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a b s t r a c t
The present study is a continuation of the previous work by Kahila et al. (2019), in which a dual-fuel (DF)
ignition process was numerically investigated by modeling liquid diesel-surrogate injection into a lean
methane-air mixture in engine relevant conditions. Earlier, the injection duration (tinj ) of diesel-surrogate
exceeded substantially the characteristic autoignition time scale. Here, such a pilot spray ignition problem is studied at a ﬁxed mass ﬂow rate but with a varying tinj . The focus is on understanding the inﬂuence of pilot quantity on spray dilution process and low- and high-temperature chemistry. In total,
ten cases are computed with multiple diesel pilot quantities by utilizing a newly developed large-eddy
simulation/ﬁnite-rate chemistry solver. The baseline spray setup corresponds to the Engine Combustion
Network (ECN) Spray A conﬁguration, enabling an extensive validation of the present numerical models
and providing a reference case for the DF computations. Additionally, experimental results from a singlecylinder laboratory engine are provided to discuss the ignition characteristics in the context of a real
application. The main results of the present study are: (1) reducing tinj introduces excessive dilution of
the DF mixture, (2) dilution lowers the reactivity of the DF mixture, leading to delayed high-temperature
ignition and slow overall methane consumption, (3) low enough pilot quantity (tinj < 0.3 ms) may lead to
very long ignition delay times, (4) cumulative heat release is dominated by low/high-temperature chemistry at low/high tinj values, (5) analysis of the underlying chemistry manifold implies that the sensitivity
of ignition chemistry on mixing is time-dependent and connected to the end of injection time, and 6)
long ignition delay times at very low tinj values can be decreased by decreasing injection pressure.
© 2019 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction
Utilization of natural gas as a primary fuel in stationary gas
engines is gaining more attention as stringent emission and thermal eﬃciency requirements rise, and liqueﬁed gas distribution networks become more common [1,2]. As natural gas consists mainly
of methane, it produces low CO2 emissions per unit of energy and
when operated in lean conditions, low NOx emissions can be obtained due to low combustion temperatures [2]. Since methane is
a potent greenhouse gas and a relatively low reactivity fuel [3],
an engine ignition system must provide a locally suﬃcient energy
source to ensure ignition at a right timing and to avoid incomplete combustion of the charge (i.e. methane slip). To ensure a successful premixed ﬂame initiation in engines, manufacturers seek
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for a better understanding and control over the ignition and the
early premixed ﬂame initiation to develop a more reliable ignition
system.
Besides conventional electrode-based spark and pre-chamber
[4] ignition systems, a dual-fuel (DF) pilot ignition concept is utilized in some commercial gas engines. Here, by DF pilot ignition
we refer to a concept where a relatively small quantity of highreactivity fuel, e.g. liquid diesel fuel, is injected into an engine
cylinder ﬁlled with a gaseous premixed primary fuel-air charge.
The high-reactivity fuel autoignites and releases an energy deposit,
high enough to initiate a premixed ﬂame. Typically, the contribution of the pilot-fuel to the total energy is held below 10% [5] but
in demand, a completely conventional diesel combustion mode
(100%) can be retained in many commercial implementations [3].
Even though there are already various commercial implementations of DF pilot ignition systems, only recently, details of the
ﬂame initiation process have been investigated in experiments and
simulations. In particular, Schlatter et al. [6], Srna et al. [7] and
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Fig. 1. An artistic illustration of the comparison between a conventional diesel spray and a dual-fuel pilot ignition process. The art work is based on the authors’ numerical
work on diesel sprays [9] (left) and data used to compile the present publication (right).

Kahila et al. [8] have investigated the topic in detail. While Schlatter et al. and Srna et al. conducted optical imaging in a rapid
compression machine (RCM), Kahila et al. [8] utilized a large-eddy
simulation (LES) to investigate 3d ignition chemistry. We summarize the main ﬁndings of these recent DF studies by a visual
illustration in Fig. 1, where a comparison between a conventional
single-fuel (SF) diesel spray ﬂame and a DF pilot fuel ignition
concept is presented. Besides a different oxidizer composition
(presence of methane in DF), the key difference between the two
conﬁgurations in Fig. 1 is the quantity of injected diesel surrogate,
which is considerably lower for the DF pilot case. Typically in DF
pilot ignition system, a relatively short injection duration (tinj )
is applied, which leads to a more diluted diesel mixture within
the spray envelope after the end of injection. According to the
aforementioned studies [6–8], there are three common stages
during the SF and DF autoignition processes: (I) turbulent mixing,
(II) volumetric activation of low-temperature chemistry (LTC),
i.e. ﬁrst-stage ignition, and (III) volumetric activation of hightemperature chemistry (HTC), i.e. second-stage ignition, at the
spray tip. For a SF spray, high-temperature ignition is followed by
a highly luminous lifted quasi-steady diffusion ﬂame, whereas for
a DF pilot spray, ignition is followed by a premixed methane-air
ﬂame initiation and its subsequent propagation in space (IV). Each
of these stages is illustrated in Fig. 1 for a conventional diesel
spray ﬂame and for a DF pilot spray ignition. In the following,
these stages are further explained from the literature point of
view.
Within the LTC regime, diesel fuel is decomposed into various intermediate/radical species with a considerable heat release
[7,8,10]. In particular, LTC (stage II) is experimentally observed by
laser diagnostics on formaldehyde in both SF [7,10] and DF [7] conﬁgurations. Following LTC, chemical progress leads to local hightemperature ignition pockets (i.e. kernels) around the spray tip
(III), which has been observed experimentally [6,7,10,11] and numerically [8] in both SF and DF conﬁgurations.
Srna et al. [7] observed in RCM experiments that both the
low- and high-temperature ignition stages of diesel fuel are delayed with an increase in ambient methane concentration [7].
For reference, a factor of ∼ 1.3 delay in high-temperature ignition
between a no-methane and a lean equivalence ratio φCH4 = 0.5
cases was found (ambient temperature and pressure at start of

