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A B S T R A C T

In dual-fuel (DF) engines, a high-reactivity fuel (HRF) ignites a low-reactivity fuel (LRF) premixed with air.
Identification of the combustion mode after autoignition in DF engines with different fuel combinations and
under various mixture stratification levels is of crucial importance since the combustion mode may affect
the engine performance and emissions levels. However, to avoid expensive computational or experimental
tests for different fuel combinations under various initial conditions, an analytical diagnostics tool can help
identify the modes of combustion. Recently, we developed an a-priori tool (𝛽-curve), which separates between
the deflagration and spontaneous combustion modes in transient problems based on two parameters: HRF
stratification amplitude and wavelength. However, the developed analysis was only evaluated for a single fuel
combination and under 2D turbulent conditions. The present study extends our previous work by (1) evaluating
the 1D 𝛽-curve analysis for more common fuel combinations including hydrogen, and (2) extending the
combustion mode analysis to 3D turbulent combustion. First, using 1D numerical simulations, the combustion
mode for a new DF combination of n-dodecane (HRF) and methane (LRF) with and without hydrogen
enrichment in the LRF blend is investigated. Although hydrogen enrichment shortens the combustion duration,
its role in changing the combustion mode remains subtle. Therefore, only n-dodecane/methane (no hydrogen
enrichment) is considered in the 3D simulations to avoid highly expensive 3D numerical simulations with
hydrogen enrichment. Second, using flame-resolved 3D numerical simulations, variations of the combustion
mode for DF n-dodecane/methane mixtures at three different turbulence intensities are studied. It is observed
that high turbulence levels can switch the combustion mode from deflagration to autoignition. For the first
time, the diagnostic tool is evaluated compared to 3D turbulent numerical simulations and a correction factor
is proposed in the 𝛽-curve equation.
1. Introduction

In heavy-duty dual-fuel (DF) engines operating under reactivity
controlled compression ignition (RCCI) mode [1], a small amount of a
high reactivity fuel (HRF) is utilized to ignite a low reactivity fuel (LRF)
premixed with air. In such a scenario, different engine parameters such
as compression ratio, injection parameters and air-throttling can affect
the engine performance and emissions [2,3]. These different engine
arameters may cause various levels of locally stratified HRF/LRF
ixtures before ignition, which may lead to two common combustion
odes: (i) subsonic spontaneous with autoignition fronts or (ii) de-
lagration [4]. The combustion mode has a significant impact on the
argeted engine performance, including fuel consumption, emissions,
nd combustion duration [5]. Therefore, it is important to determine
he prevalence of autoignition and deflagration fronts in stratified
F mixtures. In particular, where using different fuel combinations,
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and specifically utilization of hydrogen blended with other fuels like
methane, is growing rapidly, information on the combustion mode at
different local stratification and turbulence levels is essential.

There are several works that investigate propagation modeling and
physics of deflagration versus spontaneous ignition fronts. For instance,
recently, autoignition of the end gas by premixed flame fronts in
spark assisted homogeneous charge compression ignition engines was
studied numerically by Zhang et al. [6]. Moreover, Savard et al. studied
regimes of spontaneous versus deflagration under gas–turbine reheat
combustion conditions [7]. In a following work, they investigated cool
flames propagating in autoignitive mixtures to distinguish between
deflagration and autoignition considering the relative importance of
diffusion [8]. Stratified premixed flames have been also extensively
studied in experiments [9–14] and numerical simulations [15–21], with
a detailed overview given by Lipatnikov [22]. Different parameters are
vailable online 5 May 2022
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studied in stratified flames. For instance, recently, Tomidokoro et al.
studied the propagation speed of methane/hydrogen/air flames [23]
and ammonia/air flames [24] in compositionally stratified mixtures
under rich to lean and lean to rich conditions. Moreover, many stud-
ies have investigated effects of temperature [25–38] and/or compo-
sition [32–34,38,39] and/or velocity fluctuations [26,30,34,35,37] on
the combustion mode for single-fuel conditions.

