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Abstract

This work presents an analysis of the stabilization of diffusion flames created by the injection
of fuel into hot air, as found in Diesel engines. It is based on experimental observations
and uses a dedicated Direct Numerical Simulation (DNS) approach to construct a numerical
setup, which reproduces the ignition features obtained experimentally. The resulting DNS
data are then used to classify and analyze the events that allow the flame to stabilize at
a certain Lift-Off Length (LOL) from the fuel injector. Both DNS and experiments reveal
that this stabilization is intermittent: flame elements first auto-ignite before being convected
downstream until another sudden auto-ignition event occurs closer to the fuel injector. The
flame topologies associated to such events are discussed in detail using the DNS results,
and a conceptual model summarizing the observation made is proposed. Results show that
the main flame stabilization mechanism is auto-ignition. However, multiple reaction zone
topologies, such as triple flames, are also observed at the periphery of the fuel jet helping the
flame to stabilize by filling high-temperature burnt gases reservoirs localized at the periphery,
which trigger auto-ignitions.

Keywords: DNS, Lift-Off Length, Flame stabilization, Auto-ignition, Triple flame, Diesel
combustion

1. Introduction

The stabilization of diffusion flames remains one of the main challenges of combustion
science [1]. Triple flames have been identified as a main phenomenon contributing to the
stabilization of lifted diffusion flames created between two cold streams of fuel and oxidizer
[2–4]. However, when one of the two streams is hot, as in Diesel fuel sprays, auto-ignition
events do certainly also play an important role [5–9] and interact with triple flames [10]. In
such configurations (referred to as Autoignitive Conditions Diffusion Flames, or ACDF), a
fuel jet is injected into hot air. The distance at which the flame stabilizes from the fuel
injector nozzle, called LOL for Lift-Off Length, has been shown to play a major role in the
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soot formation processes [5, 6, 11, 12], and its precise prediction would require a detailed
understanding of all the interacting mechanisms controlling it. Considering the difficulty to
distinguish the flame stabilization mechanisms experimentally [13], DNS (Direct Numerical
Simulation) has been used to address this question. Krisman et al. [10] have been the first to
identify triple flames interacting with low-temperature chemistry upstream of them based on
a laminar, two-dimensional, stabilized DME flame studied by DNS. This same methodology
has been used by Dalakoti et al. [14] and Deng et al. [15, 16], who confirmed the importance
of triple flames under Diesel conditions by studying the impact of inlet temperature [15]
and velocity [16]. These studies were followed by a 3D DNS of a turbulent lifted DME slot
gaseous jet flame performed by Minamoto and Chen [17], which confirmed the presence of
triple flames under Diesel conditions. They characterized the local reaction zone structure
at the lift-off as predominantly being a deflagration rather than resulting from auto-ignition.
These observations have been confirmed by Shin et al. [18] through post-processing of their
DNS based on fluid age analysis.

The objective of the present work was to perform a DNS study of the spatial and temporal
evolution of a Diesel-type spray previously studied experimentally [19] in order to explore in
detail the phenomena contributing to the spray-flame stabilization.

Ideally, such a DNS would have to simulate the full spray, including in particular the
liquid fuel spray originated from the injector nozzle. A DNS including the latter would be
a challenge in itself and has not been addressed by published research due to its inherent
complexity and extreme requirements in terms of spatial and temporal resolution. Published
DNS have therefore restricted the computational domain to the gaseous part of the spray
where chemical reactions essentially take place. A first approach was to perform temporal
DNS of the turbulent mixing layer created downstream of the liquid part of the spray [20–23].
While this allowed addressing realistic Damköhler numbers, it may not account for spatial
recirculation of hot burnt gases that have been found to possibly be of importance for the
flame stabilization of ACDF [6]. Another type of DNS simulated a spatially stabilized gaseous
flame set up to be as representative as possible to Diesel-spray conditions [17]. While this
allowed addressing Damköhler numbers under Diesel-spray conditions, the studied Reynolds
numbers were considerably smaller than that of a Diesel spray.

In the present work, we chose to perform a DNS of the spatial evolution of the gaseous
part of the spray studied in [19] (α condition), in order to account both for realistic Reynolds
and Damköhler numbers, and to address in particular the recirculation of burnt gases and
their suspected impact on flame stabilization. To limit the computational cost of such an ap-
proach, the simulations were restricted to 2D, which allowed ensuring a sufficient resolution
of the small spatial scales of premixed flames under the studied conditions. 1

Unlike many turbulent flames, which can be computed with simplified chemical descrip-
tions [24, 25], the simulation of ACDF requires more complex chemical kinetics. The LOL
time evolution is a discontinuous quantity, characterized by frequent jumps when the flame
auto-ignites. Experiments reveal that these auto-ignition events (called “Events A” in [19])
are followed by the formation and the downstream convection of flames (called “Evolution
B” [19]) before a new auto-ignition event occurs upstream and brings the flame back closer

1Care was taken to base the 2D DNS of the gaseous part of the spray on a sufficiently realistic chemical
mechanism including low-temperature chemistry.
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to the injector. Low-temperature chemistry has been shown to play an important role in that
dynamic process [19]. Reproducing these low-temperature chemistry phenomena, especially
in the NTC (Negative Temperature Coefficient) regime, is impossible with global schemes
[22] and requires more complex chemistry descriptions.

In the present DNS, chemistry was modelled using an ARC (Analytically Reduced Chem-
istry) scheme [26–30] adapted for n-dodecane / air flames at 3.4 MPa.

