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A B S T R A C T

In the current work, the Flamelet Generated Manifold (FGM) method is applied with large-eddy simulation
(LES) to investigate the effect of methane on dual-fuel (DF) spray ignition. The diesel surrogate 𝑛-dodecane
is injected as the so-called pilot fuel into selected lean methane–air mixtures, ranging from 𝜙CH4

= 0 to
𝜙CH4

= 0.75, at engine relevant conditions. The operating conditions are those of the completely characterized
Engine Combustion Network (ECN) Spray A configuration, for which the modeling approach adopted in the
present study was extensively validated. The specific purpose of this study is to extend and validate the FGM
approach for dual-fuel combustion. In order to understand the interplay of chemistry and mixing, the ignition
behavior of selected cases is investigated. It is found that both low and high temperature combustion (LTC
and HTC, respectively) are increasingly retarded by higher values of 𝜙CH4

, while the induction time between
LTC and HTC is relatively insensitive compared to the ignition delay time (IDT). Analysis reveals a more
prominent role of mixing for increased 𝜙CH4

. The development of LTC and HTC are quantitatively analyzed
for different cases. The transition from LTC to HTC is found to be highly correlated with the evolution of
lift-off length (LOL), which on its turn is seriously affected by 𝜙CH4

. The local flame behavior is analyzed via
chemical explosive mode analysis (CEMA), suggesting a clear flame propagation due to diffusion towards lean
mixtures after the ignition of the pilot fuel. Besides, it is found that diffusion helps to stabilize the flame in
leaner mixtures, which is more important in DF combustion. The results show FGM to be a promising tool in
modeling the DF sprays.
1. Introduction

The increasing public concern on sustainable development not only
is leading worldwide to more stringent emission regulations for engines
but also requires a reduced consumption of fossil resources. In or-
der to contribute to achieving these requirements modern combustion
engines must be designed to simultaneously achieve low emissions
and high efficiency. Low-temperature combustion (LTC) concepts are
of interest for achieving low emissions since they operate at lower
cylinder temperature and fuel-lean conditions [1,2]. Among these LTC
concepts, dual-fuel (DF) is combining the benefits of spark ignition
(SI) and compression ignition (CI) engines. In a typical DF engines
high-reactivity fuel is directly injected (DI) into the cylinder during the
late compression stroke, in which a mixture of low-reactivity primary
fuel and air is prepared by introducing the primary fuel via port

∗ Corresponding author.
E-mail address: h.bao@tue.nl (H. Bao).

fuel injection (PFI) during the intake stroke. In this way, DI fuel and
the premixed lean PFI fuel stratifies in terms of both reactivity and
equivalence ratio [3]. For the reliability at different loads, various
injection and valve scenarios are adopted to achieve desired in-cylinder
fuel stratification, depending on engine configurations [4–6].

Predominantly made up of methane, natural gas is widely applied
in combination with liquid fuel in DF engines because of its wide
availability and clean combustion (lower CO2 and almost no PM [7]).
Moreover, the high octane number of methane results in high resis-
tance for auto-ignition, allowing for higher compression ratios and
thus higher thermal efficiency. A variety of experimental investigations
have been carried out on DF engines, mainly concerning global engine
performance and emissions. It is found that the premixed methane
retards the auto-ignition of the diesel spray, and may result in com-
bustion instabilities. Then misfire and higher unburnt hydrocarbons
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(UHC) emissions due to incomplete combustion can result leading to a
reduced thermal efficiency. A brief overview of experimental research
regarding the influence of engine operating and design parameters on
combustion characteristics is given in Ref. [8]. It is clear that more
detailed understanding of the interactions between methane and diesel
pilot spray and the subsequent flame initiation in DF applications may
help to realize a stable combustion process.

Recently, optical techniques have been applied to explore the fun-
damental DF ignition mechanism in detail. By tracing the flame lumi-
nosity, Dronniou et al. concluded that the ignition preferably initializes
in pilot fuel rich mixtures. It is pointed out that the equivalence ratio of
the premixed in-cylinder mixture is a dominant factor for DF engines in
terms of methane consumption and heat release by the direct influence
on the flame propagation. It was pointed out that for all equivalence
ratios, the flame propagation is observed to initialize at multiple sites
near the wall and develop towards the central region within the piston
bowl [9]. Similar observations can also be found in [10–12]. In other
investigations, the sensitivity of intake air temperature and injection
strategy on DF engine combustion characteristics was also explored [11,
13–15].

Schlatter et al. carried out a series of investigations on DF ig-
nition using a rapid compression machine (RCM) [16–18]. A clear
flame propagation in the ambient premixed mixture was observed
for higher methane equivalence ratio, while a sustainable increasing
chemiluminescence intensity was found in the vicinity of the pilot spray
even for very lean premixed charge [16]. A quantitative study of OH∗

hemiluminescence and Schlieren imaging revealed a linear retarding
ffect of ambient methane equivalence ratio on ignition delay time
IDT) [18]. This trend was experimentally confirmed by Srna et al. in an
CM study [19,20]. In particular, the retarding effect was found to be
trengthened at a higher methane equivalence ratio, which is similar to
he effect of a reduced ambient temperature. To be precise, almost 80%
f the prolonged IDT is attributed to the delay of first-stage ignition
otivated by studying the formaldehyde fluorescence as an indicator

or the low temperature ignition [21].
The ignition of DF combustion is observed to experience two phases,

hich is similar to the observation in conventional single-fuel (SF)
iesel spray [22]. However, in the DF mode, two peaks of heat re-
ease rate exist, which are respectively attributed to ignition of the
ilot spray with surrounding methane/air mixture and premixed flame
ropagation [18]. While the retarding effect of methane on DF ignition
s well identified at varying conditions [23–26], the understanding of
he corresponding flame development needs more efforts. Srna et al.
nvestigated the transition from the pilot-fuel ignition to the premixed
lame propagation by analyzing the heat release rate [19]. The under-
ying interactions between auto-ignition and flame propagation were
ddressed via species and radical analysis by means of advanced optical
iagnostics [20]. It is noted that experimental investigations on DF
ombustion so far have only been made in engine and RCM configura-
ions and only a limited number of numerical investigations concerning
his combustion mode are available [27–29]. More investigations are
eeded regarding the local flame behavior in DF combustion, especially
gnition.

As the scope of experimental data is relatively limited with respect
o spray ignition, numerical research with adequate fidelity is needed to
xplore fundamental phenomena in DF combustion. Large-eddy simula-
ion (LES) is an applicable and precise tool for turbulent igniting spray
imulation. However, its relatively high computational cost, especially
hen integrating the chemistry directly and the subsequent higher
esh resolution required for resolving the flame structures makes it
challenge. The flamelet concept is a modeling approach in which

he turbulent flame is regarded as an ensemble of local laminar flames
flamelets) [30] resulting in only a reduced number of transport equa-
ions to be solved, reducing the computational cost. Nevertheless, a
arge fraction of the existing numerical investigations regarding DF
2

sprays use the framework of direct chemistry integration and often ne-
glect the subgrid turbulence–chemistry interaction (TCI) [23,26,29,31],
despite the fact that TCI is of great importance for predicting the flame
structure [32,33]. Although applying an advanced tabulated chemistry
approach is more efficient, only a limited number of investigations can
be found for DF ignition [34–36]. The Flamelet Generated Manifold
(FGM) [37] as a typical tabulated flamelet approach, pre-tabulates
and retrieves flamelet information according to several independent
controlling variables. In FGM, the set of flamelet governing equations
is derived from the full set of in-stationary three-dimensional conser-
vation equations and are solved in physical space [38]. Although FGM
was shown to be promising in predicting the ignition behavior in en-
gines [39,40], it is not yet validated in detail in the flamelet framework
and applied in a DF combustion mode. This paper first validates the
application of the FGM approach to DF combustion by comparison
with detailed chemistry results in laminar flamelet calculation. Next,
the performance of the FGM in an LES application is first validated
by comparison of model predictions with experimental data for the SF
spray and then further applied to DF sprays.

The Engine Combustion Network (ECN) [41] establishes an inter-
national collaborative experimental and numerical research, allowing
extensive characterization of the spray ignition process for validating
computational models. The present study is made for the ECN Spray
A baseline condition but is extending them to dual fuel cases. It has
been found earlier that the molar ratio of methane and 𝑛-dodecane is
the key issue affecting the ignition characteristics [42]. Therefore to
investigate the effect of methane on the DF ignition process, in this
study different amounts of methane are added to the ambient oxidizer
of Spray A, keeping the oxygen mole fraction constant. In practice these
cases cannot be realized experimentally in the ECN configuration (the
methane would decompose and start burning during mixture prepara-
tion at high pressure and temperature). Therefore detailed validation
of model predictions is not possible. Nevertheless, the base case pre-
dictions (single fuel) are validated comprehensively. This article aims
to investigate DF sprays within a numerical framework. Following our
previously presented modeling approach [43,44], the main objectives
of the present research are: (1) to validate the application of FGM on
DF combustion prediction, (2) to explore the flame development and
characteristics of DF spray combustion, (3) to quantitatively define the
effect of methane on 𝑛-dodecane spray ignition and the subsequent in-
teractions between turbulent mixing and chemistry, and (4) to explore
the corresponding local flame modes using Chemical explosive mode
analysis (CEMA) [45].

