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Abstract

The understanding of spray combustion processes is of primary importance, as it is encountered in a
wide range of industrial applications. In the present work, mesoscale-resolved simulations of a 3D turbu-
lent counterflow spray configuration are conducted. Primary focus is on examining the effect of the cou-
pling between turbulence, evaporation, mixing, and combustion. By considering different initial droplet
diameters and through comparisons with turbulent and laminar configurations at the same operating con-
dition, it is shown that preferential concentration can lead to conditions of locally high mixture-fraction
composition. In addition, local variability in strain rate and droplet diameter introduces a bifurcation of
the spray flame. This bifurcation consists of spray flame structures exhibiting single-reaction or double-
reaction structures. It is shown that this bimodal behavior is linked to the existence of a hysteresis in
the laminar spray flame structure for droplet diameter variations, as well as the occurrence of a bifurcation
for strain rate variations. These results have direct implications for flamelet-based tabulation methods,
since identifying the appropriate flamelet structure in turbulent spray flames would require informations
about boundary conditions and the flamelet history.
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1. Introduction

Because of high energy density of liquid fuel,
spray combustion is one of the most common
mechanisms to convert liquid fuels into thermal
energy in industrial applications. In aeronautical
combustors, the spray is usually injected into the
combustion chamber at the exit of a swirl stage.
The main function of this swirl stage is to enhance
the mixing as well as to shorten the flame by
sevier Inc. All rights reserved.
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limiting its axial expansion. In such systems, the
interaction between the spray, the flame and the
flow field is highly intricate, and the overall behav-
ior and stabilization processes that take place are
the consequence of these complex mechanisms.
Consequently, fundamental investigations are
needed to understand the underlying physical pro-
cesses that are associated with the coupling
between turbulence, evaporation, mixing, and
combustion [1–3].

At laminar conditions, spray, mixing and com-
bustion are coupled by mutual interactions: the
spray evaporation generates the gaseous fuel which
mixes with air into a flammable mixture. This gas-
eous reactive mixture feeds the flame which in turn
heats the droplets and thus sustains fuel supply.
Several studies have been devoted to the investiga-
tion of these interactions, see [4,5] and references
therein for exhaustive parametric studies. In turbu-
lent flows, the physics becomes even more intricate:
the turbulence may act on the spray, by inducing
preferential concentration, which modifies the
local mixture fraction field. In addition, the inter-
action of the turbulence with the flame results in
wrinkling and stretching of the flame.

Several studies have investigated 2D unsteady
configurations [6–8], highlighting preferential con-
centration effects and the influence of local strain
rate. A 3D swirled spray flame has also been inves-
tigated in [9], showing the coexistence of premixed
and diffusion regime, and the role of rich premixed
zones on flame stabilization. The goal of the pres-
ent work is to investigate the structure of turbulent
spray flames, by considering a 3D statistically sta-
tionary counterflow system. Compared to previ-
ous studies, in which global one-step reaction
mechanisms have been used to describe the chem-
istry, a 24-species reduced mechanism for n-dode-
cane is used, which provides an accurate
representation of the chemical phenomena.

The remainder of this paper is organized as fol-
lows. In Section 2, the modeling approach and the
numerics are briefly summarized. The 3D turbu-
lent counterflow configuration, and all relevant
non-dimensional parameters that characterize
the configuration are summarized in Section 3.
Results for monodispersed spray injection and
different droplet diameters are presented in Sec-
tion 4. The focus of the analysis is on characteriz-
ing the bimodal flame structure and on describing
the hysteresis and the spray-flame bifurcations.
The paper finishes with conclusions.
2. Modeling and numerics

2.1. Gas-phase equations

The gas phase is described by the conservation
equations for mass, momentum, species, and
energy:
Dtq ¼ _Sm; ð1Þ
DtðquiÞ ¼ _Sui � @ ip þ @jðrijÞ; ð2Þ

DtðqY kÞ ¼ @j qDk
W k

W
@jX k

� �
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where Dt/ ¼ @ t/þ @ iui/; @i � @xi ; q is the gas

density, ui the gas velocity, _Sm; _Sui , and _ST the
source terms due to droplet evaporation, drag
force, and heat transfer. The pressure is denoted
by p, and rij ¼ l @iuj þ @jui � 2

3
@kukdij

� �
is the vis-

cous stress tensor. The mass fraction and mole
fraction of species k are denoted by Y k and X k ,
respectively. The molecular weight of species k is
denoted by W k and W is the mixture-averaged
molecular weight. The diffusivity of species k is
denoted by Dk ; _xk is the reaction source term of
species k, and dkF is the Kronecker function that
is unity for fuel and zero for all other species.
The temperature is denoted by T ; k is the thermal
conductivity, cp is the heat capacity, and hk is the
enthalpy of species k.

