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A B S T R A C T

While low-temperature combustion (LTC) strategies have been found to mitigate nitrogen oxides and par-
ticulate matter emissions in diesel engines, studies have also associated LTC with an increase in unburnt
hydrocarbons. With more recent studies on diesel after end-of-injection (AEOI), combustion recession is
identified as a phenomenon where at near nozzle region, high-temperature ignition (HTI) combustion can
propagate back to the nozzle tip consuming the unburnt hydrocarbons AEOI. Current literature has suggested
that combustion recession is controlled by auto-ignition. However, high-fidelity simulations and detailed
analysis of such a mechanism are missing. In this study, comprehensive Large Eddy Simulations of a reacting
spray at ‘‘Spray A’’ conditions are performed, where detailed analysis of combustion recession concerning
flame morphology and propagation modes are included. In particular, this study demonstrated for the first
time that while combustion recession is mainly auto-ignition dominated (consistent with the literature), a cool
flame was found to deflagrate towards the richer regions of the mixture, promoting mixing and increasing the
mixture temperature. This leads to HTI kernels, which then grow and develop as deflagrative waves, therefore
sustaining the combustion recession process. The study also detailed the extinction mechanism of combustion:
the entrainment wave will overlean the near-nozzle mixtures, rendering it unable to support HTI, which leads to
the extinction of the upstream flame AEOI in lower reactivity mixtures. Combustion recession is also observed
to be contingent on the chemical and diffusion processes, even at low scalar dissipation rates. Finally, a new
criterion for combustion recession based on chemical explosive mode is proposed and validated with previous
combustion recession index to quantify the extent of HTI in near-nozzle mixtures AEOI. The newly developed
metric combined with a previous experimentally-based metric can provide simple but valuable measurements
of the degree and propensity of the upstream flame AEOI.

Novelty and Significance Statement
This work covers the literature gap in detailing the spray after end-of-injection combustion recession

mechanisms. The study is significant, suggesting that while combustion recession is auto-ignition-dominated,
deflagration modes were found, for the first time, to exist within the kernels via a cool flame at the end
of injection. With further analysis, the deflagration modes were found to promote mixing at the end of
injection which is deemed critical in sustaining combustion recession. The extinction mechanisms on the other
hand were associated with the significant role of entrainment waves after end-of-injection. To generalize the
findings of our study, a novel combustion recession metric based on the chemical explosive mode is proposed
where agreement is found with the experimental observations. The new metric can provide an effective
computational diagnostics tool for 3-D numerical simulations which complements the previous experimental
metric in identifying the propensity and degree of combustion recession.
1. Introduction

Diesel engines are efficient, reliable, and durable, making them a
popular choice for everyday transportation and heavy-duty commercial

∗ Corresponding author.
E-mail address: xiaohang.fang@ucalgary.ca (X.H. Fang).

applications. However, with ever-increasing environmental regulations
and restrictions, their nitrogen oxide (NOx) and particulate matter (PM)
emissions pose a significant challenge to their feasibility. To maintain
the competitiveness of diesel engines in the foreseeable future, more
advanced combustion strategies must be developed and implemented
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to reduce these emissions. Low-temperature combustion (LTC) is a
trategy that decreases the mixture temperatures within the cylinder
nd increases the overall air-fuel mixing [1]. This strategy typically

incorporates exhaust gas recirculation, a technique in which part of the
exhaust gas is recirculated back into the cylinders and mixed with the
fresh mixture, thereby reducing the in-cylinder temperatures and in-
reasing overall mixing [1]. Previous studies [2–5] have shown that the

LTC strategy can significantly reduce NOx and PM emissions in modern
diesel engines. However, unburned hydrocarbon (UHC) emissions can
lso increase with LTC [1]. Thus, a more in-depth characterization
f LTC diesel sprays is needed to improve the understanding of the

underlying processes contributing to the increased UHC emissions.
While various studies [6–8] have shown that start-of-injection (SOI)

processes can significantly impact NOx and PM formation, end-of-
njection (EOI) processes have also been demonstrated to play an

important role in UHC emissions formation in LTC diesel engines [9–
11]. Specifically, Musculus et al. [9] observed that after EOI (AEOI),
mixtures near the nozzle gradually become leaner. In a later study [12],
they developed a 1-D diesel jet model to understand the mixing process
behind this behavior and found that an entrainment wave occurs
AEOI. Entrainment waves are a mixture of air, fuel, and combustion
roducts that travels upstream, which in turn leans the mixtures near

the nozzle [12]. The study also found that a faster injection rate ramp-
own resulted in a stronger entrainment wave and increased UHC

emissions. To mitigate the increase in UHCs, a different study by
Knox et al. [13] controlled the injection rate ramp-down and observed
that AEOI, high-temperature ignition (HTI) occurred near the injector
nozzle, named combustion recession. Combustion recession is an EOI
henomenon where HTI occurs upstream of the flame lift-off length

(FLOL) AEOI, consuming UHCs in the process. It should be noted
that this is not the same phenomenon as flashback, where the flame
propagates back towards the fuel nozzle due to a discrepancy between
the local flame speed and the velocity of the fuel jet [9]. Instead,
current literature [14–17] suggests that combustion recession is likely
attributed to auto-ignition.

As one of the earliest experimental studies on combustion reces-
sion, Koci et al. [16] examined the effects of the ramp-down rate on
ombustion recession. The study differentiated two types of combus-
ion recession: strong combustion recession, a complete recession of
lectronically excited forms of the hydroxyl radical (OH*) and the
ethylidyne radical (CH*) chemiluminescence towards the injector
ozzle, and weak combustion recession, a partial recession of OH*
hemiluminescence towards the injector nozzle with no CH* chemilu-
inescence [16]. The strong combustion recession occurred at slower

ramp-down rates, higher ambient temperatures, and higher oxygen
concentrations, whereas the weak combustion recession occurred at
faster ramp-down rates with lower ambient temperatures and oxygen
concentrations [16]. They also found that decreasing the ambient
temperature changed the behavior of combustion recession from a
ontinuous stream of ignition to separate ignition kernels, suggesting

that combustion recession is dominated by auto-ignition rather than
deflagration [16]. Similar results were found in the work of Knox
et al. [17] by decreasing ambient temperatures and oxygen concen-
trations. Although the aforementioned studies provided experimental
evidence on the different types of combustion recession, numerical sim-
ulations can further provide fundamental understanding of combustion
recession while also complementing the experimental findings.

In a numerical study of combustion recession, Jarrahbashi et al. [14]
erformed a 3-D reacting spray simulation using the Reynolds-Averaged
avier–Stokes (RANS) framework and two reduced chemical kinetic
echanisms for n-dodecane developed by Cai et al. [18] and Yao

t al. [19]. (Note: for the sake of brevity, the chemical mechanisms will
henceforth be referred to as the ‘‘[first author] mechanism’’ throughout
the rest of this study). The study simulated a reacting spray using
the Engine Combustion Network’s (ECN) ‘‘Spray A’’ condition [20].
2 
The ‘‘Spray A’’ condition is a set of boundary conditions that emu-
ates LTC of diesel with exhaust gas recirculation [20]. With ambient
emperatures of 800 K and 900 K, combustion recession was found
o occur as separate ignition kernels, where the kernels were smaller
nder the 800 K condition than the 900 K condition [14]. With an

ambient temperature of 1000 K, combustion recession did not appear
s separate kernels, but as a continuous stream of ignition upstream
f the FLOL [14]. In another RANS study, Jarrahbashi et al. [21]

analyzed the effects of EOI transients on combustion recession and
found that fast ramp-down rates suppressed combustion recession while
combustion recession was present during slower ramp-down rates. The
fast ramp-down rates resulted in a faster and larger entrainment wave
towards the nozzle, where the entrainment wave overleans the mixture,
preventing HTI [12,21]. These earlier numerical studies have proven
that numerical simulations can predict combustion recession, yielding
similar results to the experimental findings mentioned earlier.