The paper is organized as follows: the computational domain and numerical method
employed in the DNS of the ACDF configuration is described in Section 2, followed by the
chemical scheme reduction methodology and its validation in Section 3. The analysis tools,
used to identify the instantaneous LOL as well as the local reaction zone topologies around
it, are detailed in Section 4. Then, Section 5 presents a comparison between experiments
[19] and the performed DNS in order to validate the strong hypothesis and in particular
those related to a 2D simulation and a synthetic simplified turbulence at the inflow of the
gas jet allow realistic predictions. In Section 6, each discrete instantaneous lift-off predicted
by the DNS is identified to be either of the Event A or Evolution B types following the
definitions proposed in [19]. Furthermore, the developed automatic tools analysis are used
to identify the local reaction zone topologies around discrete instantaneous lift-off positions.
Finally, a conceptual model for flame stabilization in ACDF-type configurations is proposed
in Section 7 based on the performed analyses and resulting observations.

2. Configuration

The case simulated in the present work had previously been studied experimentally. De-
tails on the employed techniques and obtained results can be found in [19], where it is referred
to as the α condition.
The configuration consists of a n-dodecane liquid fuel injected into a large constant vol-
ume vessel containing a mixture with a 16% (by volume) oxygen concentration, at an initial
pressure of 3.4 MPa and temperature of 800 K.

2.1. Simplifying assumptions

Performing a 3D DNS of the full liquid spray, and its combustion under such Diesel
engine-like conditions, would require a very fine spatial and temporal discretization in order
to capture the smallest scales. An estimation of the resulting necessary computational effort
indicated that the cost of performing such a 3D DNS would be prohibitive.

In order to define an affordable computational framework able to reproduce essential
aspects of ACDF flame stabilization, the following simplifying assumptions were made:

� The simulation was simplified to be two-dimensional. Despite the related limitations,
in terms of an accurate reproduction of all features of a turbulent flow, comparisons
with experimental findings indicated that this strong simplification allowed capturing
key features at a fraction of the cost of a 3D DNS. It also simplified the analysis of the
reaction zone dynamics significantly.

� As experimental observations for the simulated condition showed a flame stabilization
downstream of the zone where the liquid spray impacts the local flow dynamics, the
liquid injection was not included in the simulations. As shown in Fig. 1, the com-
putational domain was therefore started 20 mm downstream the injector outlet, i.e.
downstream of the liquid length that was estimated to be 18 mm [31].
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� The computational domain was chosen to include an area of interest axially situated
between 25 mm and 50 mm downstream of the injector. As illustrated in Fig. 1 (top),
experimental findings [19] indicate that this well-resolved area of interest includes the
spatially relatively stable low-temperature-chemistry (e.g. formaldehyde), as well as the
region situated axially between 26 and 45 mm downstream the injector in which the
LOL varies. In the radial direction, the area of interest encompasses a region containing
high-temperature products localized at the jet periphery, which, according to [6], may
contribute to the flame stabilization.

� Inflow boundary conditions imposed in the central part of the jet were not chosen
to reproduce the complex turbulent multi-species and possibly reactive flow found at
that axial position 20 mm downstream the injector. These complex flow conditions are
not known from published research, and would indeed require performing a full DNS
of the spray. The inflow boundary conditions were thus strongly simplified to only
reproduce the mean mass flow rate and a very approximate level of velocity fluctuations.
Temperature fluctuations were neglected, and only a non-reactive mixture of fuel and air
was fed into the domain. Such inflow conditions are very crude approximations, but the
flow can develop between the inflow and the beginning of the area of interest at 25 mm,
where we observed a qualitatively realistic turbulent reactive flow. This was checked
quantitatively in a posteriori way by comparing DNS predictions with experimental
findings, as will be exposed in Section 5. In this sense, the inflow boundary conditions
should be viewed only as a crude simplification resulting from the absence of detailed
knowledge, and chosen to allow for realistic flow conditions in the area of interest to
which all analysis presented below were restricted.

� Only the ”quasi-steady” state reached once the spray flame has auto-ignited was studied
[32]. This phase is characterized by a constant mean fuel flow rate.

In Section 5, the DNS will be compared to experimental findings in order to a posteriori
assess the validity of these assumptions.

2.2. Numerical set-up

The present DNS were performed with the AVBP code co-developed by CERFACS and
IFPEN [33]. AVBP solves the compressible reactive Navier-Stokes equations for momentum,
total energy, and species mass fractions on unstructured grids. The Lax-Wendroff scheme
[34] (second-order accurate in space and time) was used.
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Figure 1: Top: Superposition of the gas envelope of the spray (Schlieren imaging) on an iso-contour of the
formaldehyde cloud (green line, high-speed 355 LIF), and the high-temperature flame (yellow line, broadband
chemiluminescence). This image was obtained from the experimental setup presented in [19]. Bottom:
Computational domain showing the used tetrahedral grid which is refined in the area of interest to capture
combustion phenomena.