2.2. Dispersed-phase equations

For the dispersed phase, a Lagrangian point-
particle approach is used (see [10] for details). The
equations describing each droplet are written as:

dtxd;i ¼ ud;i; ð5Þ

dtud;i ¼ fd;i ¼
f1

sd
uiðxdÞ � ud;i½ �; ð6Þ

dtT d ¼ _T d ¼
Nu

3Pr
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; ð7Þ

dtmd ¼ _md ¼ �
Sh
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md

sd
lnð1þ BM Þ; ð8Þ

where xd is the position of the droplet, ud its veloc-
ity, T d its temperature and md its mass. Nu is the
Nusselt number, Pr the Prandtl number, Sh the
Sherwood number, Sc the Schmidt number, and
BM the Spalding number. The relaxation time of
the droplet is sd ¼ qld

2=18l; ql its density, d its
diameter, cl its heat capacity and lv the latent heat
of vaporization. The drag factor is f1, accounting
for high Reynolds number effects and f2is a cor-
rection factor to account for effects of heat-
exchange on the evaporation [10].

The coupling terms with the gas phase are
obtained by integrating the contributions from
all droplets contained in the control volume DV :

_Sm ¼ � dtmdf g; ð9Þ
_Sui ¼ � dtmd ud;i

� �
; ð10Þ
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_ST ¼ �
1

cp
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where f�g ¼ 1
DV

P
d2DV .

2.3. Reaction chemistry

In the present study, a 24-species mechanism for
n-dodecane is used, which is based on the JetSurF
1.0-l1 mechanism [11], originally consisting of 123
species and 977 reactions. JetSurF 1.0-l1 is a simpli-
fied version of JetSurF 1.0. It features a lumped
model for n-alkane cracking and the detailed
USC Mech II [12] for the pyrolysis and oxidation
of C1-C4 hydrocarbons. The pyrolysis of n-dode-
cane is described by a lumped model of three spe-
cies for cracking to form C1-C4 fragments [13].
The lumping presents a considerable simplification
over the detailed chemistry in JetSurF, but it retains
the accuracy of the full model [11] over a wide range
of conditions. In the present work, the USC Mech
II part of the mechanism was systematically
reduced with directed relation graph (DRG),
DRG-aided sensitivity analysis, and linearized
quasi steady state (QSS) approximations [14]. The
reduced mechanism is validated in auto-ignition
and perfectly stirred reactors (PSR), and results
for stoichiometric conditions are shown in Fig. 1.
Similar agreement was also achieved for equiva-
lence ratios of 0.5 and 1.5. Detailed thermodynamic
and transport properties are considered. The spe-
cies diffusivities Dk are calculated assuming con-
stant but not equal species Lewis number Lek , i.e.
Dk ¼ k ðqcpLekÞ, provided as a Supplementary
material together with the 24-species mechanism.

2.4. Numerics

The governing equations are solved in the low
Mach number limit using the structured 3DA
Fig. 1. Ignition delay as a function of initial temperature
in constant-pressure auto-ignition (bottom-left) and
temperature as a function of residence time in PSR with
inlet temperature of 300 K (top-right), for stoichiometric
n-dodecane/air at atmospheric pressure, calculated with
the detailed and reduced mechanisms, respectively.
code [15]. A QUICK scheme is used for the dis-
cretization of the scalar advection operators, and
a second-order central scheme is used for solving
the momentum and pressure equations, in combi-
nation with the HYPRE library for solving the
Poisson equation. A staggered representation is
used where the velocity is defined at the cell face,
while the scalars are located at the cell center.
Time-integration is performed using a second-
order Crank–Nicholson scheme. The chemical
source terms are evaluated using the DVODE
library,which uses an adaptive time stepping to
advance the system of ODEs.
3. Three-dimensional turbulent spray counterflow
configuration

3.1. Setup of the configuration

We consider a 3D counterflow configuration
which consists of two opposed square slots. The
separation distance of L ¼ 0:02 m is selected to
be comparable to experiments, see [16]. The direc-
tion x1 ¼ x is the injection direction, the direction
y ¼ x2 the outflow, and the direction z ¼ x3 is peri-
odic. The mesh consists in 256� 384� 256 cells.
Grid-convergence studies were performed to con-
firm that this resolution is adequate for resolving
the flame structure and all turbulence scales.