The present paper is structured as follows. The numerical methods
and related models are described in Section 2, followed by a detailed
description on case and computational setup in Section 3. In Section 4,
the chosen cases are investigated within the framework of various
dimensional simulations. The effect of ambient methane on turbulent
spray ignition is analyzed in detail in conjunction with the lower-
dimensional simulations. Finally, a summary of findings are given in
Section 5.

2. Numerical methods

2.1. Gaseous phase governing equations

In the present study, the turbulent gaseous phase flow is described
by LES equations. Any variable 𝜙 is decomposed into a density weighted
filtered part �̃� and a fluctuation 𝜙′′. A Favre filtered value is defined
y a spatial-filtering operation via the Reynolds filter value: �̃� = 𝜌𝜙∕�̄�.

The filtered conservation equations for mass, momentum, and energy
read:
𝜕�̄�
𝜕𝑡

+
𝜕�̄��̃�𝑖
𝜕𝑥𝑖

= ̄̇𝑆𝜌, (1)

𝜕�̄��̃�𝑖 +
𝜕�̄��̃�𝑖�̃�𝑗 = −

𝜕�̄�
+ �̄�𝑔 +

𝜕𝜏𝑖𝑗 −
𝜕�̄�𝛤𝑖𝑗 + ̄̇𝑆𝑢,𝑖. (2)
𝜕𝑡 𝜕𝑥𝑗 𝜕𝑥𝑖 𝜕𝑥𝑗 𝜕𝑥𝑗
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𝜌, 𝑢𝑖, 𝑝, 𝜏𝑖𝑗 represent the fluid density, velocity, pressure and viscous
stress tensor, respectively. 𝛤𝑖𝑗 is the turbulent stress tensor that needs to
be modeled. In this investigation, 𝛤𝑖𝑗 is treated as a non-viscosity shear
tress that is calculated by a dynamic structure (DS) model [46]. This
odel solves an additional subgrid kinetic energy transport equation.

n addition, a correction factor is applied in the region with local high
train rate near the nozzle. For more details, we refer to Ref. [47].
he coupling between liquid and gaseous phases is realized through
ource terms ̄̇𝑆𝜌, ̄̇𝑆𝑢,𝑖, and ̄̇𝑆ℎ. It is noted that in FGM, species mass frac-
ions, and also temperature, are directly retrieved from the prepared
atabase.

.2. Spray modeling

The Discrete Droplets Model (DDM) is applied for solving the dis-
rete liquid phase. A so-called ‘‘face-to-face’’ algorithm is adopted for
arcel tracking [48]. The spherical drag model is used for describing the
omentum exchange between gaseous flow and liquid droplets [49]. A

ES-specific dispersion modeling approach is implemented to describe
n statistical manner the influence of the relative velocity between the
as and droplets [44,50]. Collisions between droplets are included such
hat a ‘‘four-way coupling’’ is enabled [51]. The mass and heat transfer
etween the gaseous flow and droplets at the interface is modeled
ollowing literature [52,53]. The fuel distribution after the primary
reakup is given by the Rosin-Rammler size distribution, followed by
secondary breakup that is modeled by the Kelvin–Helmholtz and

ayleigh–Taylor (KH-RT) instabilities [54]. The modeling approach
as described and extensively validated in our previous investigation.
ore details can be found in Ref. [44].

.3. Numerical schemes

The finite-volume method is used to solve the gaseous phase gov-
rning equations. The time integration adopts an implicit second-order
ackward differencing scheme. Adjustable time-stepping is allowed by
valuating the Courant–Friedrichs–Lewy (CFL) number (set to 0.3 in
his study). All Laplacian schemes are discretized by a second-order
inear central differencing scheme, while the convective terms apply a
lend of first- and second-order scheme considering the computational
ost. For the pressure–velocity coupling, the PISO (Pressure-Implicit
ith Splitting of Operators) corrector is chosen. The modeling approach

s implemented within the open-source CFD package – OpenFOAM.

.4. Combustion modeling

The combustion modeling approach adopted in this study is FGM. It
s a combination of flamelet model and chemistry reduction approach
xploiting that the result of chemical reactions and diffusion in a
igh-dimensional composition space can be reduced to evolution on a
ow-dimensional manifold that can be calculated from a set of laminar
lames. The manifold is constructed using results of simulations of
epresentative laminar counterflow diffusion flames (flamelets) using
etailed chemistry. In this investigation, the flamelets are solved in
hysical space using CHEM1D [55]. In this paper, four cases are studied
s listed in Table 1. For SF simulation, the flamelet boundary conditions
or fuel and oxidizer are set as the ECN Spray A experiments. For DF
ases, it is assumed that the ambient gas for each case is homoge-
eously mixed and each represents a dilution level. Thus, the typical
tratifications in DF engines are not considered, and oxidizer boundary
onditions for flamelet simulation are set individually for different
ases. However, the stratifications as results of mixing between the pilot
uel and a certain methane/air mixture are included. The commonly
dopted Yao et al. mechanism (54 species and 269 reactions) [56]
hen simulating the 𝑛-dodecane flames is applied. The feasibility of
sing Yao et al.’s mechanism in predicting methane/𝑛-dodecane DF
ombustion was justified by Kahila et al. [57]. The methane-specific
3

l

art was validated for both IDT given by homogeneous reactors and
lame speed and structure by flamelet calculations against the well-
nown GRI-3.0 [58] mechanism. Besides, it was proven that the most
ensitive reactions in the DF cases are mostly the same as that in the SF
ase, and the ambient methane mainly affects the early decomposition
f 𝑛-dodecane, which is captured by the Yao et al.’s mechanism. This
otivates the use of Yao et al.’s mechanism for both SF and DF cases

n this work. FGM parameterizes the full set of flamelet solutions as
unction of a reduced number of controlling variables. An FGM that
akes the scalar dissipation rate, 𝜒 , into account is applied [43]. 𝜒

is directly dependent on the strain rate applied on the boundary of
the counterflow diffusion flame configuration. It is thus included as
an additional parameter to characterize the state of each flamelet.
Including 𝜒 in FGM was previously shown to significantly affect the
species formation and transition of LTC to HTC in rich-mixtures [43].
The other two controlling variables are mixture fraction 𝑍 and reac-
tion progress variable 𝑌𝑐 . 𝑍 is an indicator of local fuel equivalence
ratio. Bilger’s definition is used to determine its value locally in the
flamelets [59]. the progress value 𝑌𝑐 takes different values when a
transient igniting flamelet evolves from the unburnt mixing state and
to the final steady state. It is typically defined as a linear combination
of several representative species. The chosen combination has a set of
values uniquely corresponding to different states of reaction. In this
investigation, the progress variable is optimized and defined follow-
ing Vasavan et al. [60]. A multi-objective optimization approach is
applied to find a reaction progress variable that well fits the igniting
flamelets. The optimized progress variable definition makes sure that
ignition behavior at different applied strain rates can be accurately
predicted through retrieval. Details of the optimized combination are
listed in Table A.2. A top-hat filtering PDF is applied to the mixture
fraction to account for the effect of turbulence fluctuations on chemical
reactions [61]. To obtain the controlling variables discussed above in
turbulence, governing equations of 𝑍 and 𝑌𝑐 must be included:

𝜕�̄�𝑍
𝜕𝑡

+
𝜕�̄��̃�𝑗𝑍
𝜕𝑥𝑗

= 𝜕
𝜕𝑥𝑗

[

�̄�
(

𝜈
𝑆𝑐

+
𝜈𝑠𝑔𝑠
𝑆𝑐𝑠𝑔𝑠

)

𝜕�̄�𝑍
𝜕𝑥𝑗

]

+ ̄̇𝑆𝑍 , (3)

𝜕�̄�𝑌𝑐
𝜕𝑡

+
𝜕�̄��̃�𝑗𝑌𝑐
𝜕𝑥𝑗

= 𝜕
𝜕𝑥𝑗

[

�̄�
(

𝜈
𝑆𝑐

+
𝜈𝑠𝑔𝑠
𝑆𝑐𝑠𝑔𝑠

)

𝜕�̄�𝑌𝑐
𝜕𝑥𝑗

]

+ ̄̇𝜔𝑌𝑐 . (4)

𝜈 and Sc respectively denote the kinematic viscosity and Schmidt
number, while the subscript 𝑠𝑔𝑠 refers to the subgridscale. ̄̇𝑆𝑍 is the
source term due to evaporation, which is related to ̄̇𝑆𝜌 which appeared
in Eq. (1). ̄̇𝜔𝑌𝑐 refers to the source term of the reaction progress variable
and is retrieved from the FGM database.