injection corresponded to ∼ 850K and ∼ 25 bar, respectively). The
experimental observations indicated that a signiﬁcant part of the
overall delay was attributed to the inhibited low-temperature
ignition chemistry. This observation was further strengthened by
numerical investigations by Kahila et al. [8] in terms of 1d and
3d simulations, and reaction sensitivity analysis. In particular,
the inhibiting inﬂuence of methane was observed throughout the
oxidation process with the strongest impact on LTC. Furthermore,
Kahila et al. [8] report that ignition favors mixture fraction values close to the most reactive mixture fraction, consistent with
earlier ﬁndings by Demosthenous et al. [12] who carried out a
direct numerical simulation (DNS) study on ignition of inhomogeneous n-heptane-CH4 -air mixtures with presence of decaying
homogeneous isotropic turbulence. Both works by Demosthenous
et al. [12] and Kahila et al. [8] report that methane consumption
is initiated due to heat release and interaction with intermediate
species originating from the diesel surrogate oxidation.
Aside from the above studies on diesel-methane DF pilot spray
ignition, there is a body of literature in the context of homogeneous charge compression ignition (HCCI) [13,14] and reactivity controlled compression-ignition (RCCI) [15,16] concepts, where
the oxidation of mixed low- and high-reactivity fuels is an important aspect to explore. Burke et al. [17] observed an inﬂuence
of methane on early decomposition reactions of DME in homogeneous mixtures (0d problem). Ghaderi Masouleh et al. [18] concluded that the molar ratio of diesel surrogate and methane is a
key variable when considering ignition characteristics of homogeneous mixtures. The DNS studies by Bhagatwala et al. and Luong
et al. [19,20] reported co-existing deﬂagration and spontaneous ignition fronts for igniting n-heptane/iso-octane mixtures under thermochemical conditions representative for RCCI.
Most of the available DF combustion literature is related to
experimental works on performance, eﬃciency and combustion
stability issues in laboratory engines [5,21–27]. Injection parameters of pilot fuel have been noted to contribute greatly on
dual-fuel engine performance and emissions. Often, a trade-off
between emissions and pilot fuel injection strategy is described:
with the increase of engine load and pilot quantity and the advance of pilot diesel injection timing, hydrocarbon (HC) emissions
decrease but NOx emissions increase [5,26,28]. Similarly, in RCCI
type low-temperature DF combustion modes, optimized pilot
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injection timing and quantity are desired to achieve a stable
ignition delay time (IDT) and complete combustion [29,30].
Under low pilot fuel consumption levels or in RCCI type combustion modes, early injection and low pilot quantities may be desired. In such cases, many have reported that high dilution of pilot fuel leads to a higher IDT value, longer combustion duration
[31,32], and in the worst case, to unstable ﬂame initiation and incomplete combustion [26,28,29,32].
Based on the literature, there is a research gap in a detailed explanation of dependence and sensitivity of DF autoignition chemistry on very low pilot fuel quantity. For example, based on DF
combustion chamber experiments, Grochowina et al. [32] reported
poor ignition probability for spray cases with low pilot fuel quantity and, in contrast to experiments in RCM conﬁguration [6,7],
ignition kernels were observed near the injector in cases with
low pilot quantity. Such differences in ignition characteristics were
presumably attributed to local changes in reactivity due to pilot
fuel dilution process and nozzle dribbling [32]. Furthermore, Aksu
et al. [25] noted the need for detailed understanding on mixing
and chemistry effects in DF split injection optimization and Nieman et al. [33] envisioned improvements to RCCI control by optimizing injection strategies by e.g. fuel quantity modiﬁcation.
While Kahila et al. [8] investigated DF pilot spray ignition in
a numerical conﬁguration with tinj > IDT, here we concentrate on
cases with tinj < IDT. Following the same case conﬁguration [8], we
choose the Engine Combustion Network (ECN) [34] “Spray A” case
as the framework for the present numerical work. ECN is an international research collaboration facilitating experimental and computational engine research. Several experimental studies have been
carried out for non-reacting and reacting Spray A cases at different
ambient conditions [10,35–37], providing extensive validation data
for numerical models. In order to narrow the scope of the present
study, we concentrate on the DF pilot spray ignition event with
only minor discussion on large scale ﬂame propagation. In this respect, the main objectives of this work are to:
1. demonstrate the inﬂuence of diesel pilot quantity on DF ignition characteristics in a methane-air mixture,
2. explain the dependence of IDT on pilot quantity from mixing
and chemistry points of view,
3. deﬁne heat release modes (LTC/HTC) relevant to DF pilot ignition and discuss their variance as a function of pilot quantity,
4. demonstrate the inﬂuence of injection pressure on the pilot ignitability at low pilot quantities.
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The source terms Sρ , Su,i , SYk and Sh allow the coupling between
the liquid and gaseous phases with respect to mass, momentum,
species and energy. The production rate of the species k is denoted
by ω˙ k and the heat release rate (HRR) in Eq. (4) is formulated as

ω˙ h = k hof,k ω˙ k , where hof,k is the enthalpy of formation. The
system of equations is closed by the ﬁltered ideal gas law.
The governing Eqs. (1)–(4) are solved using the ﬁnite volume
method within the OpenFOAM-2.4.x environment [38]. The reacting PISO (Pressure Implicit with Splitting of Operator) algorithm
[39] is utilized for the pressure-momentum coupling. The time integration is based on an implicit, three time-level, and secondorder accurate scheme. The diffusion terms are discretized by a
2nd-order central scheme, whereas the treatment of the convective
ﬂux interpolation is closely related to the implementation of the
unclosed LES subgrid terms in Eqs. (2)–(4), i.e. turbulence subgrid
scale (SGS) modeling. Following our previous work on Spray A, the
SGS treatment is based on an implicit approach [8,9,40], where the
dissipative contribution of subgrid scales is resolved by utilizing a
dissipative non-linear ﬂux limiter by Jasak et al. [41]. The control
parameter of the ﬂux limiter is set to 0.3 for momentum, whereas
a parameter value of unity is chosen for the scalars to ensure a
bounded total variation diminishing solution. Such an approach is
termed as the implicit LES (ILES) due to a lack of explicit dissipation terms. Further information on the similarity between the
implicit and the more common explicit SGS models is discussed in
Refs. [42–44].

2. Numerical methods
2.2. Spray and combustion modeling
2.1. Governing equations and turbulence modeling
The Eulerian gas phase is described by the compressible
Navier–Stokes equations. The Favre-ﬁltered LES formulation for the
continuity, momentum, species and energy equations is the following:
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Validation of the present LES conﬁguration is carried out in our
previous work [8] but, for completeness, the applied model setup
is brieﬂy outlined in this section and the major benchmark results
are provided in Ref. [8] as well as in supplementary material.
The Lagrangian particle tracking (LPT) method is applied to
model the injected liquid phase with the same model setup equivalent to our previous works on Spray A [8,9,45]. The primary
breakup is considered by sampling computational parcels from the
Rosin–Rammler size distribution with Sauter mean diameter of
6 μm. The secondary break-up is modeled by the KHRT model
[46,47]. Heat and mass transfer between the two phases is modeled according to the standard correlations by Frössling [48], and
Ranz and Marshall [49,50].
The change of the thermochemical composition over a CFD
time step is governed by chemical kinetics and is formulated as
a non-linear stiff initial-value problem, leading to a system of
ordinary differential equations (ODE). Here, the ODE system is
solved independently in each ﬁnite volume cell by the 12th order
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Table 1
Common speciﬁcations for the simulation cases.