At the fuel side, pure air is injected with a fuel
spray composed of n-dodecane at ambient condi-
tions (T F

d ¼ T F ¼ 300 K). Here and in the follow-
ing the superscripts “F” and “O” refer to the fuel
side and the oxidizer side, respectively. The equiv-
alence ratio is / ¼ s _mF

_mO
¼ 2:0 (where s is the stoi-

chiometric mass ratio), and the corresponding
liquid mass flow rate is 6:18� 10�4kg/s. The drop-
let positions at injection are randomly drawn over
the entire slot, resulting in a statistically homoge-
neous distribution. This operating condition
ensures that the liquid phase is not fully evapo-
rated before reaching the flame. The injection
velocity of the liquid phase is identical to that of
the gas phase, uF ¼ uF

d . At the fuel side, a turbu-
lence velocity profile is prescribed to assess the
effects of turbulence on the evaporation, mixing,
and subsequent combustion. The injection of the
turbulent velocity field is accomplished by super-
imposing a synthetic turbulence field over the
mean injection velocity, following the Taylor
hypothesis Details on the parameters are given
in the next section.

The oxidizer side is composed of hot air at
T O ¼ 1500 K. The elevated temperature is repre-
sentative of the recirculation region in gas-turbine
combustors to ensure flame stabilization. The
injection velocity is prescribed from the constraint
of equal gaseous mass-flow rates at both injection
streams: uO ¼ � T O

T F uF
d .



(GAS) (D20)

(D40) (D80)

Fig. 2. Instantaneous results at the cut plane at y ¼ 0:
Temperature for GAS, D20, D40 and D80. Isoline of
mixture fraction (Z ¼ 0:001,white) and of heat release
(HR ¼ 2:107 J=kg, black). The points represent the
droplet positions.
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3.2. Non-dimensional parameters

The injection velocity on the fuel side is set to
uF ¼ 1:0 m=s, resulting in a global strain rate of
600 s�1, which is comparable to experiments at
laminar conditions [16]. The turbulent Reynolds
number on the fuel side of the turbulence field that
is injected at the fuel side is Ret ¼ 50, and this tur-
bulence field is generated by separately perform-
ing a simulation of a homogeneous isotropic
turbulence satisfying a Passot-Pouquet spectrum
[17]. With the present conditions for temperature
and global equivalence ratio the turbulent Dam-
köhler and Karlovitz numbers are, respectively,
Dat ¼ sL=sc ¼ 4:35 and Kat ¼ sc=sK ¼ 2:43 where
sc is the chemical time, sK is the Kolmogorov time
scale and sL is the integral time scale. This combi-
nation of parameters indicates potential scale
interactions between the small scales of the turbu-
lence and the reaction zones. For the droplet
phase, three droplet diameters with d ¼ 20; 40
and 80 lm are investigated, referred to as D20,
D40 and D80. These conditions are representative
for aeronautical combustor applications [18,19],
resulting in the Stokes numbers with respect to
the Kolomogorov time scale sK of StK ¼
sd=sk ¼ 1:0; 4:0 and 16:0, respectively. The corre-
sponding Stokes numbers with respect to the glo-
bal strain rate a are Sta ¼ asd ¼ 0:49; 1:98, and
7:80. Thus, preferential concentration effects are
expected and droplets of d ¼ 40 and 80 lm are
expected to cross the stagnation plane if they do
not evaporate. The initial droplet spacing is
0:25; 0:5 and 1:10 mm respectively, ensuring suffi-
cient scale separation.