To construct the top-hat PDF, the variance of �̃�, is obtained from
the following equation:

𝜕�̄�𝑍𝑣
𝜕𝑡

+
𝜕�̄��̃�𝑗𝑍𝑣

𝜕𝑥𝑗
= 𝜕

𝜕𝑥𝑗
[�̄�( 𝜈

𝑆𝑐
+

𝜈𝑠𝑔𝑠
𝑆𝑐𝑠𝑔𝑠

)
𝜕𝑍𝑣
𝜕𝑥𝑗

]+2�̄�( 𝜈
𝑆𝑐

+
𝜈𝑠𝑔𝑠
𝑆𝑐𝑠𝑔𝑠

)
|

|

|

|

|

𝜕𝑍
𝜕𝑥𝑗

|

|

|

|

|

2

−2�̄�𝜒.

(5)

he quantity 𝜒 is the scalar dissipation rate acting as a sink term in
he 𝑍𝑣 equation. Physically, it describes the effect of mixing leading to
lattening of the gradients of mixture fraction. It can be decomposed
nto an explicit resolved part and a subgrid part that needs to be
odeled:

̄𝜒 = �̄�𝜒𝑟𝑒𝑠 + �̄�𝜒𝑠𝑔𝑠, (6)

here 𝜒𝑟𝑒𝑠 = 𝜈∕𝑆𝑐|∇𝑍|

2, and 𝜒𝑠𝑔𝑠 = 𝜈𝑠𝑔𝑠∕𝑆𝑐𝑠𝑔𝑠∕𝛥2�̃�𝑣 [62]. More details
egarding retrieval algorithms and the top-hat filtering PDF can be
ound in Ref. [43,44].

.5. Flame identification

Different flame propagation modes exist in the reaction zones and
re rather relevant to the flame stabilization. Computational Singu-

ar Perturbation (CSP) theory systematically identifies timescales and
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reaction modes of complex detailed chemical kinetics [63]. CSP has
been widely incorporated in the analysis of combustion processes [64].
Chemical explosive mode analysis (CEMA) is a computational diag-
nostic tool for identifying specific combustion modes in a flame [65],
and has been extensively applied in study of auto-ignition in turbulent
combustion. Both methods are based on eigenvalue analysis of the
chemical Jacobian 𝑱 , a matrix built from the partial derivatives of the
source terms with respect to the value of the reacting variables. The
Jacobian determines in a linear approximation the growth or decay of
the system:
𝐷𝝎(𝒚)
𝐷𝑡

= 𝜕𝝎
𝜕𝒚

𝐷𝒚
𝐷𝑡

= 𝑱 ⋅
𝐷𝒚
𝐷𝑡

= 𝑱 (𝝎 + 𝒔), (7)

where 𝐷∕𝐷𝑡 is the material derivative. 𝒚 is the vector of local reacting
variables, containing temperature and species mass fractions. 𝝎 denotes
the chemical source term, and 𝒔 includes the non-chemical source
terms, such as the diffusion. This linear system has eigenvalues 𝜆𝑒 with
corresponding eigenvectors. Each eigenvalue defines a mode. 𝜆𝑒 and 𝑱
are related via:

𝜆𝑒 = 𝒃𝑒 ⋅ 𝑱 ⋅ 𝒂𝑒, (8)

where 𝒃𝑒 and 𝒂𝑒 are the left and the right eigenvectors, respectively,
corresponding to 𝜆𝑒. A mode is called explosive if the real part of the
corresponding eigenvalue 𝜆𝑒 is positive. Such mode is observed in the
pre-ignition zone, indicating the propensity of ignition (rapid growth)
in isolated mixture [45]. On the contrary, a negative 𝜆𝑒 indicates the
evolution towards chemical equilibrium, as occurring in the mixtures in
the final phase after ignition has taken place. But it is worth mentioning
that so-called cool flames occurring as initial phase of combustion for
fuel with long hydrocarbons may also experience negative 𝜆𝑒. Follow-
ing literature [66], a temperature criterion, 𝑇 > 1100 K, is applied
to characterize only the mixtures in late combustion stage. Eigenvalue
𝜆𝑒 ≪ 1 and local equivalence ratio 𝜙 < 0.01 identify chemically inactive
mixtures.

The Jacobian is obtained from the source term, but whether or
not a system shows growth or decay depends on the combination of
the effects reaction and diffusion. To identify what happens under
the influence of a mode with positive eigenvalue (CEM), the relative
strength of both effects needs to be compared [67]. To do so, both the
change by chemistry and by diffusion in Eq. (7) are projected on the
considered mode:

𝒃𝑒 ⋅
𝐷𝝎(𝒚)
𝐷𝑡

= 𝒃𝑒 ⋅ 𝑱 (𝝎 + 𝒔) = 𝜆𝑒𝒃𝑒 ⋅ (𝝎 + 𝒔), (9a)

𝐷𝜙𝜔
𝐷𝑡

= 𝜆𝑒𝜙𝜔 + 𝜆𝑒𝜙𝑠 +
𝐷𝒃𝑒
𝐷𝑡

⋅ 𝝎(𝒚). (9b)

𝜙𝜔 ≡ 𝒃𝑒 ⋅ 𝝎 and 𝜙𝑠 ≡ 𝒃𝑒 ⋅ 𝒔 are projected chemical and diffusion source
terms, respectively. The last term in Eq. (9b) accounts for the rotation
of the eigenvector. The local effect of the mode is evaluated via an
indicator, 𝛼, following:

𝛼 = 𝜙𝑠∕𝜙𝜔. (10)

Consequently, the relative domination of chemistry and diffusion
within the pre-ignition mixtures can be quantitatively identified fol-
lowing (i) 𝛼 > 1: assisted-ignition mode in which local ignition is
promoted by diffusion, (ii) |𝛼| < 1: auto-ignition mode where chemistry
plays a more primary role than diffusion, and (iii) 𝛼 < −1: so called
‘‘extinction’’ mode that diffusion and heat loss impede the ignition
process. It is noted that ‘‘extinction’’ here refers to the local dynamical
tendency to extinguish rather than a global extinction process. This
mode only exists with strong local mixing. More detailed explanations
on the flame modes can be found in literature [68].

3. Case description

The benchmark ECN case, Spray A [69], is taken as the experimental
reference in this investigation. 𝑛-dodecane as the diesel surrogate is in-
jected into a combustion chamber in which the ambient is meticulously
4

Table 1
Specifications for the cases studied.

Parameter ECN Spray A DF1 DF2 DF3

Injection conditions
Fuel 𝑛-dodecane
Nominal nozzle diameter [μm] 90
Fuel temperature [K] 363 (155)
Injection pressure [MPa] 150
Injection duration [ms] ∞ ∞ ∞ ∞

Ambient conditions
Ambient temperature [K] 900
Ambient pressure [MPa] 6
𝜙CH4

[–] 0 0.25 0.50 0.75
O2 molar fraction [–] 0.1500
N2 molar fraction [–] 0.7515 0.7349 0.7184 0.7018
CO2 molar fraction [–] 0.0623 0.0609 0.0596 0.0582
H2O molar fraction [–] 0.0362 0.0354 0.0346 0.0338
CH4 molar fraction [–] 0 0.0188 0.0375 0.0563
Density [kg/m3] 23.4 23.3 23.1 22.9
𝑍𝑠𝑡 [–] 0.0451 0.0345 0.0234 0.0120

well defined following the typical conditions in diesel engines. For both
mixing and reacting characteristics, an extensive database is available
in a variety of fuel and ambient conditions [41]. In this investigation,
the standard Spray A configuration is chosen as the baseline. The DF
cases are then derived from the baseline case by adding methane to
the ambient. Following the work by Kahila et al. [24], the molar
fraction of oxygen is kept the same and in the rest of the mixture
methane is increased while the other components are reduced keeping
their relative proportions fixed. In such a way, the density of the
ambient gas is preserved. Cases with different equivalence ratios of
the methane/oxygen mixture are investigated. In Table 1, details of the
case configurations are summarized. It is noted that only experiments
for the standard ECN Spray A are available. The methane equivalence
ratio of the ambient is denoted by 𝜙CH4

. 𝑍𝑠𝑡 represents the stoichio-
metric mixture fraction calculated taking 𝑛-dodecane as fuel and the
ambient mixture, including the methane, as oxidizer. For the cases
studied, the density of the DF ambient mixtures varies 2.5% at most
compared to the benchmark ECN case.

4. Results

In this section, the influence of ambient methane equivalence ratio
(𝜙CH4

) on 𝑛-dodecane reacting spray is investigated considering the
cases specified in Table 1. The simulation results are organized in
the following order: homogeneous reactor simulations, counterflow
diffusion flame, and LES spray combustion. Following [70], all simu-
lations are based on the lowered fuel temperature (155 K) assumption
compared to the nominal fuel temperature specified in Table 1. In this
way, the enthalpy change due to fuel evaporation is taken into account.
The resulting adiabatic mixing line can be found in [44]. According to
the available literature, it is confirmed both experimentally [18,21,22]
and numerically [24,40,57] that the development of both SF and DF
go through three different phases, (1) turbulent mixing that is prior
to the ignition, (2) the initialization of first-stage combustion, i.e. the
low temperature combustion (LTC), and (3) the initialization of second-
stage combustion, i.e. the high temperature combustion (HTC). In this
investigation, the attention is drawn to the two stages of combustion
and specifically to the differences induced by the addition of methane
in the ambient.