Injection conditions
Fuel
Nominal nozzle diameter, D
Fuel temperature
Injection pressure
Ambient conditions
Temperature
Density
O2 % (molar)
CO2 % (molar)
H2 O % (molar)
N2 % (molar)
CH4 % (molar)

φCH4
Zst
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3. Simulation conﬁguration

ECN Spray A

DF cases

n-C12 H26
90 μm
363 K
150 MPa

n-C12 H26
90 μm
363 K
150 MPa

900 K
22.8 k/m3
15.0
6.230
3.620
75.150
0
0
0.0435

900 K
22.8 k/m3
15.0
5.955
3.460
71.835
3.750
0.5
0.0234

semi-implicit Euler extrapolation method (abbr. Seulex) [51]. Fast
analytical reaction rate and species’ Jacobian evaluation is obtained
from the open-source pyJac library [52]. Further information on
speed-up techniques related to linear algebra and parallelization
can be found from our previous work [8].
The effect of turbulence-chemistry interactions (TCI) is considered via ﬁrst order closure hypothesis, i.e. reaction rate ω˙ k ≈
ω˙ k (Yi , 
T , p) and no subgrid scale model is applied for the chemical source terms in Eqs. (3)–(4). Intense turbulent mixing and a
relatively high grid resolution together with ﬁnite-rate chemistry
is assumed to capture the major features of the ignition chemistry in a broadened reaction zone. Previously, the spray autoignition problem has been reported to be less sensitive to subgrid
scale modeling parameters compared to e.g. ﬂame stabilization
problem [53,54], hence, the present study concentrates on ignition
physics only and the details of subsequent ﬂame propagation are
neglected.
Multiple LES studies with a similar ﬁrst-order TCI hypothesis
have shown a rather good agreement against experiments [55–61],
which is mainly attributed to a relatively high grid resolution
[56,58,60]. In particular, Pei et al. [62] applied the same technique
in Spray A LES context and obtained good IDT results with a grid
spacing equivalent to the present work. Fulton et al. [58] report
reasonable results with an average grid resolution corresponding
to half of the laminar ﬂame thickness. As discussed in our previous
work [8], the grid spacing applied in the present conﬁguration
corresponds to 0.6–1.6 times the relevant laminar ﬂame thickness
estimates, leading to a reproducible experimental Spray A IDT
value. In addition, the present ﬁrst-order hypothesis is shown to
provide numerically consistent IDT values and spatial formaldehyde ﬁelds compared to our earlier ﬂamelet based (TCI included)
results (see Refs. [9,40]). It is worth noting that spray-LES studies
with sophisticated combustion models such as transported probability density function (TPDF) and conditional moment closure
(CMC) models have been typically applied in cases with a lower
grid resolution compared to the present work (2–8 × the cell size
applied in this work) [63–66]. The ﬁrst order closure hypothesis
can not be generally recommended for such resolutions.

The present LES computations are carried out in the same
conﬁguration as our previous DF spray study [8]. In the ECN
Spray A experiments liquid n-dodecane is injected with a 150 MPa
pressure from a 90-μm diameter nozzle hole into a constant
volume combustion vessel where a pre-burn combustion event is
utilized to yield mixture and thermodynamic conditions relevant
for combustion engines. The detailed Spray A conﬁguration is
presented in Table 1. For the numerical DF cases, the same conﬁguration is considered, but methane is added to form a φCH4 = 0.5
ambient mixture (equivalence ratio w.r.t CH4 -air only). Other
concentrations are modiﬁed such that the molar oxygen concentration is constant 15% in both cases. When applying Bilger’s
deﬁnition for mixture fraction (Z) [67,68], the stoichiometric
SF = 0.0435 and Z DF = 0.0234 in SF and
mixture corresponds to Zst
st
DF cases, respectively. In the DF cases, Z = 0 corresponds to the
φCH4 = 0.5 methane/air mixture.
The discretized CFD domain shares the same volume with
the experimental combustion vessel at Sandia National Laboratories [34] and a uniform 62.5 μm cell size is applied throughout the spray penetration regime. Previous studies show that reliable LES results of Spray A can be achieved with such a cell size
[9,40,45,62,69].
The injected pilot fuel quantity is modiﬁed by varying the end
of injection time (EOI). Table 2 and Fig. 2a show the pilot quantities and rate of injection proﬁles for all the simulated cases. The
injection proﬁles are adopted from a virtual injection proﬁle generator [70], suggested by the ECN. The injection durations are chosen such that the injected pilot fuel mass is in a range of experimental conﬁgurations (per nozzle hole) [7,27,71,72]. In total, ten DF
LES cases were simulated and the corresponding case abbreviations
with respect to injection duration are listed in Table 2.
To highlight the inﬂuence of EOI within the present Lagrangian
droplet framework, snapshots of the early mixing process and
droplet distributions are illustrated in Fig. 2b for the three selected
cases (DF-∞, DF-250 and DF-150). For DF-250 and DF-150, pilot
fuel droplets evaporate quickly after EOI with subsequent pilot fuel
dilution in the vicinity of the spray core. The following analysis
concentrates on the inﬂuence of pilot quantity on the turbulent
mixing (dilution) and ignition processes.
3.1. Rationale for a chemical mechanism
The skeletal mechanism by Yao et al. [73] (54 species and 269
reactions) is utilized in the following computations and is hereafter
referred to as the Yao mechanism. The mechanism is originally
designed and extensively tested for SF mixtures with n-dodecane
as the primary fuel [73,74]. However, the recent investigations by
Kahila et al. [8] demonstrated the Yao mechanism to be able to
describe the methane related oxidation pathways comparable to a
more detailed mechanism by Frassoldati et al. [75]. For completeness, performance of the Yao mechanism to cover 0d homogeneous
ignition and laminar ﬂame propagation problems in lean methaneair mixtures is demonstrated in the supplementary material.
Besides a good performance in SF methane-air combustion
problems, rationale for the utilization of the Yao mechanism can
be reasoned by considering the available reaction pathways. The

Table 2
The applied pilot injection duration (tinj ) (ms) and the equivalent quantity minj (mg) for the designated cases. The maximum mass
ﬂow rate for all cases is m˙ f ≈ 2.5 g/s. DF-LIP denotes the case with low injection pressure, pin j = 50 MPa.

tinj (μs)
minj [mg]

Spray A

DF-∞

DF-500

DF-400

DF-300

DF-250

DF-225

DF-200

DF-150

DF-100

DF-LIP

∞
–

∞
–

500
1.148

400
0.898

300
0.656

250
0.536

225
0.476

200
0.416

150
0.295

100
0.176

100
0.087
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a

b

Fig. 2. (a) n-dodecane injection rate proﬁles (mass ﬂow rate (g/s)) for the cases given in Table 2. Proﬁles are based on modeling work in Ref. [70]. (b) Illustration of
Lagrangian droplet distributions for DF-∞, DF-250 and DF-150 cases.