In the DF context, there are several studies on ignition charac-
teristics [40–46], while direct numerical simulations (DNS) [47–51],
numerical modeling [52–56], and experiments [57,58] have provided
evidence on flame initiation after ignition, with detailed overview
given by Li et al. [5]. Despite the abundance of studies on (1) char-
acteristics of stratified premixed flames, (2) distinguishing between
deflagration and spontaneous combustion under various conditions,
and (3) numerical modeling or experimental studies on DF engines
with various fuel combinations, the literature is scarce on providing
an analytical tool which can give regime diagrams on the mode of
combustion in a range of different stratification and turbulence levels
in DF mixtures. This information is essential when changing fuel com-
binations and/or initial conditions may lead to different combustion
modes. While we developed an analytical tool to distinguish between
deflagration and spontaneous ignition in our recent work [59], the tool
still requires further validations and improvements to be broadly used
by the community.

This study attempts to improve the validation of the analytical tool
in our previous work, which was limited to a single fuel combination
and 2D turbulent conditions. In our recent paper [59], the deflagration
and spontaneous combustion modes in DF mixtures were characterized
based on the initial stratification of the HRF and LRF, under engine-like
conditions, by extension of the Zeldovich theory [4] to transient condi-
tions. The combustion modes were separated by two main parameters:
amplitude and wavelength of the HRF stratification. An analytical a-
priori diagnostics tool for the time-dependent diffusion–reaction prob-
lem, called 𝛽-curve, was developed by solving the diffusion equation
hile taking ignition and flame propagation time-scales into account.
or turbulent conditions, enhanced mixing due to convection was
ncorporated via an effective mass diffusivity estimated based on the
urbulence length-scale and velocity [60,61]. The developed model
n Ref. [59] was first validated under laminar conditions for differ-
nt stratification levels of the considered HRF (n-dodecane) and LRF
(methanol) premixed with air using one-dimensional (1D) chemical
kinetics numerical simulations. Second, the model was validated under
turbulent conditions using fully-resolved two-dimensional (2D) turbu-
lent numerical simulations. In the present work, first, we re-validate
the developed model for n-dodecane/methane DF mixtures, where n-
dodecane is the HRF and methane is the LRF, using 1D simulations.
More importantly, effects of hydrogen enrichment on the combustion
mode in 1D are discussed. Second, in contrast to the utilized 2D flows
in our previous work, turbulence intensity effects on the combustion
mode is studied by three-dimensional (3D) numerical simulations and
the validity of the diagnostic tool is evaluated. We note that in this
work, hydrogen enrichment effects are studied only under 1D laminar
conditions to limit the 3D computational costs. In the following, a
summary of the importance of including hydrogen in the LRF mixture
and the relevance of using 3D turbulence in the numerical simulations
is provided.

In the DF engines context, utilization of diesel (or its surrogates)
as the HRF with natural gas or methane (CH4) as the LRF has been
already tested and established [62–65]. On the other hand, hydrogen
is a highly attractive carbon-free alternative fuel in modern combustion
systems, which is helpful in decarbonizing the combustion systems [66–
68]. Various recent studies have demonstrated the benefits of hydrogen
enrichment of the LRF in the RCCI context [69–74]. Blending methane
(as the LRF) with hydrogen while using n-dodecane as the diesel
surrogate was recently investigated in Ref. [75] using zero-dimensional
2

(0D) homogeneous reactor simulations along with a reaction sensitivity f
analysis. This work was recently extended to 3D spray simulations in
Refs. [71,72]. Based on the numerical findings by Karimkashi et al.
[75] and Kannan et al. [71], blending hydrogen with methane as the
LRF delays the ignition timing, which can facilitate robust ignition.
However, it was shown that ignition delay time (IDT) retardation is
significant only when more than 50% volumetric hydrogen is added
to methane at lean conditions (equivalence ratio of 0.5). Moreover,
according to the literature [69,70], blending methane (LRF) with hy-
drogen reduces fuel consumption per cycle, shortens the combustion
duration (improving the combustion process), and mitigates carbon
emissions in RCCI engines. Accordingly, in this work, the impact of
adding hydrogen to methane on the combustion mode is explored for
n-dodecane/methane DF mixtures under laminar conditions (1D).