4.1. Homogeneous reactor simulation

Zero-dimensional constant pressure homogeneous reactor simula-
tions were made using the open-source software Cantera [71]. At-

tention is paid to ignition behavior of mixtures lying on a modified
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Fig. 1. 𝜏𝐿𝑇𝐶 and 𝜏𝐻𝑇𝐶 starting from the adiabatic mixing line including the evaporation
for different methane equivalence ratios, calculated by constant pressure homogeneous
reactors. The vertical dotted lines mark the stoichiometric mixture fraction for the
different 𝜙CH4

.

adiabatic mixing line computed from a laminar counterflow configura-
tion. Modified here refers to the fact that it is calculated based on a
lowered fuel temperature as mentioned above. Every mixing state thus
has a specific temperature depending on the mixture fraction, and is
used to initialize a homogeneous reactor.

The decomposition of alkyl radicals is the prominent process corre-
sponding to low temperature hydrocarbon oxidation. Thus, following
Kahila et al. [57], the ignition of LTC is defined as the time instance
when 20% of the maximum mass fraction of dodecyl peroxy radical,
C12H25O2 (RO2), is observed. When approaching the second-stage igni-
tion, H2O2 steadily accumulates, while its consumption is much slower
than its production. OH is widely adopted as an indicator within the
ECN framework to characterize the IDT. As an HTC product, OH was
reported to highly correspond to the change of H2O2. An intense in-
crease of OH, followed by a rapid temperature rise, generally is started
by a significant acceleration of H2O2 decomposition [72]. Accordingly,
in this investigation the ignition of HTC is defined as the time instance
when the maximum consumption rate of H2O2 (�̇�H2O2 ,cons) occurs.
Besides, the HTC is only considered as ‘‘activated’’ when the maximum
mass fraction of H2O2 is greater than 2.5×10−4, while a temperature
f over 1150 K is taken as a characterization of HTC [73]. In the
ollowing, the ignition delay time of LTC and HTC are denoted by
𝐿𝑇𝐶 and 𝜏𝐻𝑇𝐶 , respectively. Consequently, the values of 𝜏𝐿𝑇𝐶 and
𝐻𝑇𝐶 along the adiabatic mixing line for different ambient methane
evels are presented in Fig. 1. We recall that the notation IDT, defined
ifferently from the 𝜏𝐻𝑇𝐶 , in this paper refers to the time when 2% of
he maximum OH mass fraction is first seen during ignition. It is found
hat IDT is different from the 𝜏𝐻𝑇𝐶 .

It is noted that in SF configuration, the second-stage ignition does
ot happen for the fuel-lean mixtures and neither first- nor second-
tage ignition happens for the very lean mixtures. However, due to the
resence of methane in the oxidizer, first-stage ignition is achieved in
elatively lean mixtures compared to that in the SF case. In the case of
CH4

= 0.5 and 𝜙CH4
= 0.75, HTC is seen even in the pure oxidizer.

Nevertheless, 𝜏𝐿𝑇𝐶 is over 70 ms. It is much longer than typical engine
cycle times. The IDT of Spray A configuration studied in this work is
approximately 0.39 ms in experiment [74]. Therefore it is not necessary
to include the auto-ignition of pure oxidizer in the FGM table. But this
might not be universally the case. For applications with higher ambient
pressure or temperature, whether to take the ignition of the oxidizer
5

into account must be carefully evaluated.
Fig. 2. Cool flame periods starting from the adiabatic mixing line for different methane
equivalence ratios, calculated by constant pressure homogeneous reactors.

According to Fig. 1, apart from the very lean mixtures, both 𝜏𝐿𝑇𝐶
and the gradient of 𝜏𝐿𝑇𝐶 are observed to increase with an increase of
mixture fraction in the range (0.05–0.15). Unlike 𝜏𝐿𝑇𝐶 , the tendency
of 𝜏𝐻𝑇𝐶 is not monotonous in mixture fraction space. For each 𝜙CH4
case, a shortest 𝜏𝐻𝑇𝐶 , the so-called most reactive mixture fraction
𝑍MR [75], is observed. 𝑍MR,HTC increases with 𝜙CH4

and appears at a
richer mixture than the corresponding stoichiometric mixture fraction
𝑍𝑠𝑡 (listed in Table 1). At a specific mixture fraction, both 𝜏𝐿𝑇𝐶 and
𝜏𝐻𝑇𝐶 are retarded with an increased 𝜙CH4

as expected. This is consistent
with the observation in experiments [18–20]. However, it must be
stressed that in engine applications, the initialization of LTC highly
depends on the turbulence level considering the weak reactivity in this
stage. Hence the actual effect of 𝜙CH4

on LTC must be evaluated in
higher dimensional flames.

Fig. 2 indicates the influence of 𝜙CH4
on the duration of the so-

called cool flame period (𝜏𝐻𝑇𝐶 − 𝜏𝐿𝑇𝐶 ). It is seen that the value of
the cool flame period reduces as mixture fraction increases until a
relatively stable value is achieved. Especially for richer mixtures (𝑍 >
𝑍MR,HTC), the change of the cool flame period due to 𝜙CH4

is very
limited compared to the magnitude of 𝜏𝐻𝑇𝐶 . This may partially explain
the observation in the RCM study that the inhibiting effect of methane
mainly acts on the first-stage ignition [21]. For leaner mixtures, 𝜏𝐻𝑇𝐶
is too long compared to the duration of an engine cycle. In such a
situation it is necessary to study the effect of 𝜙CH4

on the cool flame
period further via a turbulent flow simulation.

4.2. Counterflow diffusion flame simulation

In this section, transient simulations of one-dimensional counter-
flow diffusion flame are carried out to investigate the role of mixing
and diffusion on the retarding effect of ambient methane in the ox-
idizer within a laminar framework. First, laminar flames, including
both SF and DF cases following Table 1, with detailed chemistry are
investigated in terms of ignition behavior. To justify the FGM approach
applied in the present paper, the results of DF flames using detailed
chemistry are compared to the simulations using FGM with respect to
a variety of parameters before its application to turbulent flows.

4.2.1. Results of detailed chemistry
The flamelet equations solved are based on the so-called strongly

stretched flamelet equations formulated on the basis of the mass burn-
ing rate [76]. The change of mass flux perpendicular to the flow-axis
is considered via the local stretch rate [38]. A transport equation is
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Fig. 3. Tendency of 𝜏𝐿𝑇𝐶 (marked by ◦) and 𝜏𝐻𝑇𝐶 (marked by ▵) on strain rate
or different methane equivalence ratios (indicated by different line types in different
olors), calculated from one-dimensional counterflow diffusion flame.

sed to describe this stretch rate, where the strain rate 𝑎 acts as the
oundary condition that is prescribed in the oxidizer stream [77]. For
larification, the term strain rate in the following always refers to this
pplied strain rate as a parameter of the counterflow configuration. The
train rate directly influences the strength of flow effects on chemical
rocesses, and changes the course of combustion. Thus, it is worthwhile
o study the influence of 𝜙CH4

on igniting flamelets as a function of this
train rate.

Fig. 3 depicts the dependencies of 𝜏𝐿𝑇𝐶 and 𝜏𝐻𝑇𝐶 on the strain rate
or different 𝜙CH4

. For consistency, 𝜏𝐿𝑇𝐶 and 𝜏𝐻𝑇𝐶 are defined using
he same thresholds as in Section 4.1. It is noted that the maximum
alues are calculated from all mixture fractions, while in the case of ho-
ogeneous reactors, the maximum values refer to individual mixtures.

or each 𝜙CH4
, only the igniting flamelets at strain rate lower than the

gnition limit strain rate are analyzed and shown. It is seen that both
he strain rate and 𝜙CH4

affect the ignition. For all 𝜙CH4
, the retarding

ffect of strain rate on 𝜏𝐻𝑇𝐶 is more significant than that on 𝜏𝐿𝑇𝐶 . For
he SF case (𝜙CH4

= 0), 𝜏𝐿𝑇𝐶 is hardly influenced by the strain rate
hile a clear prolonged 𝜏𝐻𝑇𝐶 is observed as the strain rate increases.
n the contrary, the effect of strain rate on 𝜏𝐿𝑇𝐶 is amplified as 𝜙CH4

ncreases. In DF cases, both 𝜏𝐿𝑇𝐶 and 𝜏𝐻𝑇𝐶 are retarded by an increased
CH4

. This is consistent with the results found using zero-dimensional
omogeneous reactors.

