corresponding to the reaction zones where the
temperatures reach their highest values. Therefore, the thickening correction models
have a negligible effect in the IRZ and ORZ but play a more important role in the LE.
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Fig. 13 Average temperature of the carrier phase at different heights, evaluated in REF, STD and
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Fig. 14 Average mixture fraction of the carrier phase at different heights, evaluated in REF, STD
and PRJ cases. Dashed black line is the stoichiometric ratio and the gray filled region is the flamma-
bility zone for the n-heptane.

5 Conclusion

The present study systematically evaluated the behavior of two correction methods
developed to characterize droplet-flame interactions within the context of the PSIC
approach. Simulations were conducted with the ATF model coupled with a premixed
FGM table to calculate a lifted spray flame. Such an evaluation for a lifted flame
was an open demand from the investigations presented in Dressler et al. [10]. Both
correction methods, denoted here as STD and PRJ are evaluated with a benchmark
denoted as REF case. It could be noticed that the inclusion of a correction method is
indispensable to recover specific features related to a spray flame.

Altogether, three simulations have been performed to allow a systematic investi-
gation of the correction methods. Without exception, all the simulations were able to
stabilize a lifted flame within the computational domain. This was a consequence of
the well prediction of the underlying main phenomena, i.e. dispersion and heat and
mass transfer of droplets, as well as the turbulent gaseous flow and the flame char-
acteristics. As the investigated methods are able to modify the mixture formation,
different shapes were obtained for the simulated flames. But these are rather equiv-
alent and a greater distinction among methods was noticed in specific quantities of
dispersed and carrier phases.

Comparisons of the simulation results with experimental data of velocity compo-
nents of the gaseous phase attest the high quality of the performed LES. Deviations
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between both correction methods are negligible, but these are noticed between simula-
tions applying and omitting such methods. The deviations emerge in the flame region,
as methods are activated in reaction zones.

As expected, the droplet size distributions are the most affected data by the cor-
rection methods. Comparisons between numerical results and experimental data were
decisive to determine the best choice for an approach. In general, the PRJ method
overcomes the remaining ones, in agreement with the previous outcomes obtained in
Dressler et al. [10] for piloted turbulent spray flames. Regardless, the necessity of
including a knockdown factor by the effective thickening factor, defined by the STD
or the PRJ methods, was evident. Deviations between calculations and measurements
are justified by the resulting flame structure.

Although focus was concentrated on the role played by the correction methods,
the prediction capability of the flame structure was analyzed in terms of the flame
height and shape. It was possible to obtain that the flame height is directly affected
by the evaporation correction, being one of the possible reasons to elevate the flame
by 12%. Such a result undoubtedly attest the influence of the correction models on
the flame structure. In specific the leading edge of the flame, a special region for the
conducted investigations. However, none of the three simulations was able to deliver
a good adherence with the measured flame height. Such deviations were assigned to
two main aspects: the numerical spray injector and the absence of heat losses. As
previously posed, prior to the start of the present study, it was decided to use the
same injector as the one employed by Both [4], in order to better communicate the
obtained outcomes with other works in the literature (e.g. [4, 33]). Improvements of
the numerical spray injector and the inclusion of heat losses on boundary conditions,
as well as through the evaporative cooling are outlines of this work. Besides this, the
consideration of models capable to predict the occurrence of simultaneous flame modes
is desirable for future works.
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