Fig. 1 (bottom) shows the 2D square computation domain. Spatial discretization is based
on an unstructured tetrahedral mesh. The highest spatial resolution of 6µm is imposed in
the area of interest that covers the region where key mechanisms of flame stabilization take
place and were analyzed. This cell size was chosen to achieve a sufficient resolution of the
estimated premixed flame thickness under the simulated conditions, as outlined in Section
3.2. The cell size is progressively coarsened laterally and downstream of the area of interest in
order to impose lateral and downstream boundary conditions far enough to mimic the large
size of the real constant volume vessel used in the experiments. The resulting mesh comprises
33.7 million nodes. The time-step was 1.9 ns to satisfy the acoustic Courant-Friedrichs-Lewy
(CFL) condition of the explicit time advancement.
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Figure 2: All of the graphs show radial profiles imposed at the inlet boundary condition. (a): Axial flow
velocity (UX) and axial velocity fluctuation (URMS), (b): temperature, (c): n-dodecane mass fraction.

Lateral symmetric boundary conditions are used. The inlet and outlet boundary condi-
tions are imposed using the Navier-Stokes characteristic boundary condition (NSCBC) [35].
At the outflow, a relaxation method is used to impose the vessel pressure of 3.4 MPa while
minimizing spurious wave reflections.

In the central part of the inflow boundary, an relaxation method is used to impose the
mean profiles of axial velocity (UX), temperature (T ) and species mass fractions (Yk). These
profiles, shown in Fig. 2 (and detailed in Appendix 1), impose the constant mean gas flow
entering the computational domain as a result of the not simulated upstream liquid spray
during quasi-steady state.

In order to roughly approximate the turbulence entering the domain as a result of the
upstream spray, temporal fluctuations (following the Taylor hypothesis), proportional to the
URMS profile (shown in Fig. 2), are added to the axial in-flow velocity using the Celik method
[36] and following the Passot Pouquet spectrum [37] as detailed in Appendix 1.

A co-flow of Ucoflow = 1m/s is imposed laterally of the central inflow to avoid negative
axial velocities on the inlet, which could cause numerical difficulties. This small velocity is
assumed to have a negligible impact on the stabilization mechanism.

The random perturbations, added to the mean axial inflow velocity, were selected to
achieve a satisfactory opening angle of the jet in the area of interest. This was checked by
performing a non-reactive simulation and comparing time-averaged radial profiles of velocity,
temperature, and fuel mass fraction obtained by post-processing instantaneous DNS fields
with profiles given by experimentally established correlations. This allowed (not shown here)
to check that the imposed boundary conditions yielded satisfactory mean profiles in the area
of interest where flame stabilization mechanisms were studied. Therefore, the chosen inflow
boundary conditions allow to investigate the flame stabilization mechanisms, unlike tempo-
rally developing jets created by a mixing layer between fuel and air [20–23].
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The initial condition for the DNS was a flow at rest at the initial temperature, pressure
and composition known from the experiments. The initial mass fractions of N2, O2, CO2,
and H2O are imposed to be spatially homogeneous and equal to the values given in Table 1.
The CO2 and H2O species are products of the lean pre-combustion used in the experiments
to bring the vessel to its initial conditions at the start of injection.

Table 1: Initial species mass fractions in the vessel.

Species N2 O2 CO2 H2O nC12H26

Mass fraction [-] 0.7016 0.1746 0.1001 0.0237 0

The simulated physical time was 12 ms. A first initial phase of 3 ms was necessary to have
the flame ignite and for the flow to reach a stabilized state in the mean. Flame stabilization
was only analyzed after this initial stage.
The computational cost was 120,000 CPU hours per simulated physical millisecond. AVBP
allowed achieving a return time of approximately 24h per simulated millisecond on 4992
cores.

3. Chemical mechanism

The reference chemical kinetics scheme used in this work is the 54-species skeletal model
for n-dodecane oxidation developed by Yao et al. [38], itself based on the detailed kinetic
scheme for a variety of alkanes by Sarathy et al. [39].

3.1. Development of the reduced scheme

This reference mechanism is further reduced for the conditions relevant to the DNS pre-
sented here using the YARC reduction tools [26]. The resulting analytically reduced chem-
istry (ARC) model is then validated against experimental and simulation data obtained using
Yao’s model. Comparison are shown in Fig. 3 for laminar flame speed (left column) and auto-
ignition delay (right column). Laminar premixed flame values were obtained for equivalence
ratios in the range 0.7-1.3 for atmospheric and high pressure (3.5 MPa). Auto-ignition delays
are checked for pressures of 2.0-5.0 MPa, equivalence ratios of 0.5-1.2, and initial tempera-
tures of 700-1200 K. The first step of the reduction methodology is to identify species and
reactions which can be removed without affecting the laminar flame speed and the auto-
ignition delay using the directed relation graph method with error propagation [27]. At the
end of this stage, 7 species are removed. Species for which a Quasi-Steady State Approxi-
mation (QSSA) can be used are, then, chosen using the Level Of Importance criterion [40].
The resulting ARC scheme is composed of 28 transported species, 19 QSS species (Table 2)
and 198 reactions. As shown in Fig. 3, the 28-species reduced scheme correctly reproduces
the laminar flame speeds and the auto-ignition delays over the selected range of conditions,
also capturing the NTC region for a fixed composition with varying temperature.
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Table 2: Summary of the reduced mechanism (28 ARC): transported (left) and Quasi Steady State (QSS)
(right) species.