A quantitative analysis of the effect of methane addition is presented
n Fig. 4. In Fig. 4, the IDTs depicted by open symbols are shown
s a reference. Here, the IDT is defined by the time when 2% of the
aximum OH mass fraction during ignition is seen in the flamelet. It

s obvious that the increase of 𝜙CH4
in the oxidizer results in a reduced

gnition limit strain rate. Although both 𝜏𝐿𝑇𝐶 and 𝜏𝐻𝑇𝐶 are retarded
y 𝜙CH4

according to Fig. 3 and also found in Fig. 1, it is clear that
he cool flame period for various 𝜙CH4

remain almost constant for a
pecific strain rate compared to the magnitude of the corresponding
DT. In other words, the retarding effect of methane addition in oxidizer
s mainly attributed to the prolonged first-stage ignition. This supports
he statement in the experimental study [21]. Later, in the study of
he turbulent flame the difference in ignition as a result of 𝜙CH4

will
e found to have a direct effect on the LOL. Besides, the relatively
onstant cool flame period is similar to the observation in homogeneous
eactors for the fuel-rich mixtures in Section 4.1. This illustrates that
he chemical retarding effects of 𝜙CH4

in the fuel-lean mixtures are not
s prominent as those in the fuel-rich mixtures due to the mixing and
iffusion.
6

Fig. 4. Tendency of IDT (marked by lines with open symbols) and cool flame
period (marked by filled symbols) as function of strain rate for different methane
equivalence ratios (indicated by different line types in different colors), calculated from
one-dimensional counterflow diffusion flame.

Fig. 5. Performance of FGM in predicting the dual-fuel ignition (𝜙CH4
=0.5). Lines:

prediction of detailed chemistry. Crosses: prediction of FGM.

4.2.2. Performance of FGM in predicting the dual-fuel combustion
In this section, the performance of the FGM on capturing the DF

flame is validated in terms of ignition, species and velocity of a ‘‘pre-
mixed’’ flame front. All simulations are carried out within the frame-
work of a one-dimensional laminar flame. The 𝜙CH4

=0.5 case (DF2) is
chosen in the following as an example.

The FGM applied for turbulent combustion simulation in this in-
vestigation takes the effect of scalar dissipation rate into account. The
evolution of scalar dissipation rate for each igniting flamelet is stored in
the database and used as an additional controlling variable for retrieval.
Following [43], the procedure is to find the applicable strain rate 𝑎 for
prevailing 𝑍, 𝑌𝑐 , and 𝜒 as part of the lookup in the FGM table. Thus,
before proceeding to more complex applications it is important to first
evaluate the accuracy of FGM when it is used to calculate the flame
evolution of igniting counterflow flamelets for a wide range of applied
strain rates. In Fig. 5, the evolution of maximum temperature shown
illustrates that the ignition process at all strain rates is well captured by
FGM. With an increased strain rate value, the detailed chemistry results
show a reduced maximum temperature as well as a retarded ignition as

expected. This phenomenon is well described by FGM. Also, the three
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Fig. 6. Performance of FGM in predicting species formation. (𝜙CH4
=0.5)
phases of maximum temperature evolution for the DF ignition are well
reproduced by the FGM.

Fig. 6 depicts the comparison of FGM and detailed chemistry at
𝑎=500 s−1 and at 𝑎=2000 s−1 as example. RO2 and CO as the repre-
sentative species for LTC and HTC are studied. For visibility, the mass
fraction of RO2 at 𝑍𝑠𝑡 is multiplied by a factor of 10. FGM provides
excellent agreement to the detailed chemistry regarding developments
of both RO2 and CO. The variation of species formation due to strain
rate applied is also well captured.

CHEM1D calculates a flamelet in physical space using a canonical
counterflow configuration to represent the flamelet in the current ap-
plication. The ignition initializes in the vicinity of 𝑍MR and propagates
to the surroundings. In the DF combustion mode, the counterflow
flame is defined by a premixed methane–air mixture at one side and
a pure fuel (𝑛-dodecane) on the other side. The flame is thus not
purely non-premixed. It is of interest to evaluate the performance of
FGM on capturing the flame propagation of the flame front towards
the premixed fuel steam. Here, the position closest to the fuel stream
where the gradient of flow velocity is zero is evaluated. In Fig. 7, the
performance of FGM on capturing the flow velocity and temperature is
shown for the quasi-steady state. It is seen that the flame calculated by
FGM provides a good agreement to the detailed chemistry in physical
space. The position closest to the fuel stream where the gradient of the
flow velocity is zero is excellently predicted by FGM.

The investigation shows that FGM predicts the ignition behavior as
well as the propagation of the premixed flame in a DF application.

4.3. Large-eddy simulation

In this section, results of large-eddy simulations of SF spray and
DF sprays derived from ECN Spray A condition [41] are analyzed.
The non-reacting spray predicted by the currently adopted modeling
approach was introduced and extensively validated in our previous
study [44]. In the present investigation, this modeling approach is
directly applied in DF cases. After a brief description of the setup
the result are analyzed from different points of view: global detailed
7

evolution of spray flame in physical space, evolution in mixture fraction
space, and finally combustion mode analysis (CEMA).

4.3.1. Configuration
The computational domain is a cylinder with a diameter of 47 mm

to simulate the part of the combustion chamber, in which the flame
develops. The domain is discretized into a structured hexahedral mesh.
A refinement around the spray axis in the core region is applied in order
to better describe the spray development. The injector is located on the
base of the mesh. The other part of the mesh has expansion ratios of
1.015 and 1.01 for radial and axial directions, respectively. The base
grid size is set as 62.5 μm as suggested by literature [78]. This leads
to a total number of 3.6 million cells. This mesh has been successfully
applied and its quality is extensively validated within the framework of
the ECN Spray A configuration. Details regarding the currently adopted
mesh can be found in [79]. Using the numerical approaches applied in
the current paper, this mesh was proven to perform well for both the
inert [44] and reacting Spray A configuration [43].

4.3.2. Global view: ignition and flame stabilization
This section provides an overall impression on ignition and flame

stabilization, the lift-off length (LOL), with varying ambient methane
concentrations. As mentioned, auto-ignition processes of both SF and
DF configuration are characterized by initialization of LTC and HTC.
For consistency, the values for 𝜏𝐿𝑇𝐶 and 𝜏𝐻𝑇𝐶 in a turbulent system are
defined in the same way as in the homogeneous reactor (Section 4.1)
and counterflow diffusion flame (Section 4.2) and are based on the
LES-filtered values. In our previous work, the influence of injection-
to-injection variation on global combustion parameters were studied.
It was proven that a single LES realization is sufficient for IDT and LOL
by evaluating the 𝐼𝑥𝑡-integrals [44]. As is employed by Maes et al. [80],
the radially integrated intensity of a species 𝑖 at time 𝑡 is defined by:

𝐼𝑥𝑡,𝑖(𝑥, 𝑡) = ∫ 𝑌𝑖(𝑥, 𝑦, 𝑧, 𝑡)𝑑𝑦𝑑𝑧, (11)

where 𝑥 and 𝑦 refer to the axial distance from the nozzle orifice and
the radial distance from the spray axis, respectively. In this study, the



Fuel 351 (2023) 128901H. Bao et al.
Fig. 7. Performance of FGM in predicting flow velocity and temperature, the dotted blue lines indicate the stabilization point of the zero-gradient flow velocity that is closest to
the fuel stream predicted by the detailed simulation. (𝜙CH4

=0.5, quasi-steady state).
Fig. 8. Influence of ambient methane equivalence ratio 𝜙CH4
on global combustion

parameters. Experimental IDT and LOL for standard Spray A (𝜙CH4
= 0) [69] are marked

by filled symbols.

intensity of a species corresponds to its mass fraction, and is used to
evaluate the IDT and LOL. The IDT is defined as the time when 2%
of the maximum 𝐼𝑥𝑡,OH in the system is reached. This OH-based IDT
definition is chosen following the suggestions given by [24,57]. The
LOL is defined as the smallest 𝑥 in the domain where the condition
𝐼𝑥𝑡,OH ≥ 2% of maximum 𝐼𝑥𝑡,OH is satisfied. A time-averaged LOL for
the quasi-steady state from 1.5 ms to 2 ms is used to compare to the
ECN experiments [41].

Fig. 8 shows the simulated IDTs and LOLs as function of 𝜙CH4
.