Yao mechanism contains 20 reactions including CH4 from which 9
are reverse ones and interacting with higher hydrocarbons. Such
reactions have been reported to be essential during the lowtemperature DF ignition chemistry together with an interaction between various intermediate species and radicals such as OH, HO2 ,
H2 O2 , CH2 O and CH3 [8,76]. For example, the Yao mechanism includes 26/33 of the most important reactions relevant for CH4 -air
autoignition chemistry with CH2 O and H2 O2 additives [8,76]. Both
CH2 O and H2 O2 species are also products of the n-dodecane decomposition at low-temperature reactions, and hence, we assume
that a large coverage of the reactions is relevant for any mechanism in DF applications. Even though lack of detailed experiments
on chemical kinetics of n-dodecane/methane fuel blends prevents
a thorough validation, we assume that essential reaction paths are
included and the DF ignition process is described in the extent of
acknowledged uncertainties.
4. Laboratory engine conﬁguration
The experimental IDT results have been acquired from a singlecylinder laboratory engine corresponding to our previous work
[77]. The primary fuel (99.9% pure methane) is port-injected and
the diesel-fuel is directly injected from a common rail-based 3hole (160 μm) piezo injector with 100 MPa rail pressure. The engine speed was set to 1500 RPM and the target equivalence ratio
and charge temperature at TDC are estimated to φCH4 = 0.5 and
∼ 840K, respectively (assuming isentropic compression). The utilized 100 MPa rail pressure allows the minimum injection duration
of 0.11 ms for the pilot fuel (manufacturer limit).
The laboratory engine is based on an AGCO 84 AWI 6-cylinder
common rail diesel engine but is converted into a single-cylinder
conﬁguration with a wide control over input parameters related to
fuel injection system, intake-air, valve actuation and exhaust. An
aftermarket (EG20 0 0) methane port injection system was adapted
for distributing methane into the intake manifold at -360CAD ATDC
during the intake stroke. The pilot diesel fuel was injected at 8CAD ATDC. The diesel mass ﬂow was measured in a separated
test campaign where the engine was operated 20 minutes in conventional diesel combustion mode resulting in average fuel consumption estimates.

The evaluation of a combustion event is considered here via incylinder pressure, measured by a Kistler pressure transducer that
was mounted in the cylinder head. The pressure data was sampled
every 0.2CAD and was further processed to calculate the net heat
release rate (NHRR) [78].
5. Results
5.1. Experimental observations of dual-fuel ignition with low pilot
fuel quantities
In the following, we extend our previous experimental DF engine work [27,77] by introducing new IDT results with a recently implemented injection system which allows engine scale
investigations with very small diesel pilot quantities. The following
experimental results demonstrate that with equal injection conﬁguration, the IDT of pilot fuel depends strongly on injection duration
below tinj < 0.2 ms. This result should be considered as a standing
hypothesis for the later numerical LES analysis.
In a series of engine experiments, the pilot quantity was varied
by reducing tinj from 0.4 to 0.11 ms. Figure 3a shows the mean incylinder pressure traces and the corresponding NHRR for all cases
with averaging considering 100 sequential cycles. An IDT for the
injected pilot fuel is deﬁned as the time interval between the SOI
and the time instant where 2% of the cumulative heat release is
achieved.
The estimated IDT values in Fig. 3b show no dependence on
pilot quantity when tinj > 0.2 ms, whereas with any lower value
the IDT rapidly increases. As it can be interpreted from the incylinder pressure traces and HRR proﬁles in Fig. 3a, the cases with
tinj < 0.2 ms (pink curve) yield considerably lower heat release rates
and maximum pressures, which is attributed to incomplete combustion of the methane-air charge. Furthermore, excessive peakpressure and IDT variation was noted in cases with tinj < 0.2 ms
(cf. Fig. 3b). Here, we do not comment on the combustion eﬃciency of the presented measurement points but the motivation is
to highlight typical implications of tinj on IDT in DF engines.
In order to illustrate the DF pilot ignition event in an engine
conﬁguration, Fig. 4 shows images acquired by the optical instrumentation in a similar single-cylinder engine. The presented
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Fig. 3. (a) Mean in-cylinder pressure traces and net heat release rates with tinj corresponding to 0.4, 0.35, 0.3, 0.25, 0.2, 0.15, 0.13, 0.12 and 0.11ms. (b) The mean IDT values
as a function of tinj with error bars indicating the sample min/max values.

Fig. 4. (a) A single-cylinder DF engine conﬁguration with a two-hole injector. Natural luminosity imaging of premixed ﬂame initiation (b) and subsequent propagation (c)
at 2.97 and 7.7 CAD after top dead center, respectively. The present results are taken from our previous work [27] at conditions resembling the case with tin j = 0.4 ms in
Fig. 3b.

natural luminosity-based images are obtained from our previous
work [27] at conditions resembling the case with tin j = 0.4 ms.
The natural luminosity based images in Fig. 4 show a volumetric
formation of igniting gas pockets originating from the two separate pilot sprays (two-hole nozzle). After the pilot ignition, the
ﬂame kernels are convected azimuthally due to swirl and their
sizes grow with increase in methane consumption. Interpreting
the characteristic ignition features from such engine experiments
in details is challenging due to the inﬂuence of high swirl, turbulence, thermal and mixture stratiﬁcation, and the ﬁnite optical
resolution. Hence, simpliﬁed numerical experiments enable us to
make more in-depth comments on the ignition process also in DF
engines.
5.2. LES results: Inﬂuence of diesel fuel pilot quantity on IDT
In Section 5.1, the experimental results indicated a threshold
value for injection duration, below which IDT is considerably
increased. In this section we present numerical ﬁndings similar
to the experimental observations and provide detailed analyses

on the ignition characteristics including evolution of local mixture
composition and the subsequent heat release. Additionally, we
show that a decrease in pilot quantity has a suppressing inﬂuence
on the early kernel size and its growth rate.
We begin the analysis by comparing the evolution of mixture
fraction (Z), temperature (T), heat-release rate (HRR), dodecyl peroxy radical C12 H25 O2 (RO2 ) and H2 O2 mass fraction ﬁelds for the
DF-∞, DF-250 and DF-150 cases (cf. Table 2). Figure 5 shows the
ﬁelds on a zy-plane at time instances t = 0.45 and t = 0.65 ms
(before ignition in any of the cases). In Fig. 5a (t = 0.45 ms), the
inﬂuence of an early EOI is visible for the DF-250 and DF-150
cases. First, lower 
Z values indicate faster dilution of the mixture, which is also visible in Fig. 2b at already t = 0.25 ms. Second, slightly higher T and HRR values indicate an earlier activation
of the LTC compared to DF-∞. Such an early LTC activation can
be further identiﬁed from higher concentrations of an n-dodecane
decomposition product RO2 and from an intermediate species
H2 O2 , typically attributed to LTC and early HTC stages [79]. For
the DF-250 and DF-150 cases, production of intermediate species
and subsequent HRR occur within the whole spray envelope,
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Fig. 5. DF pilot ignition process in cases DF-∞, DF-250 and DF-150 at (a) t = 0.45 ms and (b) t = 0.65 ms. The blue dotted contour line corresponds to stoichiometric mixture
Zst . (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 6. (a) Temporal evolution of CH4 ,min , RO2 ,max , OHmax and Tmax for the cases DF-∞, DF-250 and DF-150 and (b) the quantiﬁed ﬁrst- (
for all cases.