Turbulence intensity can enhance mixing before ignition and pro-
mote the spontaneous mode in stratified DF mixtures. However, tur-
bulent simulations in our previous work [59] were 2D, which may
lead to unrealistic features such as inverse energy cascade. For in-
stance, 2D turbulence structure dynamics and their interactions with
flow and thermal fields in engine-relevant conditions are discussed
in Refs. [76–78]. Apart from 2D limitations in our previous work, a
systematic control of the initial turbulence length-scale and velocity
with the initialized Taylor–Green Vortex flows was challenging. In
this study, 3D numerical simulations in cubic domains with decaying
isotropic homogeneous turbulence are considered. The initial field is
generated with an initial turbulent kinetic energy spectrum function by
Passot–Pouquet [79]. Here, the initial turbulence intensity is systemat-
ically varied to explore effects of turbulence on the combustion mode.
Subsequently, validity of the theory is re-evaluated.

In the present study, we apply the proposed analytical tool in
Ref. [59] to different fuel combinations and we consider the effect of
hydrogen enrichment in the LRF since hydrogen is of high importance
to decarbonize combustion systems. Moreover, we utilize 3D numerical
simulations for the validation of the analytical tool for the first time.
The main feature of the 3D numerical simulations in this study is that a
large and detailed chemical mechanism (which is essential when there
is a combination of two or three fuels including a large hydrocarbon)
is utilized under engine relevant conditions (high pressure and tem-
perature) with low to high turbulence velocities. These 3D numerical
simulations provide detailed information on the local structure of the
ignition front in DF mixtures, which is not typically possible to be
extracted in computationally demanding spray or engine simulations.
The main objectives of the current work are to (1) extend the previ-
ous results on n-dodecane/methanol mixtures to n-dodecane/methane
ixtures with and without hydrogen, (2) study the role of hydrogen en-
ichment on the combustion mode in 1D, (3) study effects of turbulence
ntensity on the combustion mode in n-dodecane/methane mixtures
sing flame-resolved 3D numerical simulations, (4) carry out an in-
epth analysis on the combustion modes based on the 3D data for DF
ombustion, and (5) re-iterate the previously proposed 𝛽-curve theory
sing the 3D turbulent flame-resolved numerical simulations.
The paper is structured as follows. In the following section, first,

he initial conditions for three different base mixtures of n-dodecane/
ethane with and without hydrogen enrichment are defined. Second,
he initialization functions for the stratified mixtures in 1D and 3D are
ntroduced. Then, the numerical solver is introduced and finally, a short
ummary of the 𝛽-curve theory is provided. The results are provided in
wo parts. In the first part, laminar 1D cases are introduced and their
umerical simulation results as compared to the 𝛽-curve predictions are
rovided. In the second part, turbulent 3D cases are defined and the
esults are analyzed and different modes of combustion under different
urbulence levels are identified. Finally, based on the 3D results, a
orrection factor is suggested in the theory. The paper concludes with

inal remarks and suggestions for future works.
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Table 1
Initial conditions of the three defined mixture blends. The HRF is always 𝑛-dodecane
nd the LRF blending ratio (𝑥) is reported (𝜙𝐿𝑅𝐹 =0.5). Transient 1D simulations have
nitial mixtures fluctuating around these reported mass fractions.

𝑥 𝑇𝑖𝑛𝑖𝑡 (K) 𝑌 𝑎𝑣𝑒
𝑛𝑑𝑑 𝑌 𝑎𝑣𝑒

CH4
𝑌 𝑎𝑣𝑒
H2

𝑌 𝑎𝑣𝑒
O2

𝑌 𝑎𝑣𝑒
N2

DF-x0 0 821 0.024 0.0277 0 0.221 0.7273
DF-x0.8 0.8 809.5 0.038 0.0138 0.0069 0.2193 0.722
DF-x1 1 804 0.05 0 0.0138 0.2182 0.718