As comparison, the experimental values for standard Spray A (the SF
case) [69] are presented by filled symbols. The results show good
agreement with experiment with a slight under-prediction of IDT as ex-
pected (0.34 and 0.39 ms in simulation and experiments, respectively).
This earlier ignition is attributed to the simplified low-temperature
oxidation kinetics of the Yao et al. mechanism [81]. It is seen that
the IDT increases with 𝜙CH4

. The observation on IDT is consistent with
the experiments [18–20] and the results for zero- and one-dimensional
simulation. Both the first- and second-stage ignition are delayed by
an increased 𝜙CH4

. However, the duration of the cool flame period,
0.213 ms, 0.218 ms, and 0.220 ms for the DF1, DF2, and DF3 cases,
respectively, remains nearly constant, indicating the majority of the
retarding effect acts on the first-stage ignition. The increments of LTC
account for 85.8, 83.9, and 76.4% of the increased IDT for DF1, DF2,
and DF3, respectively. This is in accordance with the observation for DF
ignition that the delay of LTC represents 70 to 80% of total increased
IDT [21]. The period between 𝜏𝐻𝑇𝐶 and IDT slightly increases as 𝜙CH4
increases, illustrating a retarding effect of ambient methane on the
formation of OH. A clear dependency of LOL to 𝜙CH4

is predicted.
Further analysis of ignition behavior will be discussed in detail in the
following sections.
8

Fig. 9. Volume rendered illustration of the comparison between a typical spray ignition
(upper) and a dual-fuel pilot spray ignition (DF2, lower) at the instance of IDT. The
colors correspond to fuel vapor 𝑍 > 𝑍MR,HTC (gray), RO2 (sky blue), ignition kernels
(admiral blue), and 𝑇 > 1600 K (yellow). Fuel droplets are indicated by green dots.
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

4.3.3. Spatial and temporal evolution of spray flame structure
This section focuses on the ignition characteristics of different DF

sprays in comparison to the baseline SF case. A straightforward impres-
sion of SF and DF combustion can be seen via the flame structure at IDT
in Fig. 9. A transition from liquid fuel evaporation to turbulent fuel–air
mixing, LTC, and HTC is observed in both cases. In the following, LTC
and HTC for all cases are quantitatively identified and analyzed with
respect to flame development.

Figs. 10 and 11 include the transient stages of the ignition pro-
cess for SF (left-hand-side of the odd-line) and DF (others) cases.
The combustion processes for all cases are sampled according to the
two-stage ignition characteristics, including time instances correspond
to: (I) approximately at the first-stage ignition (𝜏𝐿𝑇𝐶 ) when LTC is
initiated, (II) at the onset of the second-stage ignition (𝜏𝐻𝑇𝐶 ) when
HTC is observed together with LTC, (III) the IDT, (IV) at 1.5IDT as a
representative of the quasi-steady flame and (V) uniformly at 2 ms to
discard the significant differences in spray development corresponding
to stage I–IV.

Fig. 10 shows the temperature field evolution in time. The corre-
sponding mixture fraction distribution is depicted in Fig. 11 to explore
the role of turbulent mixing on ignition characteristics. In both figures,
a dotted line is used to indicate the stoichiometric mixture fraction 𝑍𝑠𝑡.
To locate the boundary of the spray envelope, the mixture fraction field
is embedded with green dashed line corresponding to an equivalence
ratio 𝜙 of 0.01. Although the mixture distribution significantly varies



Fuel 351 (2023) 128901H. Bao et al.
Fig. 10. Temporal temperature evolution for characteristic time instances. For each time instance, the four cases (SF, DF1, DF2, and DF3) are arranged from left to right and
from top to bottom. The LTC and HTC region are marked by magenta solid line ( ) and black solid line ( ), respectively. White dotted line represents the stoichiometric
mixture fraction. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
between cases, it is seen that the 𝑍𝑠𝑡 contour for each case appears at
the same axial distance to the injector exit at all selected time instances.
In reacting SF spray, this distance was found to be closely related to
the inception of LTC both experimentally [82] and numerically [44].
However, this is not the case for DF cases as 𝜙CH4

increases. It is clearly
seen in Fig. 10 that for higher 𝜙CH4

, LTC tends to initialize farther
downstream of the 𝑍𝑠𝑡 onset. In Fig. 9, it is observed that the LTC
region partially envelopes the fuel droplets for the SF flame, while
in the 𝜙CH4

= 0.5 case the LTC region is downstream of the region
with liquid penetration. Next, the two figures are analyzed together to
address the effect of 𝜙CH4

on ignition behavior. We subsequently focus
on 𝜏𝐿𝑇𝐶 , 𝜏𝐻𝑇𝐶 and IDT.

At 𝜏𝐿𝑇𝐶 (the first and second rows of Figs. 10 and 11), the reaction
is dominated by LTC marked by a magenta solid line ( ). The
boundary of the LTC region is defined as the isoline of 1% of maximum
𝑌RO2

ever in the domain (𝑌RO2
> 0.01 ∗ 𝑌 max

RO2
). It is noted that 𝜏𝐿𝑇𝐶 value

increases with 𝜙CH4
, such that the spray region varies. Recently, spray

ignition has been found to be highly correlated with the ignition of va-
por fuel in the spray that is close to the most reactive mixture [83,84].
9

According to the results shown in Fig. 1, leaner mixtures for all the
simulated cases are more reactive regarding LTC (𝑍 < 0.05). Indeed, in
all cases, the LTC occurs in a relatively lower mixture fraction region. In
turbulence, a higher 𝜏𝐿𝑇𝐶 corresponds to a longer duration of fuel–air
mixing and subsequently a more diluted gaseous fuel near the spray
tip, enabling spatially wider distributed combustion. The LES results
show that an increased 𝜙CH4

leads to a broader LTC region as a result
of the prolonged 𝜏𝐿𝑇𝐶 . Although both the SF and DF cases are more
reactive in similar lean mixtures, the initialization of LTC shifts to
farther downstream from the injector tip as 𝜙CH4

increases. This is
attributed to the higher strain rate near the nozzle outlet. As is seen
in Fig. 3, the retarding effect of strain rate on 𝜏𝐿𝑇𝐶 is more prominent
as 𝜙CH4

increases. Hence, the higher strain rate in the upstream of spray
hampers the initialization of LTC more and more as 𝜙CH4

increases.
At 𝜏𝐻𝑇𝐶 (the third and fourth rows of Figs. 10 and 11), the ini-

tialization of HTC is observed, which is indicated by black ( ) and
yellow ( ) solid line in Figs. 10 and 11, respectively. As is already
discussed, the identification of HTC region follows H2O2 decomposition
rather than a temperature threshold. Here, HTC is considered to be
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Fig. 11. Spatial distribution of mixture fraction within the spray envelop (𝜙 > 0.01, colored by green dashed line ). The order of sub-figures are arranged as in Fig. 10.
The LTC and HTC region are marked by magenta solid line ( ) and yellow solid line ( ), respectively. Red solid line corresponds to ignition kernels (𝑌OH > 2%𝑌OH|max,

). Blue dotted line ( ) represents the stoichiometric mixture fraction. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
activated when the local consumption rate of H2O2 is greater than
1% of the maximum value found in the domain during its evolution
( ̄̇𝜔H2O2

> 0.01 ∗ ̄̇𝜔max
H2O2

&𝑇 > 1150 K). Additionally, also a temperature
threshold of 1150 K is adopted following literature [73]. Compared to
the contour plots at 𝜏𝐿𝑇𝐶 , a growth of LTC region is seen. In each case,
the LTC rendering envelope develops towards the spray tip from 𝜏𝐿𝑇𝐶 .
The HTC is directly a consequence of the LTC products accumulation,
and thus initializes within the LTC region. Onset of the HTC is at a
somewhat higher distance from nozzle outlet as 𝜙CH4

increases. For all
cases, heat release (region with temperature rise, i.e. colored by bright
blue and green) occurs mainly at the spray head and is attributed to
both LTC and HTC according to Fig. 10. An interesting observation is
that the LTC region seems to be ‘‘broken’’ by the HTC envelope (the
HTC contour appears within the LTC contour) at lower 𝜙CH4

. This will
be further analyzed later in this section.

The fifth and sixth rows of Figs. 10 and 11 illustrate the ignition
characteristics at IDT. This time instance characterizes the onset of
local high-temperature oxidation among reaction products towards the
equilibrium. It is always followed by a rapid increase in temperature
10
(high gradient of temporal maximum temperature evolution in the
domain) [40]. In Fig. 11, the corresponding region is visualized by
red solid line ( ), representing the formation of high temperature
ignition kernels where local 𝑌OH is greater than 2% of its maximum
value in the domain during simulation (𝑌OH > 0.02 ∗ 𝑌 max

OH ). The ignition
kernels at multiple sites are found to first appear at the periphery of the
spray aligned to the contour of 𝑍𝑠𝑡. Similar to the observation on HTC,
its onset distance to the nozzle outlet increases with 𝜙CH4

. The HTC for
all cases at IDT is observed to cover the whole spray head. It propagates
not only to the downstream but also to the upstream part of the spray
that is close to the injector tip. The difference in highest temperature
among cases at this characteristic time instance justifies the observation
in Ref. [24,57] that the IDT in a DF configuration cannot be identified
by a temperature threshold.