whereas for the continuous injection case, it is restricted to downstream regions (z > 15 mm), where the inﬂuence of the high-speed
two-phase spray is reduced (lower turbulent strain and composition gradients).
Following LTC, the cases evolve towards the ﬁnal hightemperature ignition by incremental temperature rise near spray
tip, visible at t = 0.65 ms in Fig. 5b. At this stage, dilution of the
mixture is more evident for the DF-250/150 cases and e.g. 
Z values
reaching stoichiometry can be found only at the spray tip and near
nozzle regions. At the EOI, an overall mass and momentum conservation near the nozzle induces a so-called entraiment wave which
increases dilution and premixing of the pilot-fuel [80]. Such dilution appears strongest at z < 25 mm. Besides the apparent dilution,
the temperature increase and HRR values are also lower for the DF250/150 cases compared to that in DF-∞. The HRR correlates directly with the local 
Z value, further discussed in the next section.
While continuous injection of n-dodecane induces a constant production of LTC-related species, such as RO2 and H2 O2 , their relative
mass fractions appear lower in the DF-250/150 cases. In particular,
for the DF-250/150 cases at t ≥ 0.65 ms, RO2 is entirely consumed
from the system by reactions attributed to late LTC and early HTC
[8]. Lack of long hydrocarbon radicals and dilution of the mixture
including various intermediate species have an overall inhibiting
inﬂuence to the ignition process and is further analyzed in the following sections.
The qualitative ﬁndings of the inhibiting dilution effects are
quantiﬁed in Fig. 6 in terms of the IDT. Figure 6a shows the time
evolution of maximum (minimum) values for temperature, RO2 ,
CH4 (min.) and hydroxyl radical OH mass fractions for the DF∞/250/150 cases. Here, we deﬁne the 1st-stage IDT (t1∗st ,
) as
a time instance when the maximum RO2 mass fraction reaches
−4 in the system ( ∼ 20% of maximum in DF-∞). The

Y
RO2 = 7 · 10
primary high-temperature 2nd-stage IDT (t2∗nd ,
) is deﬁned as a
time instance when 95% of available methane is locally consumed.
This deﬁnition is inspired by the ﬁndings of our previous work
[8] where the ﬂame initiation was reported not to follow a certain
temperature threshold but instead CH4 consumption and the rise
of OH concentration, as also visible in Fig. 6a. The corresponding
t1∗st and t2∗nd values for all simulated cases are presented in Fig. 6b

) and second-stage (

) IDT values

as a function of the injection duration (tinj ). For a detailed comparison to the SF Spray A case, please see Ref. [8].
∗
Figure 6b shows how the t1st
value is almost constant for all
cases with a minor decrease at tinj < 0.25 ms, which is attributed to
more favorable mixing conditions and lack of high turbulent strain
[81]. The inﬂuence of ﬁnite injection duration is also leading to
lower peak RO2 mass fraction values and fast decay to zero after
the EOI when no fresh n-dodecane is introduced to the system.
Even though the maximum RO2 time evolution appears weaker for
the DF-250 compared to DF-∞, it shares otherwise similar time
evolution towards the 2nd-stage ignition, yielding only 5% delay
∗
in t2nd
value (=IDT). However, reducing the injection duration to
0.15ms (DF-150) yields already 47% delay in IDT compared to the
DF-∞ case. A slope of the temperature rise in the DF-150 case is
considerably steeper than in the other cases and actually appears
similar to typical homogeneous ignition problems (0d). In general,
the IDTs in Fig. 6b show similar dependence on pilot quantity as
observed in the engine experiments, cf. Fig. 3b.
Aside from the absolute IDT quantiﬁcation above, the initial size
of the emerging ignition kernel and its growth towards a premixed
ﬂame is discussed next. In Fig. 7 we illustrate the high-temperature
ignition kernels by volume rendering regions with T > 1400 K at the
time of ignition and 0.13 ms afterward. There is a large difference
in the original kernel size between the three cases. For the DF∞ case, the whole spray tip region reaches temperatures beyond
1400 K (I), whereas only a singular millimeter-size kernel appears
in the DF-250 case (II) and no properly visible kernel is seen in
the DF-150 case (III). The volumetric growth of the initial hightemperature ignition kernels is also slowing down with decreasing
pilot quantity as depicted by Fig. 7 (second row). In real engine
conditions where coherent ﬂow structures and ambient turbulence
is present, the small and slowly growing ignition kernels of the DF250/150 cases could be possibly suppressed / quenched, yielding
incomplete combustion [32]. Possibility for ﬂame quenching would
be even higher for the DF-100 case, which is therefore neglected
in our later analysis. Due to turbulence model restrictions, further
analysis on the premixed ﬂame propagation is not investigated but
we concentrate on explaining the aspects leading to the observed
initial ignition kernel sizes.
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∗
∗
) (top row) and at t = t2nd
+ 0.13ms (bottom row). Translucent gray and green isosurfaces correspond to Z = 1 · 10−4 and Zst ,
Fig. 7. 3d view at the time of ignition (t = t2nd
respectively. The blue isovolumes illustrate premixed ﬂame initiation (T > 1400 K), indicating decrease in original ignition kernel size and their respective growth rate with
decrease in EOI. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

a

b

c

Fig. 8. (a) Time evolution of 
Z PDF for the DF-250 case where the dashed line presents the mean 
Z , (b) the mean values 
Z  for DF-∞/250/150 cases and (c) example PDF
distributions at t = 0.45 and 0.65 ms. Statistics consider data points within the spray cloud only, i.e. 
Z > 1 · 10−4 . Blue and orange star symbols refer to ﬁrst- and second
stage ignition, respectively. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

5.3. Analysis of mixture formation statistics
As Fig. 5 illustrated, the ignition process is not only delayed in
time with decrease in pilot quantity but the heat release is also
taking place more on the lean side and the LTC is restricted to a
time window prior to 2nd-stage ignition. Next, we investigate the
time evolution of mixture fraction and heat release rate statistics
and show that modes of HRR change as a function of pilot quantity.
In particular, heat is released within considerably leaner mixtures
and the relative fraction of LTC is increasing with decreasing pilot
quantity.
Figures 8–10 show the time evolution of probability density
functions (PDF) of 
Z, 
T and HRR, respectively. It is worth noting
that the statistics are conditioned by 
Z > 1 · 10−4 to highlight the
mixture state within the pilot spray region. As expected for the
short injection cases, the dilution process starts quickly after EOI
and leads to rapidly decreasing mean 
Z values (cf. 8a,b) and narrower distributions (cf. Fig. 8c). For example, in both DF-250/150
cases, the mean 
Z values are already below stoichiometric mixture (Zst = 0.0234) at the time of DF-∞ ignition. Interestingly, even
though there is a 40% difference in IDT between the DF-250 and
DF-150 cases, the respective 
Z PDFs are quite similar for both cases
at t = 0.65 ms (cf. Fig. 8c).