Transported species (28) QSS species (19)

N2, O, H2, CH2, HCO, CH*
2,

H, OH, H2O, CH3O, C2H3, CH2CHO,

H2O2, O2, HO2, C2H5, a C3H5, C2H3CHO,

CH2O, CO2, CH3, n C3H7, C4H7, p C4H9,

CO, C2H6, CH4, p C5H11, p C7H15, p C12H25,

C2H4, C2H2, C3H6, s3 C12H25, s C12H25, C12OOH,

C4H8, C5H10, C6H12, O2C12H24OOH

C7H14, C8H16, C9H18,

C10H20, C12H25O2, n C12H26,

OC12H23OOH
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Figure 3: Comparison between the reference mechanism of Yao et al. (solid black lines, [38]) the ARC model
derived in the work (dotted red line), and experimental data (symbols, [41–43]). Left: laminar flame speeds,
right: ignition delay times.
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3.2. Estimation of the thermal flame thickness

The reduced scheme was used to estimate the necessary spatial resolution in the area of
interest of the computational domain. To this purpose, a 1D premixed flame is first calculated
using Cantera [44] for a stoichiometric mixture (computed using Bilger’s definition [45]) at
the initial pressure and temperature of the studied spray. The length of the 1D domain is
0.2 mm allowing to stabilize the 1D premixed flame in the middle of the domain without
interactions with auto-ignitions ahead of it as discussed in [46] (this problem is also known
as the ”cold boundary problem” [47]). The thermal flame thickness was hereby found to be
32 µm.

In a second step, the same 1D flame simulation was performed with AVBP using different
spatial resolutions. This allowed to show that a spatial resolution of 6 µm was sufficient to
solve for all species present in the ARC scheme and to reproduce the CANTERA findings.

4. Analysis tools for DNS

An important issue to analyze the stabilization mechanisms is to build adapted post-
processing tools for the DNS results. To this purpose, we first developed a method for
tracking the temporal variations of LOL, which then exploited for identifying four different
reaction zone topologies of importance for the flame stabilization.

4.1. LOL definition

For each instantaneous DNS solution, two distinct LOL are identified: the LOL for the
flame base located above (R > 0, see Fig. 1) and below (R < 0) the injector. This decom-
position was possible because the upper flame branch interacts weakly with the lower one,
and presented the advantage of increasing the number of lift-off tracked. Here, we chose to
track the lift-off according to a double criterion: First, the local heat release rate needs to
exceed a threshold value of ω̇T,crit = 4 × 1011W/m3, corresponding to 83 % of the maximum
ω̇T reached in the corresponding premixed stoichiometric laminar flame. Second, if the first
criterion is met, the temperature must exceed a value of Tcrit = 1900K in a region of 0.15
mm around the point closest to the injector for which the first criterion is met. This double
criterion is required to eliminate events where heat release peaks occur for a short period of
time, but for which the kernel fails to grow, indicating that a minimum flame radius is not
reached. The lift-off is then defined as the closest point to the nozzle, meeting this double
criterion, and allows to compute the LOL, which is the distance between the lift-off and the
fuel injector. Following the methodology proposed in [19], the LOL are tracked between 3
and 12 ms After the Start of Injection (ASI) with a time resolution of 0.01 ms leading to
1,802 (901 × 2) LOL.

4.2. Identification of the reaction zone topologies

Once the tracking of the evolution of the lift-off is made possible, an analysis of the local
reaction zone structure in its neighborhood allows identifying different events linked to the
stabilization.

4.2.1. Reaction zone topologies during auto-ignition events

Auto-ignition is identified by a discontinuity of the LOL time-tracking leading to very
rapid upstream displacements of the LOL, as observed in a previous experimental study [19].
Therefore, in this paper, auto-ignition is defined by the following expression: −∆LOL / ∆t
> 80 m/s, where ∆LOL and ∆t are the LOL and time variation between two instants (here,
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∆t is set to 0.01 ms). We found that the identification process is fairly insensitive to the
value of the threshold. In the following, a value of 80 m/s has been chosen.

In order to provide a deeper understanding of the auto-ignition events, two types of auto-
ignitions were identified: isolated auto-ignition (AI-I), and auto-ignition assisted by burnt
gases (AI-BG). An AI-I is identified as an auto-ignition event occurring in fresh gases, so
without being affected by any surrounding burnt gases. The appellation “isolated” is given
if the temperature is below Tcrit within the edge (0.04 mm thick) of a square box of 3.8× 3.8
mm centered at the lift-off. Otherwise, (if Tcrit > 1900K) the appellation ”assisted by burnt
gases” is given, which corresponds to an auto-ignition event close to a high-temperature zone.

4.2.2. Reaction zone topologies during continuous evolution of the lift-off

In the absence of auto-ignition events or flame extinctions, the lift-off has been divided
into two reaction zone topologies: Triple Flames (TF) and Lean/Rich Reaction Zones (L/R
RZ).

TF can be identified for certain LOL, as shown in Fig. 4, where a zoom on the flame
base reveals the existence of the conventional branches of a TF [4, 48]: branch A is a lean
premixed flame, branch B designates a rich premixed flame, and branch C, a diffusion flame.
The TF are detected by post-processing the mixture fraction, temperature, and heat release
rate fields within a square area of 0.3 × 0.3 mm2 around the flame base location. The
conditions used to detect a TF are:

� The TF must have two intersection points between zst and ω̇T,crit.

� The TF must propagate towards fresh gases on the stoichiometric line where T < Tcrit,
while the downstream branch C is defined as a stoichiometric line where T > Tcrit.

� One branch of the reaction zone must be on the lean side (zbranchA < zst), while the
other branch needs to be on the rich side (zbranchB > zst).
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Figure 4: Instantaneous temperature profile of the stabilized flame (above the injector: R < 0) showing
a triple flame. The bottom image is a zoom around the lift-off found in the upper image. The black line
represents the stoichiometric line. The white line shows 4 × 1011W/m3 iso-contour of heat release rate.