Following these early studies on combustion recession, subsequent
numerical studies have been focused on improving the modeling capa-
bilities to better predict combustion recession and its characteristics.
Employing ‘‘Spray A’’ conditions, Fang et al. [22] tested the effects
f different combustion models on combustion recession including
 finite rate chemistry model SAGE [23], Representative Interactive

Flamelet [24], and Flame Generated Manifold (FGM) [25]. Overall,
they found that all combustion models were able to predict combustion
recession with satisfactory precision [22]. In particular, using FGM and
the Cai and Yao mechanisms (which account for LTC), the authors high-
ighted how low-temperature chemistry affects the HTI upstream of the
LOL AEOI [22]. In another study performed by Fang et al. [26], they

compared two RANS-FGM models using chemistry manifolds obtained
from 0-D igniting homogeneous reactors and 1-D igniting counter-
flow diffusion flames to predict combustion recession, respectively.
Although both approaches were able to qualitatively capture the quasi-
steady flame structure, using the homogeneous reactor-based manifold
failed to predict combustion recession due to the lack of diffusive trans-
ort effects within the manifold, emphasizing that diffusion processes
lay a role in predicting HTI AEOI [26]. They also investigated the

effect of the chemical kinetics on combustion recession predictions
using Cai, Yao, Luo [27], and Ranzi [28] mechanisms. Compared to
the other three chemical mechanisms, the Yao mechanism predicted
he furthest combustion recession phenomenon due to its high chemical
ource term in the ignition region, supporting previous experimental
bservations that combustion recession is auto-ignition dominated. In
et another study, Fang et al. [29] utilized the Conditional Source-term

Estimation model [30] coupled with FGM to simulate LTC diesel sprays
nd found that it was capable of accurately predicting the complex
pray combustion processes. In a subsequent parametric study using the
ame model Fang et al. [31], varied the ambient temperatures (800 K,
00 K, and 1100 K) and oxygen concentrations (13%, 15%, and 21% by
olume) in the ‘‘Spray A’’ conditions. Similar to previous experimental
esults [15,17], they found combustion recession to occur at higher
mbient temperatures and higher oxygen concentrations.

While the parametric studies mentioned above have provided new
insights into the propensity of combustion recession under varying
conditions, most of these studies employed RANS simulations, which
might overlook finer details of the physical phenomena. While Direct

umerical Simulations (DNS) can fully resolve the flow field, they
are still computationally prohibitive. Thus, Large Eddy Simulations
(LES), which resolve large-scale flows and model the smaller ones,
can provide finer details in the flow while being computationally
viable [32]. In a recent LES study by Zhang et al. [33], combustion
recession both occurred using 90 μm (‘‘Spray A’’) and 186 μm (‘‘Spray
D’’) diameter nozzles, albeit in different forms. ‘‘Spray A’’ resulted in
separate ignition kernels, while ‘‘Spray D’’ resulted in a continuous
ignition stream upstream of the FLOL [33]. Moreover, a similar study
by Zhang et al. [34] found that combustion recession occurs at lower
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ambient temperatures (800 K), but only with a lower prescribed in-
jection pressure of 50 MPa. This is because higher injection pressures
increase entrainment AEOI, which causes the mixture to become overly
ean, resulting in inadequate thermodynamic conditions for combustion
ecession to occur [34].

The previous experimental and numerical studies on diesel spray
ombustion AEOI at LTC conditions provided a foundation for the

characterization of combustion recession. These studies found that
combustion recession occurs either as a continuous stream of ignition
or separate ignition kernels propagating towards the injector nozzle. In
addition, combustion recession is affected by ambient conditions, such
as temperature and oxygen concentration, and injector conditions such
as injection pressure. A common consensus from these studies is that
combustion recession is mainly attributed to auto-ignition modes rather
than deflagration modes. To substantiate this idea, computational diag-
nostics of the reacting spray may be beneficial to help understand the
flame characteristics, such as stabilization and propagation, AEOI.

Therefore, the objective of this study lies in conducting high-fidelity
LES at LTC conditions in order to capture and analyze combustion
recession. To achieve this objective, a computational diagnostic tool,
Chemical Explosive Mode Analysis (CEMA), is implemented to study
the EOI combustion modes near the injector nozzle. The target con-
dition is ‘‘Spray A’’ with variations in ambient temperature, oxygen
concentration, and injection pressure to understand their effects on the
combustion mode of the near-nozzle mixtures.

2. Methodology

2.1. Computational setup

The numerical simulations are carried out using the CONVERGE
CFD solver in an Eulerian–Lagrangian framework, distributing mass,

omentum, and energy source terms from the liquid phase to the
earest nodes in the Eulerian gas phase. Turbulence is modeled with
ES using the one-equation viscosity model formulated by Yoshizawa &
oriuti [35] and Menon et al. [36]. Fig. 1 illustrates the computational
omain. Similar to the combustion chamber used in the experiments,
he simulations were performed in a cylindrical chamber with a di-

ameter of 54 mm and a height of 100 mm, where the injector nozzle
tip, denoted by a green X marker in Fig. 1, is located at one end of
the cylinder along the center line. (Note: the axial (x) and radial (y)
positions of 0 mm correspond to the location of the injector nozzle
tip). Fixed embedding in a volume with an initial radius of 1 mm,
a final radius of 2 mm, and a length of 7 mm along the nozzle tip
is implemented, depicted by the solid blue lines in Fig. 1. This is
o increase the accuracy of the high-velocity liquid spray region as
he flame behavior is affected by the spray evolution. Adaptive mesh
efinement is also implemented in the whole domain to refine cells
p to 4 embedding levels based on subgrid velocity and temperature
luctuations to increase the overall accuracy of the reacting spray. A
ase grid resolution with a base grid size of 1 mm and a minimum
rid size of 62.5 μm are used, which have been tested and employed
n previous numerical simulations [37,38] that successfully simulated
he reacting ‘‘Spray A’’ conditions. To further improve the accuracy of

combustion recession, simulations employing a refined grid resolution
are also performed. The fixed embedding level in this resolution is
increased by one, resulting in a minimum grid size of 31.25 μm near the
nozzle. The Luo and Yao mechanisms are employed as they were de-
veloped to account for diesel spray LTC [19,27]. In particular, the Yao

echanism was specifically adopted for ‘‘Spray A’’ applications [19].
The injected droplets are set equal to the effective nozzle diame-

er [39]. The modified Kelvin–Helmholtz Rayleigh–Taylor model [40]
s used to simulate the droplet breakup. The No-Time-Counter model
41] is used to simulate droplet collision. The Frossling correlation [42]
s used to model droplet evaporation. The dynamic drag model [43],

the O’Rourke model [42], and the wall impingement model [44,45] are
3 
Table 1
The boundary conditions investigated in this study. The baseline condition is denoted
by bold text.