As discussed by Demosthenous et al. [12] and Kahila et al. [8],
the most reactive mixture fraction (ZMR ) increases with increasing
methane concentration in DF mixtures (cf. supplementary material
for further information). In the present case, ZMR corresponds to
DF = 0.08). With respect
3.4 times the Zst value in DF mixtures (ZMR

to LES statistics in Fig. 8, the tails of Z distributions do not reach
ZMR value in the DF-250/150 cases after t > 0.45 ms. From such an
inert mixing perspective, ignition can be assumed to be delayed
with increase in dilution.
Figure 9 shows the time evolution of temperature statistics
within the spray clouds. As dictated by the mixing line relation,
diluting spray leads to a larger representation of higher temperature values at earlier time instances, which may partially accelerate the early LTC even though the overall 
Z values are low. While
all cases share a similar rise in mean temperature value after the
1st-stage ignition, high positive rate of temperature change continues only for the DF-∞ case. Low mean temperature values in
the DF-250/150 cases are consistent with the small ignition kernel
sizes, shown in Fig. 7. Hence, the temperature growth rate analysis
is consistent with the mixture fraction analysis.
Finally, the time evolution of HRR PDFs (per unit volume) in
Fig. 10 is consistent with the observations above: all three cases
show similar distributions until the ﬁrst-stage ignition where the
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Fig. 9. (a) Time evolution of 
T PDF for the DF-250 case where the dashed line presents the mean 
T , (b) the mean values 
T  for DF-∞/250/150 cases and (c) example
PDF distributions at t = 0.45 and 0.65 ms. Statistics consider data points within the spray cloud only, i.e. 
Z > 1 · 10−4 . Blue and orange star symbols refer to ﬁrst- and second
stage ignition, respectively. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

a

b

c

¯˙ h ), (b) the mean values log10 (ω
¯˙ h ) for DFFig. 10. (a) Time evolution of logarithmic HRR PDF for the DF-250 case where the dashed line presents the mean log10 (ω
∞/250/150 cases and (c) example PDF distributions at t = 0.45 and 0.65ms. Statistics consider data points within the spray cloud only, i.e. 
Z > 1 · 10−4 . Blue and orange star
symbols refer to ﬁrst- and second stage ignition, respectively. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of
this article.)

Fig. 11. Mean logarithmic HRR values conditioned by mixture fraction at (a) t = 0.45, (b) 0.65 ms and (c) t = t ∗ (IDT). The scatter point data represents only 0.5% of the
total data (uniform random sampling) within the spray cloud. Statistics consider data points within the spray cloud only, i.e. 
Z > 1 · 10−4 .
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Table 3
Grouping of total HRR by chemistry modes. The critical threshold values are RO2 ,cr =
1 · 10−5 , H2 O2 ,cr = 1 · 10−4 , OH,cr = 1 · 10−5 and Tcr = 1150 K.
Group name

Deﬁnition

Fig. 12 color

LTC

(RO2 ≥ 1 · 10−7 ) ∩ (H2 O2 < H2 O2 ,cr ) ∩ (T < Tcr )

LTC late

(RO2 ≥ 1 · 10−7 ) ∩ (H2 O2 ≥ H2 O2 ,cr ) ∩ (T < Tcr )

pre-HTC

(RO2 < RO2 ,cr ) ∩ (H2 O2 ≥ H2 O2 ,cr ) ∩ (T < Tcr )

HTC pre-ign.

(OH < OH,cr ) ∩ (T ≥ Tcr )

HTC

(OH ≥ OH,cr ) ∩ (T ≥ Tcr )

Inspired by the recent DNS study by Borghesi et al. [82], we
divide the THRR into 5 groups, denoted as LTC, late LTC, pre-HTC,
HTC pre-ignition and HTC. The transition between LTC and HTC is
not an obvious process, hence we set a temperature threshold of
1150K to identify between the two main modes, whereas the subdivision is based on threshold values for RO2 , H2 O2 and OH mass
fractions, listed in Table 3. Note that in case of SF CH4 /air mixture,
LTC would be a non-existing group due to lack of RO2 . Additionally, a hatch pattern is applied in Fig. 12 to separate lean and rich
mixtures within a prescribed subgroup. The group division can be
interpreted in the following way:
• LTC: regions where HRR is mainly originating from very early
n-dodecane decomposition to e.g. RO2 .
• late LTC: regions where production of LTC-related species accumulate (e.g. RO2 , H2 O2 , CH3 , HO2 ).
• pre-HTC: regions with low temperatures, high concentrations of
various intermediate species and lack of long-hydrocarbon radicals. Typically at spray tip region prior to activation of HTC.
• HTC pre-ign: regions where temperature has increased considerably but no 2nd-stage ignition-related species (OH) is present.
Typically at spray tip region.
• HTC: regions with high temperature and strong concentration
of OH.

Fig. 12. Volume integrated total HRR within the spray cloud (Z >1 · 10−4 ) as a function of normalized time with division to classes, deﬁned in Table 3. Regions with
the hatch pattern refer to rich mixtures (Z > Zst ). Black solid line corresponds to the
total HRR. The pie charts represent the total heat release up till t /t ∗ = 1.1 as percentages without distinction between lean/rich mixtures. Note a different scale on
y-axes.

local maximum is achieved due to heat release from LTC reactions
activated in a relatively large volume (cf. Fig. 5a). Shortly after the
local maximum, the mean HRR values decrease and start to rise
only prior to the 2nd-stage ignition. As shown by the PDFs at t =
0.65 ms in Fig. 10c, the maximum HRR values are the highest for
the DF-∞ case.
In order to describe the relation between 
Z and HRR,
Fig. 11 shows the mean proﬁles of HRR, conditioned on mixture
fraction for both DF-∞ and DF-250 cases. In both cases, the high
HRR values favor 
Z values above Zst . Overall, HRR values in lean
conditions are considerably lower than in rich conditions.
In order to relate 
Z and HRR distributions to each other at different stages of the ignition process, we differentiate the volume
integrated total heat release rate (THRR) to separable categories
with respect to chemistry mode (LTC/HTC) and mixture composition (lean/rich). Figure 12 demonstrates how the THRR is originating from different modes of ignition chemistry, depending on the
time instance and case.

The optimal threshold values for the HRR mode categorization
are acknowledged to depend on the mixture state. The threshold
values in Table 3 were chosen after carrying out numerical tests
on homogeneous 0d reactors and transient LES data. Most importantly, the following interpretations made from such a simple categorization were insensitive to the exact threshold values.
By using the above categorization, we can identify three characteristic differences between the DF-∞, DF-250 and DF-150 cases
in Fig. 12: First, the THRR value is over 10 times larger for the
DF-∞ case compared to that for two other cases at the time of
ignition, which is attributed to the higher overall injected energy
and higher reactivity of the rich DF mixture. Second, HRR from
early and late LTC regions is always originating from rich mixtures (see also Fig. 11), whereas the share of lean mixtures becomes prominent at the pre-HTC and HTC regions after t/t∗ > 0.6
(for DF-250/150 only). Third, the relative fraction of LTC from the
overall heat release is considerable in DF-250/150 cases.
Overall, coverage of the LTC modes account for over 80% (preHTC included) of the total heat release (THR) prior to ignition for
DF-250 and DF-150 cases, which is two times more than in the
DF-∞ case. Figure 13 shows the THR up to t = 1.1t ∗ and its source
from LTC/HTC as a function of injection duration for all DF cases.
Below tinj < 0.3 ms, the relative fraction of LTC is highly increased,
as also noted in Fig. 12. Here, the pre-HTC mode could be also interpreted as LTC induced chemistry, leading to homogeneous ignition and subsequent HTC chemistry.
Such a large fraction of heat release from LTC/pre-HTC is considerable from ignition system design and computational modeling
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Fig. 13. Relative fraction of total heat release from LTC, pre-HTC and HTC up to t = 1.1t ∗ for all DF cases.