L/R RZ is the name given to the reaction zones which are not triple flames during
continuous evolutions of the LOL. These zones can be identified just after a jump of the
LOL attributed to an AI-I. In this case, the lift-off is first detected on the fuel rich side as
shown in Fig. 5-(a). Similar results have been shown in [49] by performing unsteady Reynolds
averaged Navier-Stokes simulations of Diesel spray flames, where the ambient pressures are
42 bar and 85 bar. The authors have found that the high-temperature flame first appears on
the fuel rich side in the region where the scalar dissipation rate is low and the residence time
is long. In the present DNS, these regions are mixture pockets observed at the jet periphery,
where the flow velocity is relatively low. Due to thermal expansion, the heat release rate
threshold then moves on the fuel lean side as shown in (a′). Lastly, L/R RZ is also found
after TF events when the reaction zone leaves the stoichiometric line as displayed in (b) with
the arrows indicating the displacement of the TF out of the stoichiometric line, resulting in
a lean reaction zone (b′).
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Figure 5: (a) and (a′): two different instantaneous views illustrating a rich reaction zone (a) and a lean
reaction zone (a′) after an auto-ignition event. (b) and (b′): time sequence showing triple flames leaving the
stoichiometric line. The black line represents the stoichiometric line. The white line shows the contour of
heat release rate of 4 × 1011W/m3.

5. Comparison between DNS and experiments

In order to assess the accuracy/validity of the DNS, a comparison between experiments
and the DNS when the flame has reached a quasi-steady state is proposed. Fig. 6 shows
a snapshot of mixture fraction (z) and formaldehyde mass fraction (YCH2O) fields at 3.53
ms ASI. The high-temperature flame can be visualized through the iso-lines of temperature
(Fig. 6-top) or OH mass fraction (Fig. 6-bottom). As in the experiments (Fig. 1-top), the
flame is lifted between 30 and 40 mm from the injector. Fig. 6, for R > 0, shows a detached
auto-ignited kernel upstream of the main flame which suddenly decreases the LOL as observed
experimentally [5–7, 19]. Moreover, as observed in [19, 50, 51], DNS predicts formaldehyde
upstream the high-temperature reaction zone.
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Figure 6: DNS fields at 3.53 ms After the Start of Injection (ASI). Top image: mixture fraction field with
an iso-line of temperature at 1900 K (black line). Bottom image: formaldehyde field with an iso-line of OH
mass fraction at 1.5 × 10−4 in white.

Additionally, a comparison of the cool-flame structure (identified by CH2O) between
experiments and DNS is proposed through averaged images in Fig. 7-(a). CH2O is exper-
imentally measured with 355 LIF (laser generating a 100 mJ laser beam at 355 nm and
collected between 400 and 490 nm). The experimental CH2O averaged image is built by av-
eraging 10 images collected at 4 ms, when the flame has reached a ”quasi-steady” state. The
DNS field of YCH2O is averaged between 3 and 12 ms. A comparison between experiments
and DNS shows that the upstream location of the stabilized cool-flame is similar. However,
the DNS CH2O levels are lower than experimental levels in the center jet of the DNS. Nev-
ertheless, the lack of CH2O in the center jet is expected not to have a strong impact on the
stabilization mechanisms since the high-temperature flame is stabilized at the jet periphery,
where CH2O is correctly predicted.

Fig. 7-(b) also shows a comparison of the high-temperature flame between experiments
(OH∗) and DNS (OH). The OH∗ image is generated by temporal (between 1.35 and 3 ms)
and ensemble (10 realizations) averaging using data, collected by high-speed OH∗ chemilu-
minescence imaging at 60 kHz. The DNS field of YOH is averaged between 3 and 12 ms.
Regarding the high-temperature flames, the difference of signal collected in the center jet
between the experiments and the DNS is attributed to the line of sight 3D collection of OH∗

chemiluminescence. Indeed, OH PLIF has shown OH species at the jet periphery [50] as
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observed in the DNS. OH∗ chemiluminescence image allows to visualize the average LOL of
the high temperature flame, which corresponds to the DNS results.

In conclusion, even if differences between experiments and DNS exist, the simulation
reproduces the main features observed experimentally:

� The upstream position of the low- and high-temperature flame, in the DNS, is similar
to the experiments.

� The DNS reproduces the presence of auto-ignited kernels upstream of the high-temperature
flame. Such events are responsible for high LOL variation, which have been identified
as a capital parameter in the flame stabilization [19].

Figure 7: (a): Average images of the high-temperature flame visualized by OH∗ and OH species. (b):
Average images of the cool-flame visualized by CH2O species. The experimental data are generated using
the experimental setup presented in [19].
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6. Analysis of stabilization mechanisms

6.1. LOL tracking with reaction zone topologies

A description of the flame stabilization mechanisms is proposed using the time-tracking
of the different reaction zone topologies identified at the lift-off defined in Section 4.2. Fig. 8
presents the LOL evolutions where, for the sake of clarity, only 3 ms are displayed, but the
full physical time simulated is 12 ms. Each discrete point in time, obtained from analyzing
the DNS every 0.01 ms, is identified by a specific symbol for each of the four topologies
defined in Section 4.2.