Following the scale analysis, the Kolmogorov
length scale is of the order of magnitude of the
droplet interspacing. Therefore, we can expect
interactions between the evaporation-drag pro-
cesses and the turbulence [2]. However, these
effects are not taken into account in the closure
models used here. This question is outside the
scope of the present investigation, and will require
further analysis. Consequently, the present simu-
lations are referred to as mesoscale/flow-field
resolved simulations [20]: given mesoscale closures
(evaporation, drag force, combustion), our simu-
lations are fully resolved.

In the following, the three cases are identified
by the droplet diameter. In additional, a gas-phase
DNS at identical injection conditions and global
composition is performed for comparison, and
referred to as GAS.
1 Since non-equal species diffusivities are considered,
Bilger’s mixture fraction is not monotonic.
4. Results

Computations where performed over 50 ms,
with an initialization phase of 20 ms, and a statis-
tical analysis phase of 30 ms. In Fig. 2, compari-
sons of instantaneous temperature fields at the
center plane y ¼ 0 are presented for the gaseous
and the liquid injection cases. For the case GAS,
the fuel is already injected in gaseous form, so that
the mixture fraction Z, which is here defined fol-
lowing Bilger’s formulation [21], decreases from
the fuel side to the oxidizer side.1 The flame front
is wrinkled by the turbulence and the flame thick-
ness varies depending on the local instantaneous
stretch. For the case D20, the mixture fraction
increases first due to the liquid fuel evaporation,
is first generated by the evaporation of the liquid
fuel and then decreases because of mixing between
fuel and oxidizer streams. The flame is located
after the evaporation zone, and the structure is
similar to that of the gaseous flame. For D40,
the flame structure is more complex: while the
overall structure is similar to that of GAS and
D20, isolated reaction zones can be found
upstream of the coherent flame front, and will
be further analyzed. For the case D80, the flame
structure is considerably different from the previ-
ous cases. Specifically, the distinct formation of
two coherent reaction zones is evident. The first
one is located after the evaporation line, and the
second one is found on the oxidizer side. Between
both zones is a high-temperature region without
significant chemical reaction. This region is occu-
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pied by large droplets that did not evaporate in
the first reaction zone, and will eventually evapo-
rate in the second reaction zone.

Since the cases D20 and D40 are close to the
critical Stokes number of order unity, segregation
effects are preferential concentration is expected
[22]. To analyze this effect, we investigate the
droplet interspace distribution, by means of a Del-
aunay triangulation on the particle position. The
generated tetrahedrons allow to evaluate the inter-
space volume between droplets, and thus the
interspace distance. In Fig. 3, the droplet inter-
spacing is plotted against the axial position, show-
ing a spreading as the droplets are going into the
flame, identified by high temperature. It is also
exhibited in Fig. 4, where the distribution close
to the injection (x > 0:9 mm) and in the flame
(T g > 470 K) are presented. These results show
the effect of segregation for both cases, the distri-
bution being larger in the flame, indicating that
the droplet distribution is approximately log-
normal.

4.1. Spray flame structure bifurcation and
hysteresis

To further analyze the flame structure, results
of the laminar spray flame are used in the follow-
ing to interpret the turbulent flame behavior. The
flame structure for the three considered droplet
diameters are presented in Fig. 5. The probability
in mixture fraction-temperature space is evaluated
for the turbulent flames. Results from this analysis
at the mid-plane y ¼ 0 are plotted in Fig. 6, and
these data are collected over 30 uncorrelated
DNS snapshots. Results for laminar spray flame
calculations have also been added. For the purely
gaseous case, the turbulence has only a marginal
effect, exhibiting only a marginal scattering
Fig. 3. (a) Droplet interspacing based on Delaunay Triangulat
at droplet location, for D20 (left), D40 (center) and D80 (right)
which the gas temperature is less than their boiling temperat
correspond to the mean isoline of mixture fraction (Z = 0.0
(H R > 2:107 J=kg). (For interpretation of the references to col
version of this article.)
around the laminar results. Following classical
flamelet theory [23], the turbulent GAS solution
can be considered as a collection of laminar one-
dimensional flames, connecting the oxidizer side
at high temperature with the fuel side at low tem-
perature. The flame structure of the gaseous flame
is composed of a primary rich premixed reaction
region, for which the mixture fraction is approxi-
mately constant while the temperature increases,
and a secondary recombination zone between
the unburnt species and the products of the pre-
mixed flame with the oxidizer stream.