points of view. A rapid transition from one HRR mode to another
may be important to consider when RCCI type combustion is
desired in real applications [30]. When considering the present
immature status of DF chemical kinetics and available chemical
mechanisms, there are high uncertainties related to a detailed
description of LTC and hence, the overall ignition process. For
example, Kahila et al. [8] compared two chemical mechanisms in
SF and DF spray context and reported that the major difference
between the mechanisms was related to HRR in LTC conditions.
As a remark, we note that numerical observations on high heatrelease quantities from low-temperature combustion should be
carefully considered and investigated when reporting DF research.
5.4. Inﬂuence of pilot quantity on the chemistry manifold
As discussed in sections above, even with very low pilot fuel
quantities, the overall reactivity of a pure methane-air mixture is
increased. On the other hand, reducing injection duration strengthens the mixing process of the pilot fuel and its decomposition
products, which results in lower total HRR, and hence, longer IDTs.
However, local reactivity differences between the cases have not
been clearly quantiﬁed so far: the inﬂuence of e.g. local RO2 and
H2 O2 concentration differences to global measures such as IDT and
volumetric growth rate of ignition kernels has not been discussed.
In this section we quantify reactivity differences between the DF
cases and deﬁne the evolution of ignition process in a thermochemical manifold spanned by Z and a progress variable Y.
We begin the analysis by evaluating how an evolved spray
cloud would ignite under a frozen ﬂow assumption. Figure 14
presents an ignition index ﬁeld deﬁned as



I0d = max 1 −

t0∗d (Yi , T , p, t )
∗
tMR



,0 ,

(6)

where t0∗d (Yi , T , p, t ) is deﬁned as an IDT based on 0d homogeneous reactor computations with initial conditions corresponding
to the cell-wise mixture composition, temperature and pressure at
LES simulation time t = tLES = 0.6 ms. The time instance is chosen
to represent relevant mixing and chemical state prior to the sec∗
ond stage ignition. A normalization constant tMR
corresponds to
the minimum IDT value found from 0d homogeneous reactor computations (i.e. at ZMR ). Ignition index can be interpreted as a normalized reactivity index for which values range from zero to one,
corresponding to less-reactive and reactive mixtures, respectively.
Inﬂuence of turbulent strain is neglected in the proposed deﬁnition and hence, the index resembles plain thermochemical effects.
Figure 14 shows major differences in I0d values between the
three cases. Whereas large parts of the spray envelope are covered

Fig. 14. Visualization of the ignition index ﬁeld I0d deﬁned in Eq. (6) at simulation
time t = 0.6 ms. The white dotted line corresponds to Zst .

by relatively high I0d values (I0d > 0.6) in the DF-∞ case, the values are in average much lower and more fragmented in the DF250/150 cases. In particular, only the very end of the spray tip
in DF-150 case is reaching I0d values beyond 0.2. The aforementioned observation supports the qualitative hypothesis presented
along the discussion on Fig. 5: lower local concentrations of pilotfuel and its intermediate by-products (cf. RO2 ) correlate with lower
reactivity and temperature. Hence, from a plain composition point
of view, the volumetric ignition potential is considerably reduced
with decreasing pilot fuel quantity, which to some degree (frozen
ﬂow assumption) explains the weakened volumetric growth rate of
early ignition kernels in DF-250/150 cases.
In order to investigate the thermochemical progress leading to
such reactivity ﬁelds, as illustrated in Fig. 14, we deﬁne a reaction progress variable P consisting of species relevant to both ndodecane and methane oxidation:

P=

ox
(YCH
− YCH4 )
YRO2
YH2 O2
4
+
+
,
MRO2
MH2 O2
MCH4

(7)

where the contribution of early n-dodecane decomposition (RO2 ),
intermediate states (H2 O2 ) and ﬂame initiation (CH4 ) are described
in a balanced way. The mass fraction value is normalized by the
ox
corresponding molar mass and YCH
corresponds to the ambi4
ent oxidizer composition. Since in non-premixed combustion the
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Fig. 15. Conditional mean of the rate of change of the progress variable Y˙  on 
Z Y-plane. The orange dashed line resembles an ignition path corresponding to mean
(
Z , Y  )-point-pairs, evaluated from data obtained according to Eq. (9). The circles denote evenly sampled time instances with a t = 0.1 ms interval, starting from t0 =
0.25 ms. Regions I and II refer to LTC and HTC, respectively, while III marks a relatively long transition process between the prescribed regions in the DF-150 case. Blue and
orange star symbols refer to ﬁrst- and second stage ignition, respectively. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web
version of this article.)

progress variable depends on mixing, P is normalized for a given
mixture fraction Zi as

Y ( Zi ) =

P − min (P (Zi ) )
.
max (P (Zi ) ) − min (P (Zi ) )

(8)

Due to a non-trivial inﬂuence of two fuels on chemical kinetics,
the present simple deﬁnition may, in theory, yield non-monotonic
behavior, which, however, was not found problematic for the following practical analysis. For any other type of work, e.g. ﬂamelet
modeling, further consideration on the precise choice of P and Y
is recommended.
Deﬁnition of Y allows a construction of a simpliﬁed visualization of the high-dimensional chemistry manifold, relevant to the
DF ignition process. Figure 15 shows the averaged rate of change of
progress variable (denoted as Y˙ ) values with double conditioning
in the 
Z Y-plane. The data is obtained by computing Y˙  as a postprocessing step at all available time instances. In order to minimize
the variance of Y˙  and to obtain a fair comparison between different DF cases, we sample data with resolved scalar dissipation rates
below χres < 5s−1 .
In order to describe the transient ignition chemistry evolution
on this manifold we construct an ignition trajectory, deﬁned as
(
Z , Y  )-point-pairs corresponding to conditional means 
Z|Y>
Y10%  and Y | Y > Y10% , where Y10% is a limit value based on the
last 10% of the progress variable’s cumulative distribution function
∞
Y10%

f (Y ) dY = 0.1.