Figure 8: LOL time-tracking with the detection of Triple Flames (TF), Lean/Rich Reaction Zones (L/R RZ),
Isolated Auto-Ignitions (AI-I) and Auto-Ignitions Assisted by Burnt Gases (AI-BG) at the lift-off for R > 0.

The same two main characteristic behaviors, observed experimentally in [19] (Figure 5),
are also reproduced in the DNS: auto-ignition events (also named Event A) and continu-
ous evolutions of the LOL, which are mainly downstream evolutions of the lift-off named
Evolutions B.

Fig. 9-(a) allows to illustrate the LOL time-tracking during an auto-ignition event. At t0,
the flame is stabilized far from the injector, then, at t1, an auto-ignition occurs (AI-I or AI-
BG), which brutally decreases the LOL. As shown in Fig. 8, at 4.5 ms (AI-BG) or at 4.5 ms
(AI-I), auto-ignitions can decrease the LOL by 10 mm in 0.01 ms, and quasi-systematically
Evolution B starts after these events.

Fig. 9-(b) illustrates Evolution B, where at t1, the flame has been convected downstream.
An example of downstream evolution is proposed in Fig. 8, between 3 and 3.26 ms, where
the lift-off is mainly identified as TF.

This decomposition into auto-ignition and downstream evolution implies that, if no new
auto-ignition occurs, bringing the flame closer to the injector, the flame cannot sustain the
flow and is, therefore, blown.
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Figure 9: (a): auto-ignition event, also named Event A, occurring at t1. (b): downstream evolution, between
t0 and t1, also named Evolution B.

6.2. Analysis of Event A

Focusing on Event A, a statistical analysis at the lift-off (between 3 and 12 ms) shows that
69 % of the auto-ignition events come from AI-BG (thus 31 % from AI-I). This demonstrates
the leading role of high temperature burnt gases, which can trigger auto-ignitions and help
to stabilize the flame. This observation confirms the hypothesis of Pickett et al. [6] that high
temperature burnt gases reservoirs at the jet periphery could be an important factor in the
flame stabilization.

First, focusing on AI-I, Fig. 10 shows a sequence of a stoichiometric pocket convected
at the jet periphery (radially between 3.5 and 5.0 mm from the center line). It starts 0.19
ms before the AI-I and finishes when the AI-I is detected. It has been constructed starting
from the third image (corresponding to the time at which an AI-I occurs, named tAI−I), and
exploring the DNS backward in time to see where this event actually starts. The three plots
under the images represent the CH2O and OH mass fraction profiles along the red dotted
line (1 mm long) for different timings. At, 0.19 ms before AI-I, YCH2O is very small and YOH

almost inexistent. At, 0.12 ms before AI-I, YOH is still almost inexistent. However, YCH2O

raises to a maximum of 8×10−3 (compared to 1.8×10−3 in a stoichiometric premixed flame).
According to [23], tAI−I − 0.12 ms corresponds to the time between the 1st and the 2nd stage
of ignition because of the large amount CH2O, the significant rise of temperature and the
lack of OH. At tAI−I , an AI-I is detected, YOH has risen up to 1.5× 10−3 at the center of the
stoichiometric pocket, where the temperature is maximum, and CH2O is totally consumed.
This instant corresponds to the 2nd stage of ignition, where heat release and temperature
become high enough to define the lift-off, according to our double criterion (described in
Section 4.1). In conclusion, the different stages, shown between tAI−I − 0.19 ms and tAI−I ,
follow the same well-known steps than auto-ignition in 0D homogenous reactor configurations.
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Figure 10: Image sequence illustrating an isolated auto-ignition (AI-I) at the lift-off. The black line represents
the stoichiometric line and the white line shows the contour of heat release rate of 4×1011W/m3 (top images).
The three bottom plots show OH and CH2O mass fraction profiles along the red dotted line (measuring 1
mm long) shown on the top image sequence.

Fig. 11 illustrates an AI-BG event, where combustion starts near a zone of hot gases: auto-
ignition occurs between the stoichiometric line and a burnt gases pocket, without presenting
the two stages observed for AI-I. In this case, burnt gases pockets move, due to the flow
convection, and when they are close enough to the stoichiometric line, they trigger AI-BG.

Figure 11: Image sequence leading to an AI-BG event. The black line represents the stoichiometric line. The
white line shows 4 × 1011W/m3 iso-contour of heat release rate.
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6.3. Analysis of Evolutions B

An illustration of Evolution B is proposed in Fig. 12. At 3.03 ms ASI, a TF is detected
at the lift-off, then 0.23 ms later, the LOL has increased by 4.4 mm (still defined as a TF)
showing that this flame is convected downstream. The proportion of TF, L/R RZ is almost
the same during Evolution B: 45 % TF and 55 % L/R RZ. It indicates that edge-flames
must be taken into account to correctly model spray combustion under Diesel conditions as
suggested in [10, 17, 20–23].

Figure 12: Instantaneous temperature fields showing Evolution B between 3.03 and 3.26 ms ASI. Black line:
stoichiometric line. The triple flames detected at the lift-off are zoomed, and displayed on the right of the
images. Iso-lines of heat release rate between 3.7 × 1011W/m3 and 4.3 × 1011W/m3 are displayed in red on
the zoomed images.