4.3.4. Flame development after the IDT
Both the forth and fifth time instances in Figs. 10 and 11 correspond

to the ‘‘quasi-steady’’ state flame, corresponding to 1.5IDT and 2 ms,
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Fig. 12. 𝐼𝑥𝑡-plots of RO2 and OH for a variety of 𝜙CH4
. Red color represents maximum intensity, while blue color refers to minimum intensity (the intensity of a species refers

to the percentage of its maximum mass fraction). 𝜏𝐿𝑇𝐶 and 𝜏𝐻𝑇𝐶 are marked by a vertical gray dashed–dotted line ( ) and a vertical gray dotted line ( ), respectively.
The LOL is depicted by a white curve. The magenta point indicates the IDT. For convenience, the boundary of the OH contour (1% of 𝐼𝑥𝑡,OH|max) is highlighted with a magenta
dashed line ( ) in 𝐼𝑥𝑡,RO2

, while the boundary of the RO2 contour (1% of 𝐼𝑥𝑡,RO2 |max) is labeled by a white dashed line in 𝐼𝑥𝑡,OH. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
respectively. Common characterizations in this stage can be summa-
rized for the four cases. From the instance defined by IDT, the HTC
develops not only downstream following the development of spray
tip but also towards the nozzle, and finally settles at the LOL. The
onset of LTC, on the other hand, remains at the same axial distance
to the injector in this period. Meanwhile, the tip of LTC shifts back
to the upstream region until an equilibrium is achieved. The ignition
kernels keep expanding around the 𝑍𝑠𝑡 contour tending to merge at
the spray tip first and subsequently propagate to the downstream of
the spray. The existence of methane in the background does not alter
the trend observed for standard Spray A (SF case) in literature [23,85].
An interesting observation is that the vicinity of the spray envelope
for the SF case experiences a moderate temperature at 2 ms compared
to that at 1.5IDT. At 2 ms, although HTC is still confined within the
𝑍𝑠𝑡 contour, the ignition kernels are spatially more widely distributed.
This is strongly associated to the separation between the 𝑍𝑠𝑡 contour
and the spray boundary, which does not happen in non-reacting sprays.
The shrinking of the domain enclosed by the 𝑍𝑠𝑡 contour is attributed
to the result of high-temperature oxidation, as the mixture fraction
values are observed to develop towards lower than 𝑍𝑠𝑡 only in the
HTC region but not in the LTC zone. This separation is also seen in
DF cases. However, 2 ms seems not long enough for the DF cases to
form green-lighted reaction region in the vicinity of flame as seen in
the SF case. Nevertheless, the separation of 𝑍𝑠𝑡 contour and the spray
boundary at 2 ms is more prominent for lower 𝜙CH4

. This corroborates
the observation that the effect of methane on LTC is lower for lower
𝜙CH4

.
Further information on ignition behavior for different 𝜙CH4

can be
obtained from the 𝐼𝑥𝑡-plots. Fig. 12 contains 𝐼𝑥𝑡-plots of OH and RO2
as markers for HTC and LTC, respectively. In both cases, red correlates
with maximum intensity and blue refers to minimum intensity. Here,
11
the intensity of a species has been normalized using the maximum mass
fraction value during simulation. For convenience, time is scaled by
their IDT. For all cases, the two-stage combustion feature is confirmed
due to the fact that RO2 appears earlier than the IDT while OH is
only found after approximately the IDT. The intensity of RO2 has a
maximal value after 𝜏𝐿𝑇𝐶 , followed by its consumption before OH pro-
duction takes place and a relatively stabilized low-level RO2 intensity
is achieved. The trend is similar to the development of formaldehyde in
the pre-mixed burn phase observed in experiments [82,86]. The region
of high-intensity RO2 is found between 𝜏𝐿𝑇𝐶 and 𝜏𝐻𝑇𝐶 , i.e. the cool
flame period, illustrating RO2 to be a representative species correlating
with the LTC. Spatially, RO2 expands not only towards the downstream
part but also to the upstream part of the spray region. This cool flame
wave was also observed by Dahms et al. within Spray A [87].

As 𝜙CH4
increases, the cool flame seems to shift a longer distance

upstream from its initialization location. It is noted that in the SF case,
the high-intensity of RO2 appears simultaneously in both the upstream
(see region I in Fig. 12(a)) and downstream region after the cool flame
period, i.e. after 𝜏𝐻𝑇𝐶 , while no high-intensity is seen in the middle-
region. This supports the observation in Figs. 10 and 11 that the LTC
region is interrupted by the HTC at lower 𝜙CH4

. For higher 𝜙CH4
, the

spatially separated cool flame wave is not seen.
𝐼𝑥𝑡,OH peaks in the upper right corner of the luminous contour,

corresponding to a location farther downstream from the injector. The
high-intensity distribution of OH hardly overlaps with that of RO2. This
is attributed to the fact that they are respective products of different
combustion phase. However, the low-intensity part of RO2 and OH
overlap around the LOL. The 𝐼𝑥𝑡-plots illustrate that the two species,
RO2 and OH, appear at the same axial distance to the injection tip. This
does not mean they co-exist at the same location as the 𝐼𝑥𝑡 distribution
is radially integral. The spatial co-existence will be investigated and
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Fig. 13. Temperature evolution in mixture fraction space within the spray envelop. The LTC region is marked by blue color, while the HTC region is denoted by red color.
The location where both LTC and HTC occur is colored by its axial distance from the injector tip using the color scheme indicated on the RHS of the figure. The LOL for the
four simulated cases is indicated on the color legend. Green color indicates neither LTC nor HTC. 𝑍𝑠𝑡 is marked by vertical solid line. The black solid line represents the mean
temperature conditioned with respect to mixture fraction. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
discussed in the following section. Although for all cases the OH keeps
accumulating until the last time instance plotted, its onset remains at
the same axial distance from the injector. The LOL indicated on the
bottom of OH luminous region initializes in the downstream of spray
with a change in time shortly after IDT, and finally is tending to level-
off at a decreased axial distance from the nozzle. The speed at which
this settling happens decreases with 𝜙CH4

. For 𝜙CH4
= 0.75, the LOL is

still not yet stabilized for the time shown. This illustrates the retarding
effect of ambient methane on the HTC.

4.3.5. Flame development in mixture fraction space
This section investigates the influence of 𝜙CH4

on the combustion
characteristics in mixture fraction space. In Fig. 13, the spatial flame
development depicted in Fig. 10 is mapped to temporal evolution with
respect to filtered mixture fraction. For visibility, only the information
within the spray envelope (𝜙 > 0.01) is addressed. The scatter points
are categorized according to stages of combustion. LTC and HTC are
represented by blue and red points, respectively. The green colored data
belong to neither LTC nor HTC. To identify the interaction between
LTC and HTC, situations for which both LTC and HTC occur are
colored by their axial distance to the nozzle outlet. The conditional
mean temperature with respect to mixture fraction is introduced by
black solid line. It is obtained from the filterer fields computed by LES
without considering the subgrid effects.

The two-stage combustion feature of both SF and DF cases are
confirmed by the scatter plots considering the fact that only LTC is seen
among the scatter points in the first row (at 𝜏𝐿𝑇𝐶 ). The temperature
within the spray region for DF cases, peaks at similar values of mixture
fraction, whereas the peak of SF case correlates with a slightly lower
value of 𝑍. This is consistent with the observation in zero-dimensional
simulation. No significant difference in 𝑍MR,LTC exists for DF cases
while the 𝑍MR,LTC for SF is slightly lower.

At 𝜏𝐻𝑇𝐶 , a higher 𝜙CH4
leads to a narrower distribution of scatter

points in the mixture fraction space. According to the conditional
averaged temperature profiles, the richest mixture where a temperature
rise (deviation from the inert mixing) is seen shifts to a leaner value,
i.e. spatially corresponding to more diluted fuel, for higher 𝜙 . This is
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CH4
attributed to the higher dilution due to the increased available mixing
time induced by the increasing 𝜏𝐿𝑇𝐶 as function of 𝜙CH4

, as was pointed
out by Kahila et al. [57]. Besides, for higher 𝜙CH4

, lower conditional av-
eraged temperature values are seen at rich mixture conditions (e.g. 𝑍 >
0.1). This illustrates that apart from the constraints of dilution, the
addition of methane retards the reactions in rich mixtures as well. On
the contrary, the peak temperature at 𝜏𝐻𝑇𝐶 for lower 𝜙CH4

appears
in leaner mixtures. This is consistent with the observation in zero-
dimensional simulation where it was found that 𝑍MR,HTC increases with
𝜙CH4

.
After 𝜏𝐻𝑇𝐶 , the distribution of scatter points in 𝑍 − 𝑇 plane experi-

ence rapid change until the IDT for all cases, followed by stabilization
afterwards. However, although no significant change in 𝑍 − 𝑇 plots is
seen after IDT, the peaks of conditional averaged temperature profile
gradually rise. This illustrates continuous flame development towards
HTC, which is visualized in both the temperature fields Fig. 10 and
𝐼𝑥𝑡,𝑂𝐻 -plots Fig. 12(b). In general, combustion of both SF case and
DF cases develop to richer mixtures at first and shift back towards
a stabilization at 𝑍𝑠𝑡. This is in line with the observation for SF
ignition [23,85,87].