(9)

The aim of this is to follow the reaction progress in the 
Z Y-plane.
Figure 15 shows Y˙  on the prescribed manifold together with
the ignition trajectory. As expected, the manifold structure includes
two main regimes with considerable Y˙  values (I, II), corresponding to already deﬁned LTC and HTC regions in space. These two
regions are divided by a “valley” of low Y˙  values. The DF-∞ case
(Fig. 15a) has a very similar structure to SF manifolds, reported in
[9], whereas for the DF-250/150 cases (Fig. 15b,c) the manifold is
modulated by the inﬂuence of mixture dilution. For example, in
the DF-250 case (Fig. 15b), the separation of the two regions is
rather narrow at high Y values. Decreasing the pilot quantity reduces the size of both LTC and HTC regions in the manifold but
the overall structure remains similar.
The embedded ignition trajectory in Fig. 15 shows major differences between the three cases. Continuous injection (Fig. 15a)
allows the chemically active spray parts to remain on the rich side

and accumulate chemical reaction progress within the LTC part of
the manifold (I). The early EOI in the other two cases leads the
trajectory towards low Y˙  values and eventually the trajectory
reaches local maximum and minimum Y˙  values around the “valley”.
As discussed earlier in the context of Fig. 12, the transition
from LTC to 2nd-stage ignition may occur steadily including a large
HTC pre-ignition phase (orange ﬁll in Fig. 12) as in DF-∞ case, or
rapidly without such a phase as in DF-150. This is also seen in
Fig. 15c, where the (
Z , Y  )-point-pairs spend considerably long
time between the two main manifold regimes (II vs. III), before
climbing towards the HTC ignition. It is worth noting that changing
the threshold limit in Eq. (9) results in minor trajectory deviations
with no inﬂuence on the evolution noted above.
Several implications and interpretations can be made from the
analysis above: (1) The overall structure of the manifold resembles the one found in SF combustion [9], (2) ignition trajectory is
sensitive to changes in mixing when located on the border of regions between I and II, (3) long enough accumulation of chemical
progress (heat release) should be obtained on the LTC side to ensure a smooth and continuous transition from LTC to HTC regions.
As a remark, in order to further understand the prescribed interpretations, we inﬂuenced the mixture formation process of the
DF-100 case by decreasing the injection pressure to 50 MPa (DF-LIP
case). The decrease in injection pressure resulted in less prominent
mixing and thus, higher local mixture fraction values compared to
the original DF-100 case. As further discussed in Appendix A, the
IDT of the DF-LIP case was found ∼ 50% lower than in the corresponding DF-100 case. Interestingly, ignition kernels were observed at two distinct locations, ﬁrst near the nozzle region and
followed by the spray tip region. Such a formation of ignition kernel near the injector has been experimentally observed by Grochowina et al. [32] with low pilot quantities. A visual illustration
is provided in Appendix A.
6. Conclusions
In the present work, a dual-fuel ignition process was investigated. In particular, an n-dodecane pilot spray injection into a
lean methane-air mixture was investigated by utilizing an LES
solver with ﬁnite-rate chemistry. The simulations are based on the
Engine Combustion Network Spray A case, enabling an extensive
validation of the numerical framework. The baseline Spray A target
conditions were modiﬁed to create a dual-fuel relevant model
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problem by adding methane to the ambient oxidizer composition
with a methane-air equivalence ratio of 0.5.
In total, ten LES cases were simulated with a constant mass
ﬂow rate and varying injection duration (tinj ). In addition, experimental IDT results are presented from DF engine experiments. The
main ﬁndings of the paper are mainly of numerical character and
listed below:
• Both engine experiments and LES simulations indicate that
there is a threshold value for the injection duration, below
which the high-temperature IDT is considerably increased.
• The onset of low-temperature chemistry (ﬁrst-stage IDT) is not
inﬂuenced by tinj as much as the high-temperature chemistry
(second-stage IDT).
• The initial size and growth rate of the ignition kernel are decreased with decrease in pilot quantity.
• A decrease in injection duration ( < 0.3 ms) leads to a faster pilot fuel dilution process and reduced production of heat and
radicals, yielding an overall lower reactivity within the pilot
spray.
• The relative fraction of rich low-temperature chemistry on total heat release is dominating ( > 80%) in case of low pilot fuel
quantity.
• The transition from rich low-temperature chemistry mode to
lean high-temperature ignition was considered by the chemistry manifold analysis on mixture fraction - progress variable
plane. The structure of the manifold was found to be rather insensitive to pilot fuel quantity, whereas the trajectory of the ignition process on this plane was noted to be strongly affected
by the end of injection time.
• The ﬁnding is that the n-dodecane - methane - air mixture
should remain at rich enough conditions (e.g. relevant ZMR ) for
long enough time which will lead to a smooth and quick transition between the 1st and 2nd-stage IDTs.
• A decrease in injection pressure leads to an increased reactivity
within a more conﬁned spray envelope. In such a low-injection
pressure spray case, IDT is reduced by ∼ 50% compared to the
case with higher injection pressure.
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Fig. A1. 3d view of the DF-LIP case at the time of ignition (t = t2nd
∗
∗
+ 0.2 ms (middle row) and t = t2nd
+ 0.5 ms (bottom row). Translucent gray
t = t2nd
and green isosurfaces correspond to Z = 1 · 10−4 and Zst , respectively. The blue isovolumes illustrate premixed ﬂame initiation (T > 1400 K).(For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version
of this article.)

Appendix A. Remark on the inﬂuence of injection pressure
The leading hypothesis from the results provided in previous
sections is that the pilot spray will yield a successful ignition if the
n-dodecane-methane-air mixture remains at high enough mixture
fraction values for a long enough induction time at which suﬃcient
quantities of heat and radicals are produced. In order to review this
hypothesis, we chose the DF-100 case and decreased the injection
pressure from 150 to 50 MPa and kept the injection duration in
0.1ms (DF-LIP, in Table 2). Change in injection pressure leads to
a ∼ 50% lower pilot quantity than in the DF-100 case, hence also
a smaller overall chemical energy deposit. Furthermore, a ∼ 55%
lower nominal injection velocity is induced compared to the DF100 case. For brevity, in detail analysis is not carried out but the
inﬂuence of injection pressure reduction on the IDT and initial kernel size is next discussed.
The LES results of DF-LIP case indicate less prominent mixing and thus, higher local mixture fraction values compared to
the original DF-100 case. A successful ignition is observed at

t = 0.7 ms, approximately 50% earlier than the reference DF-100
case. Figure A.16 illustrates a unique feature of the ignition observed in the DF-LIP case: the ﬁrst ignition kernel appears close to
the injector (I) and it is followed by a second kernel at the spray
tip region (II). Low turbulence levels and a relatively high pilot fuel
concentration contribute to the appearance of 2nd-stage ignition
near the nozzle within a relevant time scale. Overall, the initial
ﬂame kernel sizes are small (millimeter scale) and their growth
rate is rather slow compared to DF-250 and DF-∞ cases, cf. Fig. 7.
Even though this numerical demonstration has no direct experimental correspondence for now, similar observations were recently
reported by Grochowina et al. [32]. In particular, the decrease in
injection pressure from 1500 to 500 bar reduced the ignition delay time by ∼ 50% in the experiments and an ignition kernel formation near the nozzle (optical imaging) is reported for the lowest
pilot fuel quantities [32].
To conclude, the present numerical ﬁndings support the ideas
that the pilot ignition characteristics can be controlled in engine
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relevant conditions which is an important aspect in practical engineering design and engine manufacturing.
Supplementary material
Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.combustﬂame.2019.05.
025.
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