Parameter Values

Ambient temperature (K) 800, 900, 1000
Ambient pressure (MPa) 5.25, 6.09, 6.62
Ambient oxygen concentration (% O2 by volume) 13, 15, 21, 0 (non-reacting)
Injection pressure (MPa) 50, 150
Injection mass (mg) 6.95, 3.46
Injection duration (ms) 5.65, 1.54

used to model the drop drag, drop turbulent dispersion, and drop/wall
interaction, respectively. The sub-models outlined above have been
adopted from Fang et al.’s previous studies where the details are
available [22,26,29,31]. In this study, SAGE, a well-stirred reactor
(WSR) model, is used to model combustion. In WSR models, each cell
is assumed to be homogeneous, and the mean reaction rates are calcu-
ated with the Arrhenius equations. Consequently, SAGE can potentially

result in large errors as it ignores turbulence-chemistry interaction
effects; however, this error can be substantially reduced by increasing
the grid resolution [46]. In studies by Pei et al. [47,48], the authors
utilized SAGE to simulate a reacting spray flame under ‘‘Spray A’’
conditions. They found that either a minimum grid size smaller than
the nozzle diameter or 62.5 μm led to grid-convergent results that are
comparable to experimental data [47,48] and simulations incorporat-
ing a combustion model with turbulence-chemistry interactions [49].
Considering that the minimum grid size in this study is less than
r equal to 62.5 μm, SAGE can effectively and accurately model the
eacting spray and subsequently the combustion recession. However,
he authors acknowledge that turbulence-chemistry interaction models

are needed to adequately capture the effects of heterogeneity within
the subgrid scales [50].

The boundary conditions, based on the ECN’s ‘‘Spray A’’ conditions,
are summarized in Table 1. (Note: the numerical simulations will only
ave one parametric variation from the baseline condition and will

generally be referred to as the [parametric variation] case, e.g. 1000
K case). The surrogate fuel is 𝑛-dodecane (𝑛-C12H26) with an injection
temperature of 363 K and a density of 689 k g∕m3. The fuel is injected
nto the cylindrical combustion chamber from a single-hole axial in-
ector nozzle that has an outlet diameter of 90 μm. The variations of
ambient temperature, oxygen concentration, and injection pressure are
examined to see their effects on combustion recession. The ambient
pressure is adjusted when the ambient temperature is changed as the
ambient density is kept constant. The injection mass and duration are
lso corrected when the injection pressure is changed to better match
revious experimental conditions.

2.2. Chemical explosive mode analysis

CEMA [51] is a computational diagnostic tool based on the eigen-
analysis of the chemical Jacobian to identify flame limit phenomena.

he governing equation in the Lagrangian system for a typical reacting
low is defined as:
D𝒚
D𝑡 = 𝝎(𝒚) + 𝒔(𝒚), (1)

where 𝒚 is the vector form of dependent variables, including tem-
perature and species concentrations, 𝝎 represents the chemical source
term, and 𝒔 represents the non-chemical source terms, such as diffusion
and mixing, associated with the system. The dynamics of 𝝎 can be
determined using the chain rule, resulting in:
D𝝎(𝒚)

D𝑡 = 𝑱𝝎
D𝒚
D𝑡 = 𝑱𝝎(𝝎 + 𝒔),𝑱𝝎 = 𝜕𝝎

𝜕𝒚
, (2)

where 𝑱𝝎 is the chemical Jacobian. It should be noted that a separate
chemical Jacobian is calculated for each chemical mechanism due to a
difference in species and reactions. A chemical explosive mode (CEM)
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Fig. 1. The computational domain with a base grid size of 1 mm. The blue area denotes where fixed embedding is implemented. The red area denotes the spray area where
adaptive mesh refinement refined the grid. The green X marker denotes the injector nozzle location. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
Table 2
CEMA criteria for local combustion modes.

Criterion 𝛼 < −1 −1 ≤ 𝛼 ≤ 1 𝛼 > 1

𝜆e < 0 Non-explosive Non-explosive Non-explosive
0 ≤ 𝜆e ≤ 1 Non-reactive Non-reactive Non-reactive
𝜆e > 1 Extinction Auto-ignition Deflagration

is defined as an eigenmode associated with a real positive eigenvalue,
𝜆e:

𝜆e = 𝒃e ⋅ 𝑱𝝎 ⋅ 𝒂e, (3)

where 𝒂e and 𝒃e are the right and left eigenvectors, respectively. 𝜆e
refers to the eigenvalue of the fastest CEM as ignition processes are
mostly controlled by the fastest CEM [52]. 𝜆e also refers to the real
part of the largest non-conservative eigenvalue if no CEM is present.
By definition, CEM is purely a chemical property, and can interact
with other physical processes such as diffusion, evaporation, radiation,
etc. [53].

To identify different combustion modes, Xu et al. [52] projected
Eq. (2) to the CEM:

𝒃e ⋅
D𝝎(𝒚)

D𝑡 = 𝒃e ⋅ 𝑱𝝎(𝝎 + 𝒔) = 𝜆e𝒃e ⋅ (𝝎 + 𝒔), (4)

D𝜙𝝎
D𝑡 = 𝜆e𝜙𝝎 + 𝜆e𝜙𝒔 +

D𝒃e
D𝑡 ⋅ 𝝎, (5)

𝜙𝜔 = 𝒃e ⋅ 𝝎, 𝜙𝑠 = 𝒃e ⋅ 𝒔, (6)

where 𝜙𝝎 and 𝜙𝒔 are the projected chemical and diffusion source terms,
respectively. The last term in Eq. (5) represents a non-linear effect
induced by the rotation of the eigenvector [52], which is ignored in this
study. Xu et al. [52] further defined a local combustion mode indicator,
𝛼:

𝛼 =
𝜙𝒔
𝜙𝝎

, (7)

which indicates the relative importance of chemistry and diffusion in
the combustion process [52]. Table 2 outlines the different local com-
bustion modes from CEMA. A local combustion mode is only defined
for pre-ignition mixtures (𝜆e > 0), consistent with prior studies [54,55].
Furthermore, mixtures with 𝜆e ≤ 1 are considered too slow to be
reactive and are therefore ignored. The extinction mode (𝛼 < −1) is
where the ignition process is reversed by diffusion; the deflagration
mode (𝛼 > 1) is where ignition is dominantly controlled by diffusion;
the auto-ignition mode (−1 ≤ 𝛼 ≤ 1) is where ignition is dominantly
controlled by chemistry.
4 
CEMA has been used in various flame configurations [52,56], in-
cluding LTC of diesel spray simulations [57–59]. To aid in the analysis
of combustion recession, a customized CEMA tool is implemented
within CONVERGE 2.4 to identify the local combustion modes of the
flame AEOI.