The 𝑍 − 𝑇 plots confirm that LTC and HTC may occur simultane-
ously. For a certain 𝜙CH4

, the distribution of these overlapped scatter
points, denoted by LHTC for brevity, remains unchanged with respects
to 𝑍 after 𝜏𝐻𝑇𝐶 . It is noted that for lower 𝜙CH4

, the distribution of
LHTC covers a wider range of 𝑍 values. As indicated by the color, in all
simulated cases, the LHTC spatially cover regions farther downstream
of the spray in the beginning, and stabilize at the upstream side as
combustion proceeds. The spatial evolution of LHTC seems to align with
that of LOL shown in Fig. 12. This is due to the fact that HTC is a result
of accumulation of LTC products, and that the flame stabilizes where
transition from LTC to HTC occurs.

4.3.6. Analysis of combustion mode
In this section, the CEMA-based criterion is utilized to unravel

the structure of the four investigated flames. The spatial combustion
mode distributions are shown in Fig. 14 for selected phases of ignition.
As a comparison, in Fig. 15, the corresponding combustion mode
segmentation are revealed in 𝑍 − 𝑇 space.
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Fig. 14. Combustion mode segmentation in a selected plane across the spray axis. The post-ignition and inactive modes are marked by blue and white color, respectively. The
pre-ignition mode is characterized by different colors (yellow: diffusion, red: ignition, green: extinction). The gray solid lines ( ) correspond to the spray boundary (𝜙=0.01),
with the LOL marked by white dashed lines. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 15. Temperature distribution in mixture fraction space at representative time instances, colored by chemical explosive modes ( •: post-ignition, •: extinction, •: ignition, •:
diffusion). Vertical lines are 𝑍𝑠𝑡. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
At 𝜏𝐻𝑇𝐶 , the diagnosed combustion mode distribution for SF and
DF cases are similar within the flame envelope. Spatially, the vicinity
of the flame envelope is dominated by the diffusion mode, while the
13
ignition mode is much more dominant at the flame tip. Both modes
are widely distributed in mixture fraction space. In rich mixtures, the
diffusion mode is more frequently present than the ignition mode. This
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is due to the fact that heat release rising from auto-ignition in the most
reactive mixtures (𝑍MR) propagates to the surrounding. Until 𝜏𝐻𝑇𝐶 , all
local flame structures are pre-ignition mixtures as expected. At 𝜏𝐻𝑇𝐶 ,
a significant difference in combustion mode is seen among different
cases. For lower 𝜙CH4

, post-ignition mixtures initialize while for higher
𝜙CH4

the sprays are still composed of pre-ignition mixtures. As post-
ignition mixture is directly a consequence of HTC, CEMA analysis
confirms the postponed HTC under the presence of ambient methane.
Although the post-ignition mode only occupies a limited region within
the flame envelope, a relatively wider distribution in mixture fraction
space is observed. After IDT, the post-ignition region expands to more
regions within the downstream of region of the flame, aligning with the
high temperature region seen in Fig. 10. It is seen that in the vicinity
of the flame envelope in the downstream region for the DF case the
combustion mode is dominated by diffusion, while on the contrary for
the SF case it is fully composed of ignition and post-ignition mixtures,
i.e. the HTC. In mixture fraction space, post-ignition mode extends
toward both richer and leaner mixtures. The development of post-
ignition flame towards the downstream region, i.e. leaner mixtures,
is bounded by the penetration of fuel vapor. On the other hand, the
propagation of the post-ignition mode to the richer side is restricted as
𝜙CH4

increases. This is attributed to the effect of ambient methane on
ignition in the rich mixtures.

In general, as 𝜙CH4
is increased, the diffusion mode is more promi-

nent in rich mixtures near the adiabatic mixing line, spatially corre-
sponding to the most upstream part of the spray. This can be seen
via the spatial distribution of combustion mode depicted in Fig. 14.
The LHTC zone, shown in Fig. 13, that is close to the LOL is observed
to be dominated by the ignition mode according to Fig. 15. A close
correlation is seen for the boundary of diffusion and the ignition flame
mode within this region at relatively low temperature. This illustrates
that the transition from LTC to HTC is not only due to ignition, but
also a result of diffusion. However, the diffusion mode is restricted to
leaner mixtures. This is in accordance with the observation by Zhang
et al. on mixtures at the LOL [88]. For higher 𝜙CH4

, post-ignition
mixtures exist further downstream of the LOL as is depicted in Fig. 14.
Also, post-ignition mixtures for increased 𝜙CH4

correspond to higher
temperature according to Fig. 15. For the SF case, HTC products are
predicted to extend to the upstream of the LOL and rich mixtures, as
was experimentally observed by Sim et al. [82].

5. Conclusions

The present work studies the effect of ambient methane on ignition
behavior of an 𝑛-dodecane turbulent spray using numerical modeling. A
key component of the modeling is the FGM approach based on a range
of flamelets with different strain rate. The quality of the FGM tabulation
is first verified by applying it to laminar counterflow flames and then
applied in combination with LES.

The igniting spray simulations are based on the extensively numeri-
cally validated ECN Spray A case. 𝑛-dodecane as pilot spray is injection
into a constant-volume filled with lean methane–air mixture at engine-
like condition. By adding methane to ambient oxidizer of the baseline
Spray A condition, different lean fuel–air mixtures are achieved. Sub-
sequently, ignition behavior of selected conditions are studied and
compared in zero-, one-, and three-dimensional simulations. The result-
ing combustion behavior is analyzed in detail with respect to ambient
methane–air equivalence ratio. In both the SF and DF cases, ignition
can be characterized by a LTC phase and a HTC phase. According to
the simulated results, both LTC and HTC are influenced by ambient
methane. The initialization of both LTC and HTC are observed to be
consistently retarded with increased 𝜙CH4

, while the induction time
between LTC and HTC are relatively less sensitive to 𝜙CH4

compared to
the IDT. The observation supports the observation in experiments [18–
20], suggesting that the simulation approach is reliable. It is found that
LTC and HTC are more prolonged in higher dimensional simulation
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as a consequence of mixing. Further information is summarized in the
following.

For an igniting spray, LTC predominantly starts in diluted mixtures
close to the 𝑍MR,LTC given by zero-dimensional simulation. Spatially,
LTC initializes farther downstream from the injector tip as 𝜙CH4

in-
reases. Within a flamelet framework, an enhanced retarding effect of
train rate on LTC is found for higher 𝜙CH4

. High strain rate in the
pstream hampers the initialization of LTC, especially for higher 𝜙CH4

cases. A higher 𝜙CH4
leads to volumetric broader LTC distribution due

to more diluted fuel at the spray tip as a consequence of prolonged
mixing. LTC propagates to the downstream region with a velocity that is
higher than that of the spray tip. Initialization of HTC is more probable
to occur in rich mixtures. As a consequence of LTC products, HTC
accumulation initializes within the LTC region. The transition from LTC
to HTC spatially evolves in time and aligns with the evolution of the
LOL.

CEMA analysis illustrates that an increased 𝜙CH4
correlates with

more prominent inhibition of ignition in rich mixtures. The outer
region of the flame for the DF cases is persistently more dominated
by diffusion rather than ignition. The transition from LTC to HTC,
i.e. flame stabilization, is mainly driven by both ignition and diffusion
(assisted auto-ignition), while the diffusion mode mainly acts on leaner
mixtures.

All together, the different methods of analysis used in this work
provide detailed understanding of ignition and evolution of spray flame
development and are applicable for a wide range of fuels and operating
conditions.
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Appendix. The optimized progress variable

See Table A.2.
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Table A.2
Optimized coefficients adopted for the progress variable.

N2 0 nC3H7 4947.7853
AR 0 C2H3CHO 66139.6211
H −249135.8386 C4H7 74398.233
O 286100.6433 C4H81 −18103.3017
OH −88734.2915 pC4H9 87201.3344
HO2 −160481.1797 C5H9 −106944.409
H2 −162775.1588 C5H10 37160.9634
H2O 784647.1556 PXC5H11 −79093.7313
H2O2 −175530.1866 C6H12 −316988.545
O2 −621028.661 PXC6H13 −51244.7358
CH2 −61220.1101 C7H14 −177036.3807
CH2* 269911.2396 PXC7H15 47159.7817
CH3 −150702.9488 C8H16 −232714.3679
CH4 −382348.0388 PXC8H17 41919.1676
HCO −60372.395 C9H18 58935.8203
CH2O −296258.5625 PXC9H19 −202180.8399
CH3O −224038.8396 C10H20 393013.3111
CO −526693.1596 PXC10H21 177447.7354
CO2 −140518.9854 NC12H26 −235742.4876
C2H2 97452.0616 PXC12H25 −118523.3703
C2H3 187683.3535 SXC12H25 175773.9776
C2H4 −81055.799 S3XC12H25 −5817.1062
C2H5 −155247.6628 C12H24 −57295.8846
C2H6 −75474.9285 C12H25O2 92606.2167
CH2CHO −102855.8354 C12OOH 29513.6773
aC3H5 −153014.8464 O2C12H24OOH −354862.7187
C3H6 −26453.4317 OC12H23OOH 465979.467
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