In our case, the edge-flames of interest are TF located at the lift-off. The question is to
assess whether or not the TF propagation is balancing the flow. An analysis consists in a
comparison between the orientation of the TF propagation and, first, the spray axis, then,
the local flow. Fig. 13-(a) shows the definition of the instantaneous angle θTF and θflow
used to compare these directions against the axis. Fig. 13-(b) shows two series of angles
observed in the DNS: one above the injector (marked by the + exponent), the other below
(marked by the - exponent). In both cases, the TF are mainly oriented towards the center
line. None of these two histograms show a preferential direction around 180◦, which indicates
that statistically, TF do not propagate upstream. Naming the angular difference between
the TF propagation direction and the upstream flow θTF,flow (as shown in Fig. 13-(a)), an
histogram can be built and is shown in Fig. 13-(c). The dispersed distribution of θ+TF,flow
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and θ−TF,flow shows the TF do not have a preferential propagation direction with respect to
the flow.

Figure 13: (a): cartoon of a triple flame propagating along zst. The red solid line represents the ω̇T,crit =
4 × 1011W/m3 iso-line. The red arrow shows the triple flame propagation direction (θTF ) while the green
arrow shows the flow direction (θflow). (b): histograms of θ+TF and θ−TF . (c): histograms of θ+TF,flow and

θ−TF,flow (right).

Since the flame stabilization is defined by axial displacement of the flame, a comparison
between the axial flow velocity at the lift-off (UX,flow,LO) and the absolute axial flame front
speed relative to a fixed reference (Sa) is proposed trough the ratio UX,flow,LO/Sa. Sa is de-
fined as the temporal variation of LOL. In order to eliminate spurious behaviors, only triplets
of consecutive LOL values with correlation coefficient r2 > 0.98 are considered. UX,flow,LO

are computed by averaging the corresponding three instantaneous axial flow velocities at the
lift-off.

Fig. 14-(a) shows a histogram of the ratio UX,flow,LO/Sa computed between 3 and 12 ms
for both positive and negative radial coordinates of TF at the lift-off. The mean value of this
distribution is 0.83, which indicates that Sa is statistically the same order of magnitude than
UX,flow,LO, and thus that the flow controls the evolution of the LOL. However, this analysis
can be further detailed. The ratio UX,flow,LO/Sa is plotted as a function of UX,flow,LO in
Fig. 14-(b). It appears that for UX,flow,LO > 15, the ratio is very close to 1, meaning that Sa

is governed by the flow. In order to interpret the points corresponding to UX,flow,LO < 15,
DNS of flames under Diesel-like conditions [17, 23] have indicated that the order of magnitude
of the TF displacement speed Sd is between 1 and 2 m/s. Assuming Sd = 1.5 m/s, these
TF should, therefore, correspond to a curve UX,flow,LO/(UX,flow,LO − 1.5). Fig. 14-(b) indeed
shows that the points corresponding to UX,flow,LO < 15 lie very close to this curve.

Thus, there are regions where the flow velocity is of the same order of magnitude than Sd,
i.e. regions where the TF can resist to the convection by the fresh gases flow. However, in
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most regions of the jet, the flow has a much higher velocity than Sd, and therefore Evolution
B is governed by the local flow velocity. This conclusion is different from what is observed
for lifted diffusion flames under non-autoignitive conditions [2–4, 48, 52], for which the flame
is locally stabilized by an equilibrium between flow velocity and Sd.

Not shown here, plotting a similar histogram to the one, shown in Fig. 14-(a) for the L/R
RZ, shows that Evolution B for these zones is also governed by the local flow velocity.

Figure 14: Both graphics have been constructed from triple flames data at the lift-off for R > 0 and R < 0.
(a): Histogram of the ratio UX,flow,LO/Sa. (b): symbols show UX,flow,LO/Sa as a function of UX,flow,LO,
while the black curve displays UX,flow,LO/(UX,flow,LO − 1.5) as a function of UX,flow,LO.
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7. Conceptual model of flame stabilization

The findings from the presented simulations and from optical diagnostics allow propos-
ing a conceptual model for the stabilization of a Diesel-type ACDF flame. To this purpose,
Fig. 15 shows an idealized cross-sectional slice through the mid plane of a spray flame. Only
the top branch of the jet is displayed (R > 0). Labelled (a) to (f), six basic local reaction
zone topologies are shown on relation to an idealized instantaneous stoichiometric line in the
downstream gaseous part of the jet.

Figure 15: Sketch illustrating the conceptual model of flame stabilization under Diesel condition derived from
optical diagnostics and DNS.

As found above, the key necessary stabilization mechanism is auto-ignition. Two different
types of auto-ignition can be found, both pertaining to Event A introduced above: isolated
spontaneous auto-ignition, leading to the local topology (a); and auto-ignition assisted by
burnt gases, corresponding to the local topology (b). Depending on whether an (a) or (b)
topology creates an Event A, two different stabilization scenarios can be distinguished in
Fig. 15:

Scenario 1 starts with an isolated auto-ignition spot (a) localized in a stoichiometric
pocket detached from the main jet. This results in an upstream jump of LOL as seen in
Fig. 8 (dotted arrows). The lift-off is first detected on the fuel-rich side of the local mixture
pocket for a few microseconds as displayed in Fig. 5-(a). The resulting reaction zone growths
in size, and as a result of thermal expansion, the LOL is detected on the fuel-lean side of
the mixture pocket as shown in Fig. 5-(a′), corresponding to a local topology of type (d) in
Fig. 15. During the transition from (a) to (d), the lift-off axially remains relatively stable
due to thermal expansion that opposes to convection by the flow [53]. At the same time,
the resulting burnt gases feed high-temperature reservoirs situated in external low-velocity or
recirculation regions of the jet. Such burnt gases reservoirs remain axially quite stable, and
can ultimately lead to topologies (b) at the origin of scenario 2 (see below). Topologies of type
(d) can then either extinguish, or reach the stoichiometric line, leading to the appearance of a
TF corresponding to topology (c). According to Section 6.3, the absolute flame speed of the
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TF is mainly governed by the flow velocity, and the TF is convected downstream resulting
in Evolution B. During this evolution, the TF also feeds burnt gases to the high-temperature
reservoirs because of the displacement of their diffusion flame branch.
Finally, a TF can deviate from the stoichiometric line, leading to the appearance of a topology
of type (e), corresponding to a lean or rich reaction zone as shown in Fig. 5-(b′). Transitions
between topologies (e) and (c) can happen in both directions until a new auto-ignition occurs
or local extinction is encountered.

Scenario 2 starts with a topology of type (b), i.e. an assisted auto-ignition by burnt gases
coming from high-temperature reservoirs that are fed by the topologies (c)-(f). Topology
(b) mainly transitions to (f) which corresponds to fuel-lean reaction zones as illustrated in
Fig. 11. Unlike topology (d), the reaction zones of topology (f) are surrounded by burnt
gases which limit the thermal expansion. They are thus growing slower, and are convected
downstream by the flow following Evolution B. During this evolution, they feed burnt gases to
the high-temperature reservoirs, which, thus, potentially facilitating the appearance of future
scenarios 2. Topologies (f) can also reach a stoichiometric line and form TF corresponding
to topology (c). The latter also feeds burnt gases to the high-temperature reservoirs, and
follows an Evolution B.

In summary, auto-ignition is indispensable for allowing to stabilize a spray flame under
Diesel-like conditions. Auto-ignition events appear intermittently in the upstream part of the
jet, leading to the strong discontinuities in LOL observed in experiments and simulations.
In-between such auto-ignitions, the leading edge of the reaction zones that can have any of
the four topologies (c) - (f) are convected downstream by the strong velocities resulting from
the high-pressure liquid jet. Even if these secondary topologies are ultimately blown, they
allow sustaining combustion by feeding burnt gases to high-temperature reservoirs situated at
the periphery of the jet. These reservoirs, indeed, facilitate the appearance of upstream auto-
ignition by burnt gases, which combined with spontaneous auto-ignition allows intermittent
strong reductions of the LOL, which ultimately allows an overall stabilization of the flame.
The flame stabilization mechanism is a coupling between the main mechanism auto-ignition
and secondary mechanisms linked to the downstream convection of reaction zones. The two
mechanisms are linked by the high temperature burnt gases reservoirs at the jet periphery,
confirming the hypothesis proposed in [6].

8. Conclusion

This joint experimental/numerical study focused on the stabilization mechanisms of Au-
toignitive Conditions Diffusion Flames (ACDF) created when a high speed fuel jet was in-
jected into hot air. Starting from experimental observations of n-dodecane jets into hot air,
a specific DNS was built to elucidate mechanisms which control the LOL (Lift-Off Length).
The analysis of the DNS showed that two types of mechanisms control the flame stabilization:
auto-ignition events, where the LOL jumped rapidly to small values, followed by evolutions
where the flames, created by auto-ignition events, were convected downstream by the flow
without significant flame propagation effects. To obtain these results, a post-processing
methodology to extract information, from DNS fields, was derived. The main conclusion
is that auto-ignition was the key stabilization mechanism, while triple flames, even if they
exist, had insufficient propagation speeds to contribute to the flame stabilization. These
flames were visible in multiple points of the flame brush, but they cannot be expected to
provide a stabilization mechanism. Future studies should further explore the behavior of the
presented conceptual model according to test condition variations (e.g. ambient tempera-
ture, and injection pressure variation). Finally, a Diesel engine environment is wall bounded
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and characterized by jet-jet interactions in the context of a swirling flow [54, 55]. These dif-
ferences with the presently studied unbounded isolated spray could impact the stabilization
mechanisms and their interactions. This would have to be explored in future experimental
and simulation work.
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Appendix 1

The inlet NSCBC [35] boundary condition (left edge of the computational domain) is
addressed imposing radial profiles of mean axial velocity (Eq. 1), temperature (Eq. 2), mass
fraction species (Eq. 3) and synthetic isotropic turbulence (Eq. 4):{

UX(R) = Umax
X exp(−R2/2σ2

1) + Ucoflow

Umax
X = 80 m/s

(1)

T (R) = Tamb + (600 − Tamb) exp(−R2/σ2
1) (2)

{
YnC12H26(R) = 0.153 exp(−R2/σ2

1)
Yk(R) = (1 − YnC12H26)Y

0
k with k = N2, O2, CO2, H2O

(3)

{
URMS(R) = Umax

RMS exp(−(R− µ)2/σ2
2) + Umax

RMS exp(−(R + µ)2/σ2
2),

Umax
RMS = 7 m/s

(4)

where:

� R is the radial coordinate

� σ1, σ2 and µ are constant respectively equal to 1.8, 1.4 and 1.7 mm

� Ucoflow is a co-flow used to avoid negative axial velocity on the inlet boundary condition
set to 1 m/s

� Tamb is the ambient temperature (800 K)

� Y 0
N2

, Y 0
O2

, Y 0
CO2

, Y 0
H2O

are given in Table 1
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