3. Results and discussions

3.1. Non-reacting spray validation

As the fuel spray evolution affects the combustion thereafter, vali-
dation of the non-reacting spray is essential to ensure accurate reacting
flow predictions. The non-reacting simulations at ‘‘Spray A’’ conditions
are analyzed to validate the spray modeling approach. The non-reacting
spray conditions also include a variation of injection pressure as it is
known to impact the fuel spray characteristics. As suggested by the
ECN, the liquid penetration length (LPL) and vapor penetration length
(VPL) are used to validate non-reacting spray conditions. The ECN def-
initions for LPL and VPL are adopted in this study [20]. For numerical
simulations, the LPL is defined as the maximum axial penetration of
95% of the total injected fuel mass. The VPL definition is consistent
for both experiments and numerical simulations and is defined as the
maximum distance from the injector where the vapor fuel mass fraction
is 0.1%.

Fig. 2 shows the temporal evolution of the LPL and VPL of two
non-reacting cases with injection pressures of 50 MPa and 150 MPa
(baseline). For clarity, it should be noted that: (i) the SOI is set up to
correspond to the starting time of the simulation, i.e. 0 ms, and (ii) the
non-reacting results are an ensemble average from three realizations.
A quantitative comparative analysis of the liquid penetration results
shows a good agreement with the experimental results for ‘‘Spray A’’
baseline conditions. However, there is a slight over-prediction of liquid
penetration in the 50 MPa case, which could result from the reduced
pressurized conditions, allowing the injected fuel to travel much faster
in the time frame. On the other hand, the vapor penetration results are
more varied. There is an under-prediction in the 50 MPa case which can
be attributed to insufficient air entrainment (mixing), thus reducing the
rate of vaporization. In contrast, a slight over-prediction in the baseline
case highlights an increased rate of breakup that leads to enhanced
vaporization and greater penetration into the domain. These trends are
also observed in the mixture fraction space, depicted in Fig. 3. (Note:
the contours that are plotted throughout this study are from a mid-
plane slice at 𝑧 = 0 mm). Regardless of the injection pressure, the spray
morphologies are similar to their experimental counterparts. Overall,
the discrepancy between the numerical and experimental data is less
than 2% such that the results obtained can be considered sufficiently
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Fig. 2. Numerical liquid and vapor penetration lengths at ‘‘Spray A’’ conditions with
injection pressures of 50 MPa and 150 MPa (baseline). The shaded areas denote
experimental results. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
Source: Taken from the ECN [20].

Table 3
Ignition delay times (IDT) and flame lift-off lengths (FLOL) at ‘‘Spray A’’ baseline con-
itions for various chemical kinetic mechanisms and grid resolutions. The experimental
ata are obtained from the ECN [20].

Luo (Base) Luo (Refined) Yao (Base) Yao (Refined) Experiment

IDT (ms) 0.533 0.487 0.357 0.377 0.400–0.440
FLOL (mm) 23.6 23.4 18.9 16.5 15.8–17.9

accurate.
In summary, LES of the non-reacting ‘‘Spray A’’ at both baseline and

0 MPa conditions provided valuable insight into the spray modeling
ssumptions and their implications. While the results for the baseline
ase agree well with the experimental data for both liquid and vapor

penetrations, the 50 MPa case shows discrepancies in both the spray
enetration and morphology contour plots. This implies that reduced
mbient pressure conditions play a pivotal role in quantifying the

degree of mixing and spray propagation. Nevertheless, the quantitative
nd qualitative comparisons between the numerical results and experi-
ental data show good agreement, thus permitting further progression

f the study.

3.2. Reacting spray validation

As suggested by the ECN [20], the reacting spray results can be
alidated by comparing their ignition delay time (IDT) and FLOL
o the corresponding experimental results. For experiments, the ECN
uggests IDT and FLOL to be the time and axial location where 50%
f the maximum threshold of OH* chemiluminescence occurs, respec-
ively [20]. For numerical simulations, the ECN suggests IDT to be the

time where the maximum temporal change of the maximum tempera-
ure ([dT/dt]max) occurs and FLOL to be the axial location where the

hydroxyl (OH) mass fraction reaches 2% of the maximum value in the
domain after the flame stabilizes, respectively [20]. In this study, the
ECN standards for IDT and FLOL are adopted to validate the reacting
spray simulations.
5 
Table 3 summarizes the IDTs and FLOLs from the numerical simula-
tions and experiments at ‘‘Spray A’’ baseline conditions. Both Luo and
Yao mechanisms predict comparable IDTs to experimental results. How-
ever, as observed in other ‘‘Spray A’’ simulations [14,22,26], the Luo
mechanism slightly over-predicts the IDT, whereas the Yao mechanism
slightly under-predicts it. This is likely because formyl (HCO) produc-
tion (R1) in the Yao mechanism is enhanced, meaning that the reaction
rate is faster, relative to the detailed mechanism of the Lawrence
Livermore National Library (LLNL) [60]. It should be noted that the
Yao mechanism was tuned against the LLNL mechanism for IDTs [19].
Since R1 is enhanced, the production (R2) of hydroperoxyl (HO2), a key
species in tracking low-temperature ignition (LTI), becomes a dominant
chemical path in the Yao mechanism [60]. Furthermore, the reaction
rate of R2 is also increased (relative to the LLNL mechanism) [60]; the
overall faster LTI will then lead to a faster HTI and hence a shorter IDT.

CH2O + OH → HCO + H2O (R1)

HCO + O2 → CO + HO2 (R2)

While the FLOL from the Yao mechanism agrees well with experi-
mental measurements, the FLOL obtained with the Luo mechanism is
higher than the experiment, in line with previous numerical studies [14,
22,26]. The likely reason why the Luo mechanism over-predicts the IDT
and FLOL is its relatively smaller chemical source term values [26],
which leads to an overall slower combustion process. Nevertheless, the
umerical IDT and FLOL are comparable to experimental results, which
llows the authors to proceed with the analysis of the reacting spray
EOI.

3.3. Grid resolution and chemical kinetic mechanism selection

The appropriate grid resolution and chemical kinetic mechanism
that ‘‘best’’ model and predict combustion recession are first assessed/
nvestigated. Fig. 4 shows the OH and formaldehyde (CH2O) mass frac-
ion contours of the different grid resolutions and chemical mechanisms
t baseline conditions. OH* chemiluminescence images from Knox
t al. [17] are also plotted in Fig. 4, where the time steps (as indicated

on the experimental image) correspond to after the start of ramp-
down. In the context of this study, ramp-down is approximately 0.1 ms
100 μs) before EOI, therefore the time stamps between the numerical
nd experimental images match. CH2O and OH are produced during
TI and HTI, respectively, and can be considered the representative
pecies/product of the two-stage combustion process of diesel sprays.
s previously mentioned, OH* is the electronically excited form of OH,
nd is also used to represent HTI [17].

As seen in Fig. 4, the simulation using the base grid and the Luo
mechanism has no HTI upstream of the quasi-steady FLOL (denoted
by red dashed lines) before EOI, indicating no combustion recession.
However, while the CH2O concentrations are decreasing with time,
a small HTI kernel near the main flame does form by 0.4 ms AEOI,
indicating that combustion reactions are still occurring near the FLOL.
Using the same mechanism with a refined grid, combustion recession
instead starts to occur at 0.3 ms AEOI, close to the main flame (the
flame downstream of the FLOL). By 0.4 ms AEOI, the HTI kernels have
merged with the main flame. In contrast, the simulations using the
Yao mechanism at both grid resolutions show combustion recession
as separate ignition kernels, which seems to be in line with other
experimental studies [16,17]. With both grid resolutions, combustion
recession starts to occur just before 0.2 ms AEOI. The HTI kernels
start to grow in size and by 0.4 ms AEOI, they have fully developed.
In addition, the simulations with both mechanisms indicate that HTI
occurs near the stoichiometric mixture fraction, denoted by the solid
cyan lines in Fig. 4.