For the spray flame cases, the scenario is more
complex. At the fuel injection side (point F), the
mixture fraction Z is zero. Then, Z increases
through evaporation and subsequently decreases
by mixing with the air coming from the oxidizer
side (point O). Secondly, compared to the gaseous
case, the turbulence strongly affects the flame. For
all results, mixture fractions higher than the one
reached at the corresponding laminar case are
found. This is due to the preferential concentra-
tion that has been identified previously: by accu-
mulating droplets, the achievable mixture
fraction is higher, leading to a broader scatter of
the points in the mixture fraction-temperature
space.

Finally, differences in the flame structure
between the three spray cases are observed from
the scatterplot in Fig. 6. One preferential path-
way, i.e., one characteristic flame structure, is
obtained for cases D20 and D80. In contrast,
two distinct flame-structure profiles can be identi-
fied for the case D40. Moreover, D20 and D80
present very different flame structures.

In analogy with the laminar results presented
in Fig. 5 for flame structure in physical space,
the flame D20 is composed of an evaporation
zone, in which the mixture fraction increases,
ion versus axial position, colored by gaseous temperature
. The black symbols corresponds to droplet positions for
ure, thus delimiting the flame position. The white lines
01) and the blue squares identify mean reaction zones
or in this figure legend, the reader is referred to the web
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Fig. 6. Instantaneous temperature in mixture fraction-
temperature space colored by the probability density.
Results at the center plane: GAS (upper left), D20
(upper right), D40 (lower left), D80 (lower right). Black
lines correspond to the laminar spray-flame solutions of
Fig. 5. (For interpretation of the references to color in
this figure legend, the reader is referred to the web
version of this article.)
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and a single reaction zone comprising both the
fuel oxidation and the recombination of the prod-
ucts with the oxidizer (identified by a peak of OH
mass fraction for the laminar solution in Fig. 5).
In contrast, the case D80 exhibits two local max-
ima of temperature, which is characteristic of a
double-reaction spray flame structure, identified
by two peaks of OH in the laminar solution in
Fig. 5. Indeed, a first reaction zone is found on
the fuel side, which is connected to the oxidizer
side through a second reaction zone. These differ-
ent flame structures have already been observed
for laminar counterflow flames [4,24–27]. The
dependence on the droplet diameter observed here
is in agreement with the laminar results in [26]. In
both cases, the turbulent spray flame can be repre-
sented as a collection of laminar flames, even if the
space spanned by the turbulent solution for the
D80 flame is significantly reduced compared to
the D20 case. This is due to the larger inertia of
the droplets inducing weaker segregation effects,
as discussed in Fig. 3.

In the D40 case, two possible flame-structure
pathways are likely to occur. As such, the overall
structure presents both aspects of D20 and D80
flames, that is single-reaction and double-reaction
structures. These two flame structures are identi-
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fied in the instantaneous snapshots in Fig. 2 and
could be retrieved from the laminar case, see
Fig. 5. Indeed, for this operating conditions
(d ¼ 40 lm;a ¼ 600 s�1) multiple spray flame
structures have been observed in the laminar case.
The existence of multiple solutions for counter-
flow spray flames has been previously postulated
by Continillo and Sirignano [24] on the basis of
the high non-linearity of the spray equations and
this has been numerically confirmed by Gutheil
[28] for laminar spray flames.

In an attempt to understand why this bimodal
structure is particular to the case D40, additional
laminar simulations are performed by considering
a parametric study of droplet diameter and strain
rate values. First, the flame structure dependence
on the diameter is studied, at the same global
strain rate as the turbulent cases. In Fig. 7a, the
mean temperature along the axial position nor-
malized by the value of the gaseous flame, is rep-
resented. For the case that multiple solutions are
found, the normalized mean temperature is higher
for the double-reaction flame (where the two reac-
tion zones are separated by a high temperature
region) than for the single-reaction flame, allow-
ing to study the transition between these two pos-
sible flame structures. Starting from the single-
reaction solution obtained for d ¼ 20 lm, the
droplet diameter is successively increased. A sin-
gle-reaction flame is detected for D < 60 lm, after
which a bifurcation occurs [29]: the flame struc-
ture switches to a double-reaction flame for all
diameters up to the studied maximum value of
d ¼ 80 lm. Then, to detect an upper branch of
the hysteresis curve, we begin with d ¼ 80 lm
and successively decrease the droplet diameter.
Another bifurcation occurs at d ¼ 20 lm, for
which the double-reaction flame collapses again
onto a single-reaction zone. Consequently, the
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laminar spray flame presents a hysteresis [30] with
in droplet diameter, i.e. the solution depends on
the history and not only on the boundary condi-
tions, as shown in Fig. 7a.