When comparing the simulations to the OH* chemiluminescence
imaging, simulations with the Yao mechanism seem to better predict
combustion recession as HTI AEOI occurs farther upstream and as



F.J. Arguelles et al. Combustion and Flame 274 (2025) 113993 
Fig. 3. Numerical spray morphology of the instantaneous mixture fraction (𝑍) at ‘‘Spray A’’ conditions (top) compared with experimental schlieren imaging (bottom) from the
ECN [20] at 1 ms after SOI. The blue and green lines denote liquid and vapor boundaries, respectively. The color scale is set up to the maximum mixture fraction in the domain.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 4. OH and CH2O mass fraction (𝑌 ) contours of different simulations compared with experimental OH* chemiluminescence imaging [17]. The experimental images are in false
color scale with red set as 50% of OH* maximum intensity. The background noise in the experiments are due to soot luminosity. The experimental time steps are after the start
of ramp-down; the time stamps match as EOI is approximately 0.1 ms after the start of ramp-down. The dashed red lines and the solid cyan lines indicate the quasi-steady FLOL
before EOI and the stoichiometric mixture fraction isocontour, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
previously mentioned, as separate ignition kernels, which is consistent
with the chemiluminescence snapshots in Fig. 4 and other experimental
studies [16,17]. While combustion recession does occur in the simula-
tions using the Luo mechanism with the refined grid, it does not exhibit
6 
the same characteristics as the chemiluminescence imaging and other
experimental studies [16,17]. As mentioned previously, the chemical
source term values in the Luo mechanism are relatively low, specifically
in the intermediate combustion stages [26]. This likely causes the



F.J. Arguelles et al. Combustion and Flame 274 (2025) 113993 
Fig. 5. Local combustion modes near the nozzle using the refined grid resolution and the Yao mechanism. The OH and CH2O mass fraction (𝑌 ) contours are overlaid to show
the combustion process, where their color scale is set up to 50% of the maximum mass fraction in the domain. The dashed white lines denote the quasi-steady FLOL. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
failure of the transition from LTI to HTI in the base grid simulation and
a smaller combustion recession tail in the simulation with the refined
grid for the Luo mechanism. Conversely, the simulations with both
grid resolutions for the Yao mechanism predict combustion recession
well. However, considering that the refined grid simulation using the
Yao mechanism had slightly better reacting spray validation results,
the refined grid resolution and the Yao mechanism will be considered
hereafter for the analysis of local combustion modes AEOI. The authors
would also like to note that a total of four realizations were performed
for each chemical kinetic mechanism. However, it was determined that
one realization is sufficient to characterize combustion recession. More
details are provided in Appendix.

3.4. Combustion modes of combustion recession

Combustion recession is further analyzed using CEMA. The local
combustion modes of the mixtures near the nozzle at different condi-
tions are plotted in Fig. 5. The CH2O and OH mass fractions, where their
color scale is set up to 50% of their maximum value in the domain,
7 
are also plotted to show the LTI and HTI processes, respectively. In
the 50 MPa, 21% O2, and 1000 K cases, the kernels ignite and develop
much more rapidly, appearing as a continuous stream that propagates
towards the nozzle, denoted by ‘‘A’’ in Fig. 5. In contrast, the HTI
kernels in the baseline and 13% O2 cases ignite and develop relatively
slower and appear as separate ignition kernels, denoted by ‘‘B’’ in
Fig. 5. For example, the mixtures upstream of the FLOL (denoted by
the dashed white lines) in both the 13% O2 and baseline cases appear
similar at 0.1 ms AEOI. However, HTI has occurred in the baseline case
by 0.2 ms AEOI, whereas in the 13% O2 case, HTI occurs around 0.3 ms
AEOI.

As demonstrated in Fig. 5, the dominant mode just after EOI in
all cases is auto-ignition. HTI seems to occur where the auto-ignition
modes are located, supporting the previous conclusions that combus-
tion recession is auto-ignition dominated. Interestingly, for all cases
exhibiting combustion recession, the ignition kernels grow and develop
in locations where the deflagration modes coincide as well. Recently,
a ‘‘Spray A’’ study by Gong et al. [61] showed that auto-ignition
induced flame fronts are HTI sites that are frequently observed in the
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Fig. 6. CH2O and OH mass fraction (𝑌 ) scatter plot in temperature–mixture fraction (𝑇 –𝑍) space of the 13% O2, 21% O2, and 1000 K cases. Only the domain area upstream the
quasi-steady FLOL are plotted. The dashed cyan lines denote stoichiometric mixture fraction. The color scale is set up to 50% of the maximum mass fraction in the domain. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
rich core of mixtures [61]. Furthermore, they found that these auto-
ignition induced flame fronts are stabilized by flame propagation. This
can perhaps explain why the ignition kernels AEOI (or combustion
recession) grow and develop as deflagration. Similar results have been
found in closely resembling ‘‘Spray A’’ DNS studies performed by
Farjam et al. [62] and Zhou et al. [63], where they found that HTI
transitions into a deflagration after auto-ignition. Although not visible
in Fig. 5, the authors have observed that deflagration modes exist in
the center of the ignition kernels just before HTI. While the results
support previous experimental studies where combustion recession was
auto-ignition dominated, the presence of a deflagration mode within
the kernel just before HTI warrants further investigation.

3.4.1. Re-ignition mechanism
To further analyze combustion recession, the first HTI kernels up-

stream of the quasi-steady FLOL AEOI in the 13% O2, 21% O2, and 1000
K cases are temporally located; the time steps just before the ignition
of these kernels are also considered. Fig. 6 shows the CH2O and OH
mass fractions upstream of the FLOL in 𝑇 –𝑍 space. The stoichiometric
mixture fraction is denoted by the dashed cyan lines. Similar to Fig. 5,
the color scale is set up to 50% of the maximum mass fraction in the
domain for visibility.

As depicted in the bottom three plots of Fig. 6, combustion reces-
sion, indicated by OH, first occurs at 0.26 ms AEOI for the 13% O2
case, 0.09 ms AEOI for the 21% O2 case, and 0.13 ms AEOI for the
1000 K case. The lower oxygen concentration results in a relatively
delayed combustion recession due to decreased reactivity, occurring
about 0.15 ms later compared to the high reactivity cases. Conversely,
because of their increased reactivity, HTI occurs earlier in the 21%
O2 and 1000 K cases. Specifically for the 1000 K case, HTI seems to
also occur around the stoichiometric mixture fraction. This has also
been observed in the aforementioned ‘‘Spray A’’ DNS study by Zhou
et al. [63]. In their study, they found that a cool flame with LTI
products propagates towards the rich core while at higher ambient
temperatures, HTI can also occur in relatively leaner areas outside
the rich region [63]. These observations are seen in Fig. 6 where OH
8 
concentrations are much higher near the cool flame, denoted by CH2O.
The cool flame phenomenon in 𝑛-dodecane sprays has been studied

by Zhong et al. [58], where they found that a cool flame propagates
towards fuel-rich regions, mixing in the LTI products and increasing
the temperatures, thereby promoting HTI. In the same ‘‘Spray A’’ DNS
studies [62,63] mentioned previously, the authors observed that in
lower reactivity mixtures, the cool flame deflagrates towards the rich
core region. This is likely the reason why a deflagration mode exists
within the kernel as the cool flame propagates into the rich mixtures,
promoting mixing and increasing the overall projected diffusion source
terms to the CEM. This perhaps relates to the fundamental basis of
species diffusion where one can suppose that the local temperature
increase, induced by the cool flame, favors species to diffuse faster
into the surroundings, and igniting the mixture as either a continuous
stream of ignition or separate ignition kernels (depending on the ambi-
ent thermodynamic conditions). Nevertheless, some additional in-depth
research on this topic is required to strengthen the claims made here.
It should be noted, while deflagration is essential in assisting the full
development of the combustion recession, auto-ignition is still found to
dominate the combustion recession process as the deflagration mode
constitutes only a small part of the HTI kernel before ignition.

To further characterize the deflagration processes in combustion
recession and the impact of mixture stratification, the probability den-
sity functions of the mixture fraction of the mixtures upstream of the
FLOL AEOI in the three aforementioned cases are plotted in Fig. 7. The
mixture fraction is conditioned based on either the deflagration or auto-
ignition mode. Similar to the previous discussion, the time step for each
case is when the first HTI upstream of the FLOL AEOI occurs. As seen in
the 1000 K case, auto-ignition modes are slightly more concentrated on
the leaner regions, consistent with previous findings that auto-ignition
can occur in leaner regions at higher ambient temperatures [63].
Specifically for the 13% O2 case, the likely reason why the auto-ignition
modes are wholly concentrated in leaner regions is the instantaneous
HTI in the mixture, thereby ‘‘consuming’’ the auto-ignition modes in
the richer regions. Across all three cases, two mixture fraction values,
one lean and one rich, occur the most frequently for the deflagration
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Fig. 7. The probability density functions of the mixture fraction (𝑍) for the 13% O2, 21% O2, and 1000 K cases. The mixture fraction is conditioned based on the deflagration
and auto-ignition modes from CEMA. Only the area upstream the quasi-steady FLOL are considered and the time step is when HTI first occurs in each respective case.
Fig. 8. Time evolution of the mixture fraction (𝑍) along the spray center line of the 50 MPa (left) and the 150 MPa/baseline (right) cases.
modes, as indicated by the density peaks. Although not shown, it was
determined that: (i) the lean deflagration modes are associated with the
propagation of the flame AEOI, and (ii) the rich deflagration modes are
associated with the cool flame propagation. As discussed previously,
the cool flame propagates into the fuel-rich mixtures, explaining the
deflagration modes in the rich mixtures. The deflagrative waves after
auto-ignition were observed to propagate to lean and stoichiometric
mixtures in previous diesel surrogate studies [61,64–66]. In particular,
a diesel surrogate DNS study by Krisman et al. [65] found that the auto-
ignited flame propagates and expands into the leaner mixtures. This
propagation enables the stoichiometric mixtures to auto-ignite [65],
explaining the absence of deflagration modes (and the presence of auto-
ignition modes) around the stoichiometric mixture fraction, as observed
in Fig. 7. This observation highlights not only the LTI deflagrative
waves but also the HTI expansion that further promotes auto-ignition.
As the cool flame products are eventually consumed in the HTI process,
the lean deflagrative wave will be the dominant deflagration mode in
combustion recession.

The previous discussion mentioned that combustion recession is af-
fected by the reactivity of the mixture through the increase in ambient
temperatures and/or oxygen concentrations. Although the 50 MPa case
would have the same ambient temperature and oxygen concentration
as the 150 MPa (baseline) case, as seen in Fig. 5, combustion recession
is more prevalent in the 50 MPa case. To further elucidate this, Fig. 8
shows the temporal evolution of the mixture fraction along the spray
center line for the 50 and 150 MPa (baseline) cases. In both cases, the
mixture fraction decreases because of the mixing due to the entrain-
ment wave. However, in the 50 MPa case, the mixtures stay relatively
9 
richer as time advances, which allows them to undergo HTI. As pre-
viously mentioned, Zhang et al. [34] observed that higher injection
pressures result in larger entrainment waves AEOI. In the same study,
they also observed that lower injection pressures result in a reduced
axial velocity at EOI [34]; a reduced axial velocity at EOI reduces the
overall entrainment rate. Since the entrainment near the upstream mix-
tures is weaker, the mixtures remain the near-stoichiometric mixture
fraction (approximately 0.045) relatively longer, which allows HTI, or
combustion recession, to occur [34].

To demonstrate the general trend of the local combustion modes
upstream of the FLOL AEOI, the temporal evolution of the fraction
of these modes is plotted in Fig. 9. The 800 K case is excluded as it
does not exhibit combustion recession, as discussed in the next section.
In all cases, the auto-ignition modes form the majority of the local
combustion modes AEOI. As time progresses, the deflagration modes
start to increase, indicating the transition of the HTI kernels from an
auto-ignition mode to a deflagrative wave, which was observed in the
previous discussions. However, all cases seem to reach an equilibrium
between the decreasing auto-ignition and the increasing deflagration
modes at around 0.4 ms AEOI; all cases also show the extinction modes
gradually increasing. These observations suggest that, regardless of
initial conditions, combustion recession is most likely a process that
is initially auto-ignitive, and then propagation-driven until reaching a
diffusive limit where, as discussed in the next section, the diffusion
processes render the upstream flame extinct.

3.4.2. Extinction mechanism
Perhaps more interestingly, no combustion recession occurs with an

ambient temperature of 800 K, consistent with previous studies [14,17].
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Fig. 9. The temporal evolution of the mean fraction of local combustion modes across
ll cases except the 800 K case. The lower and upper ranges denote the minimum and
aximum fraction across the cases, respectively.

In order to study this in detail, Fig. 10 shows the local combustion
modes AEOI, entrainment, and mixture fraction evolution of the 800
K case. The middle and right-most contours of Fig. 10A illustrate that
he auto-ignition modes start to transition into deflagration at around
.2 ms AEOI. Between 0.2 and 0.3 ms AEOI, the deflagration modes

then start to transition into extinction modes. By 0.4 ms AEOI, the area
etween the FLOL and the injector nozzle is dominated by extinction,

fully suppressing the combustion process.
In the left-most contours of Fig. 10A, a relatively large entrainment

wave, due to a longer FLOL (20.5 mm as opposed to 16.5 mm in the
baseline case), is present near the injector nozzle AEOI. In addition,
entrainment recirculation (encircled in red in Fig. 10A) is present
close to the upstream mixtures. To complement these findings, the
temporal evolution of mixture fraction along the spray center line at
he same condition is plotted in Fig. 10B. Rich pockets in the near-
ozzle region exist at 0.2 ms AEOI. However, due to the entrainment

wave and recirculation along this region, the mixtures become leaner.
By 0.4 ms AEOI, the region has become fully lean. As the reactants
over-mix due to the entrainment wave, the mixture becomes too lean
o support HTI [9], which can potentially explain the transition from
he deflagration modes to the extinction modes.