The dependence of the flame structure on the
strain rate is also investigated by fixing the droplet
diameter to d ¼ 40 lm. Results for the mean tem-
perature normalized by the corresponding gaseous
flame value at the same strain rate are shown in
Fig. 7b. In this case, two branches are detected:
a lower single-reaction branch is discerned for
a 2 ½500; 1100� s�1, and an upper branch that con-
tains single-reaction for small strain rate
a 2 ½300; 400� s�1 and double-reaction for higher
strain rate. The lower branch is generated by start-
ing from the single-reaction solution at
a ¼ 600 s�1, and the second branch is obtained
by starting either from the lower (a ¼ 300 s�1) or
the higher (a ¼ 1350 s�1) strain rate. Compared
to the diameter variations, there is no hysteresis
loop for strain-rate variations. Starting from the
lower branch, the solution can bifurcate to the
upper branch for low (a < 500 s�1) or high
(a > 1100 s�1) strain rates. However when a solu-
tion is on the upper branch, there is no way to go
back to the lower one by varying the strain rate.

A complete diagram of the laminar counter-
flow spray flame structure is presented in Fig. 8
as a function of the injection droplet diameter
and the global strain rate. Single-reaction and
double-reaction flames are represented by open
and closed symbols, respectively. The bimodal
shaded region identifies the hysteresis for which
multiple solutions are observed. It explains the
bimodal structure of D40 and the unimodal
results for D20 and D80, since turbulence induces
local variations of the strain rate and droplet
diameters at the flame front. Compared to the
cases D20 and D80, the D40 flame is more sensi-
b
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Fig. 8. Structure diagram for laminar counterflow spray
flames as function of the injection droplet diameter and
global strain rate. Open and closed symbols are for
single-reaction and double-reaction flames, respectively.
The shaded area identifies the bi-modal region.

1682 A. Vié et al. / Proceedings of the Combustion Institute 35 (2015) 1675–1683
tive to such oscillations, showing a bimodal char-
acter in analogy to the laminar behavior.

Being able to integrate this bimodal character
into turbulent combustion models appears to be
challenging, since the spray flame structure is
highly sensitive to conditions of the spray and
the flow, i.e. strain rate and droplet diameter as
well as their history, which could be strongly
affected by turbulent combustion models. For
instance, flamelet tabulation methods [31–33]
require recognizing all possible states for each
flamelet, which necessitates introducing additional
parameters that identify each possible pathway.
5. Conclusions

In the present work, a canonical DNS configu-
ration was introduced to study turbulent spray
flames at statistically stationary conditions over
a wide range of parameters and operating condi-
tions, where the reaction was described using a
24-species reduced mechanism for dodecane.

A parametric study was conducted to system-
atically examine effects of the turbulence interac-
tion with the liquid spray phase and the flame.
Segregation effects due to turbulent mixing were
characterized using a Delaunay triangulation to
evaluate the droplet interspacing. It was also
shown that preferential concentration affects the
local mixture-fraction field. The flame structure
was analyzed, showing that this preferential con-
centration allows to span a larger mixture-fraction
space. We have also observed a regime for which
the turbulent flame can be mapped by a collection
of laminar flamelets, indicating that turbulent
spray flames can be represented this way. More-
over, the sensitivity of the flame structure with
respect to droplet diameter as well as local strain
rate was identified. From this study, a local
bifurcation-mode was identified which arises from
the sensitivity to variations in strain rate and
diameter variations. The hysteresis of the spray
flame structure due to droplet diameter variations
has also been observed for laminar cases. Poten-
tial issues of the presence of these bifurcations
for industrial applications and associated chal-
lenges for the modeling of turbulent spray flames
were discussed.
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