To quantifiably visualize extinction AEOI, the normalized projected
chemical (𝜙𝝎,norm.) and diffusion (𝜙𝒔,norm.) source terms along the spray
center at two different time steps are plotted in Fig. 10C and D.

hese projected source term values are normalized using the largest
agnitude of either 𝜙. According to Eq. (7) and the criteria for lo-

al combustion modes, extinction occurs when 𝜙𝒔 is negative, and
ts absolute value exceeds 𝜙𝝎. It should be noted that 𝜙𝝎 is chosen

to be always positive as chemistry always contributes positively to
he ignition process. Fig. 10C shows that immediately after EOI, 𝜙𝝎
ominates near-nozzle mixtures, with minimal contribution from 𝜙𝒔.

However, well after EOI (Fig. 10D), 𝜙𝝎 significantly decreases and 𝜙𝒔
ecomes predominantly negative, indicating that diffusion is inhibiting
he ignition process. These observations highlight that the diffusion
rocesses in extinction modes negatively impact the flame, leading to
ts suppression.
10 
3.4.3. Effects of scalar dissipation rate on re-ignition and extinction
As proposed by literature, the scalar dissipation rate represents the

rate of mixing of scalar values, which makes it essential in determining
the effects of turbulence on combustion [67]. Studies have suggested
hat HTI and extinction occur at low and high scalar dissipation rates,

respectively [68]. Therefore, to study the effects of scalar dissipation
ate on combustion recession, Fig. 11 shows the OH and CH2O mass
ractions (the color scale is set up to 50% of the maximum mass fraction
n the domain) and scalar dissipation rates at the time and location

where HTI occurs AEOI in baseline and 800 K conditions.
Encircled in red and white are the spatial locations of the HTI

kernels AEOI for the baseline and 800 K cases. It should be noted that
the HTI kernel in the 800 K case is located at the very base of the main
flame, and is therefore not considered to be combustion recession in
this case. As expected, both kernels occur near stoichiometric mixture
fraction, denoted by the cyan lines. They also appear in areas with
low scalar dissipation, occurring at 𝜒 ≈ 1 𝑠−1. In fact, although
not shown for brevity, the scalar dissipation rates in the upstream
mixtures AEOI in all cases are low (𝜒 <∼ 1 𝑠−1). This indicates that, as
expected, low scalar dissipation rates allow the species and temperature
to accumulate, promoting HTI [68]. The 800 K case also exhibits low
scalar dissipation rates AEOI. However, the flame in the 800 K case ex-
tinguishes without combustion recession. As previously mentioned, the
lower reactivity found in lower ambient temperatures is not favorable
for HTI. In addition, the cool flame and the entrainment AEOI lean the
mixtures upstream of the FLOL, further inhibiting combustion. While
low scalar dissipation rates support the auto-ignition process AEOI,
this process is also dependent on other factors affecting the overall
reactivity of the mixture, including ambient conditions and fuel mixing
AEOI.

3.5. Combustion recession metrics

Finally, metrics are presented to generalize combustion recession.
First introduced by Knox et al. [15], the combustion recession metric,
𝑅, represents the fraction of ignited mixtures upstream of the FLOL
AEOI. Through variations of the ‘‘Spray A’’ conditions, the ensemble
average of the combustion recession metric, ⟨𝑅⟩, was obtained [15]. A
standard least squares regression on the ensemble average of the metric
was then performed, resulting in the equation:

⟨𝑅⟩ = − 0.3618 − 0.1686𝜌 + 3.014 × 10−4𝑇 + 0.4576𝑂2 + 6.372 × 10−4𝑑0

+ 1.998 × 𝜌𝑇

{

−0.0437 if ramp-down is fast
+0.0437 if ramp-down is slow

+ 0.1054𝜌𝑂2 + 8.772 × 10−5𝜌𝑑0 − 1.228 × 10−4𝑃inj,

(8)

where 𝜌, 𝑇 , 𝑂2, 𝑑0, and 𝑃inj are ambient density (kg/m3), ambient
temperature (K), oxygen concentration (%), nozzle diameter (μm),
and injection pressure (bar), respectively. In the same study [15],
the authors identified 3 types of combustion recession: (i) complete
combustion recession characterized by relatively shorter mixing time
scales where combustion recession occurs in lean mixtures as a con-
tinuous stream of HTI, (ii) partial combustion recession where the

ixing time scales are even shorter and combustion recession occurs
s separate HTI kernels, and (iii) no combustion recession where no
TI upstream of the FLOL AEOI takes place [15].

The ensemble average of the combustion recession metric has shown
to be successful in determining the type of combustion recession in a
wide range of test conditions [15]. In fact, as shown later, the metric
correctly predicts the type of combustion recession in the numerical
results of this study. However, it only predicts the type of combustion
recession from the test conditions and does not quantify how much
of the upstream mixtures have ignited. Therefore, to complement this
metric, the authors propose a new criterion for combustion recession,
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Fig. 10. (A) Local combustion modes of the 800 K case determined by CEMA. The OH and CH2O mass fraction contours are overlayed to show the combustion process. The plots
on the left show a close-up of the velocity streamlines. The red circles denote entrainment recirculation. (B) Time evolution of the mixture fraction (𝑍) along the spray center line
of the 800 K case. The normalized projected chemical (𝜙𝝎,norm.) and diffusion (𝜙𝒔,norm.) source terms along the spray center line at (C) 0.1 ms AEOI and (D) 0.4 ms AEOI. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
𝑅𝜆e , based on 𝜆e within the CEMA framework:

𝑅𝜆e =
𝛺non-explosive

𝛺non-explosive +𝛺explosive
, (9)

where 𝛺non-explosive and 𝛺explosive represent the regions of non-explosive
(ignited) and explosive (pre-ignition) mixtures upstream of the FLOL,
respectively. As previously mentioned, explosive mixtures are charac-
terized by 𝜆e > 0. Conversely, non-explosive mixtures are characterized
by 𝜆e < 0. To extend these definitions, values of |𝜆e| < 1 are truncated
as the chemical Jacobian near the 𝜆e zero-crossing becomes defec-
tive [51]. The formulation of 𝑅𝜆e is similar to 𝑅 which, as previously
stated, also measure the fraction of ignited mixtures. However, 𝑅
relies on line-of-sight measurements, consequently only considering the
upstream mixtures in the axial dimension. Since 𝑅𝜆e numerically con-
siders the mixtures in multi-dimensional space, i.e. the axial dimension
and the radial dimension, it can represent more accurately the fraction
of the mixtures that have undergone HTI.

Fig. 12 shows ⟨𝑅⟩ for each boundary condition and 𝑅𝜆e of the
numerical results in this study. From ⟨𝑅⟩, it is illustrated that only the
800 K case is predicted to have no combustion recession. The higher
reactivity conditions, 21% O2 and 1000 K, are predicted to have com-
plete combustion recession, and the baseline and 13% O2 cases are
indicated to have partial combustion recession. As injection pressure
lowers, combustion recession becomes complete combustion reces-
sion. In terms of the proposed criterion, an 𝑅𝜆e value of 0 indicates
no mixtures undergo HTI, and an 𝑅 value of 1 indicates all mixtures
𝜆e

11 
undergo HTI. For instance, for the 800 K case, 𝑅𝜆e indicates that almost
none of the upstream mixtures sustain HTI, which is observed through
the lack of OH AEOI in Fig. 5. For the 21% O2 case, 𝑅𝜆e indicates a
majority (approximately 80%), but not all of the upstream mixtures
undergo HTI, as indicated by the presence of CEMs and CH2O well after
EOI, as also seen in Fig. 5.

Interestingly, if one assumes that 𝑅𝜆e uses the same criteria for the
type of combustion recession as ⟨𝑅⟩, then 𝑅𝜆e ‘‘predicts’’ the same type
of combustion recession as ⟨𝑅⟩ in all test conditions in this study except
for the 50 MPa case. Indeed, 𝑅𝜆e ‘‘predicts’’ partial combustion reces-
sion instead of complete combustion recession (from ⟨𝑅⟩ and the results
in this study). A likely reason is that injection pressures do not rela-
tively affect combustion recession when compared to other parameters,
such as ambient temperatures [15]. Another possible reason is that the
time step for calculating 𝑅𝜆e is chosen where all cases appear to have
completed reacting, similar to the approach for the original metric [15].
However, it is noteworthy that 𝑅𝜆e for the 50 MPa case is near the
threshold between partial and complete combustion recession. Despite
this minor discrepancy between results, 𝑅𝜆e can accurately represent
the fraction of mixtures that have undergone HTI, thereby making it
an effective metric in quantifying combustion recession. Furthermore,
the authors would like to highlight that the proposed metric can be
a valuable computational diagnostics tool especially when the high-
fidelity simulation data becomes excessive for the study of combustion
recession. The identification of combustion recession can be achieved
through this simple post-processing quantity which otherwise might
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Fig. 11. Mass fraction (𝑌 ) and scalar dissipation rate (𝜒) contours of the baseline case (left) and the 800 K case (right). The time steps are AEOI. The cyan lines denote the
stoichiometric mixture fraction. HTI is encircled in red. The color scale for the mass fractions is set up to 50% of the maximum mass fraction in the domain. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 12. The ensemble average of the combustion recession metric (⟨𝑅⟩) and the modified combustion recession metric (𝑅𝜆e
) for each boundary condition. For 𝑅𝜆e

: (i) a value of
0 indicates none of the mixtures upstream of the FLOL AEOI have undergone HTI, and (ii) a value of 1 indicates all of the mixtures upstream of the FLOL AEOI have undergone
HTI.
take a very long time for conventional contour plot analysis.

4. Conclusion

In this study, an 𝑛-dodecane spray flame at low-temperature com-
bustion conditions was simulated with high-fidelity LES to understand
the mechanism of combustion recession. A customized Chemical Explo-
sive Mode Analysis (CEMA) tool was implemented in the CONVERGE
CFD solver to determine the local combustion modes of the react-
ing spray after end-of-injection (AEOI). The numerical simulations at
‘‘Spray A’’ baseline conditions were able to accurately capture the
combustion recession characteristics. The simulations using the refined
grid resolution and the Yao mechanism predicted flame characteristics
and combustion recession slightly better than the base grid resolution
and were used to analyze the local combustion modes AEOI. For all
12 
boundary conditions tested in this study, except in the 800 K ambient
temperature case, combustion recession occurs as either a continuous
stream of ignition or separate ignition kernels.

Furthermore, it was confirmed that combustion recession is auto-
ignition dominated. However, deflagration modes were found to exist
around the periphery of the ignition kernels, indicating that after auto-
ignition, combustion recession propagates as deflagration. At higher
ambient temperatures, auto-ignition induced flame fronts, which in the
context of this study can be considered to be the high-temperature
ignition (HTI) kernels AEOI, are both stabilized by and transition into
deflagration; this is most likely the reason why the periphery of the
ignition kernels coincides with the deflagration modes. The deflagrative
wave then propagates into the leaner mixtures, which allows the sto-
ichiometric mixtures to auto-ignite. Additionally, deflagration modes
exist in the center of the kernel just before HTI. This is because a cool
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Fig. A.13. Temperature (𝑇 ) contours from different realizations at ‘‘Spray A’’ baseline conditions using the Yao mechanism (E.A. stands for Ensemble Average). The time step is
0.2 ms AEOI.
flame propagates towards the inner fuel-rich regions, promoting mixing
and increasing the temperatures, which promotes HTI.

Moreover, combustion recession occurs further upstream with a
lower injection pressure as the reduction in axial velocity decreases
the entrainment magnitude. The mixtures near the nozzle stay near
the stoichiometric mixture fraction longer due to weaker entrainment,
supporting HTI. Conversely, the entrainment wave in lower reactivity
mixtures overleans the mixture, rendering it unable to support HTI,
which leads to the extinction of the upstream flame AEOI. In addition,
combustion recession was found to occur in areas with low scalar
dissipation rates. However, due to the previous results, combustion
recession also seems to be dependent on the chemical and diffusion
processes. Finally, a new criterion for combustion recession is proposed
to take into account combustion recession in multi-dimensional space
complementing the original metrics developed through experiments.
The new criterion is formulated to represent the fraction of HTI in
mixtures upstream of the flame lift-off length AEOI. All numerical
results match the combustion recession characteristics predicted by
both previous and proposed metrics, supporting the findings of this
study.
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Appendix. Realization variations

As previously mentioned, simulations with the refined grid res-
olution and the Yao mechanism will be used to study combustion
recession. However, the realization-to-realization variations in LES can
affect the subsequent analysis of the system. In a ‘‘Spray A’’ study by
Pei et al. [47], it was found that five LES realizations are required
to obtain 99% similarity to an equivalent of 16 LES simulations for
mixture fraction [47]. However, the study also determined that more
realizations are needed depending on the scalar of interest [47]. A
similar spray study by Bao et al. [69] found analogous results that
scalar variables with larger scale fluctuations require more realizations.
However, Fang [37] has accurately predicted the reacting ‘‘Spray A’’
characteristics before EOI with only five realizations. Furthermore, an
LES of ‘‘Spray A’’ split-injections by Blomberg et al. [70] predicted com-
bustion recession, also with five realizations. Each of their realizations
predicted combustion recession, albeit in different spatial locations.

To illustrate the realization-to-realization variation of combustion
recession in this study, the temperature contours at ‘‘Spray A’’ baseline
conditions of each realization and their ensemble average using the
Yao mechanism are presented in Fig. A.13. As seen in the figure,
each realization exhibits different spatial characteristics of combustion
recession. For example, combustion recession in R1 is indicated by one
largely developed HTI kernel, denoted by ‘‘A’’, with smaller kernels
near the nozzle. In contrast, combustion recession in R3 is marked by
multiple developed HTI kernels, denoted by ‘‘B’’. Nevertheless, combus-
tion recession occurs as separate HTI kernels in all four realizations,
consistent with previous experimental results [16]. As expected, the
ensemble average shows much lower upstream temperatures due to
the difference in the spatial locations of HTI. The results show that
combustion recession, which is highly fluctuating and unsteady by
nature, is affected by perturbations in the mixture, changing the spatial
characteristics of the HTI kernel. However, these perturbations do not
seem to affect the prediction of the combustion recession event itself.
This implies that the underlying physics associated with HTI upstream
of the FLOL AEOI remains the same. Therefore, one can suppose that
one realization is sufficient for combustion recession analysis, as long as
the combustion event itself is predicted. Hence, we use one realization
(per parametric case) to study the HTI upstream of the FLOL AEOI.
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