2. Initial conditions and methodology

2.1. Initial conditions in 1D and 3D

In this follow-up work, n-dodecane (abbreviated as ndd), which is a
diesel fuel surrogate, is kept as the HRF. However, the LRF is changed
from methanol in Ref. [59] to different blends of methane/hydrogen,
for which the LRF molar ratio is defined as 𝑥 =

𝑋H2
𝑋H2+𝑋H4

. Here, x = 0,
0.8, and 1 are considered as the LRF blends, which are respectively
denoted as DF-x0, DF-x0.8, and DF-x1. The considered 𝑥 values are
justified by the observations in Refs. [71,75], where adding ≈ 80%
volumetric hydrogen to methane leads to a significant change of 𝜏2. The
equivalence ratio of the LRF mixture premixed with air is considered
as 𝜙𝐿𝑅𝐹 = 0.5 in all the LRF blends. To set up 1D and 3D cases, first,
the initial mixture conditions are selected following the procedure ex-
plained below. Second, the stratified mixtures are initiated as described
in Section 2.2.

To define the initial mixture composition and temperature of the
blends, a procedure similar to that in Ref. [59] is considered. First,
using the 0D homogeneous reactor model in Cantera, the second-stage
IDT versus mixture fraction profiles are plotted according to the mixing
line concept [80]. In this study, the second-stage IDT (𝜏2) is defined
as the time instance when the maximum temperature of the domain
reaches 1500 K. The initial pressure of the HRF and LRF streams is
𝑝 = 60 bar while the initial temperature is 𝑇 = 363 K for the HRF
stream and 900 K for the LRF stream and 𝜙𝐿𝑅𝐹 = 0.5. The selected
values for pressure and temperature are relevant to those of the ECN
spray A conditions [81], which are also considered in DF spray studies
by several researchers at a similar 𝜙𝐿𝑅𝐹 , e.g. see [41,42,45,71,72,82].
Second, for each blend, the most reactive mixture fraction is identified
and its initial temperature (𝑇𝑀𝑅) is found. Third, the second-stage IDT
versus mixture fraction profiles are plotted again for each blend by
assuming that both the HRF and LRF streams are at a similar 𝑇 = 𝑇𝑀𝑅.
Fourth, for each blend, the point with 𝜏2 = 1 ms on the new IDT versus
mixture fraction profile is selected and its initial temperature (𝑇𝑖𝑛𝑖𝑡)
and mixture compositions are extracted, which are reported in Table 1
for each blend. Here, 𝑌 𝑎𝑣𝑒

𝑠 denotes the mass fraction value, where 𝑠
indicates the species name. We note that detailed justifications on the
utilized methodology for defining the initial mixture conditions are
available in Ref. [59]. However, two important points are mentioned
here to better justify the assumptions in the adopted methodology.
First, DF spray simulations indicate that ignition starts around the
most reactive mixture fraction and within one millisecond time frame,
see e.g. [83]. Second, recent studies [46,84] have provided numerical
evidence on the dominant role of mixture stratification compared to
thermal stratification on the reactivity stratification in DF mixtures.
Therefore, homogeneous temperature and 𝜏2 ≈ 1 ms are assumed in
this study.

Laminar flame speed (𝑆𝑙), flame thickness (𝛿𝑓 ) and flame tempera-
ture (𝑇𝑏) for the three selected blends in Table 1 are calculated using
the planar 1D premixed flame model in Cantera at engine-relevant
conditions (𝑇𝑖𝑛𝑖𝑡, 𝑝 = 60 bar), which are reported in Table 2. Since
hydrogen is known to be of a high diffusivity character, three diffusion
models are used for the calculation of 𝑆𝑙 and 𝛿𝑓 : multi-component
(MC), mixture-averaged (MA) and unity Lewis (Le = 1) models. As
expected, the results are similar between the models for DF-x0 since no
3

𝑌

Table 2
Laminar flame properties from the 1D premixed flame calculations in Cantera for
the three DF blends in Table 1. MC, MA, and Le = 1 stand for multi-component,
mixture-averaged, and unity Lewis diffusion transport models, respectively.

𝑝 𝑇𝑖𝑛𝑖𝑡 𝑆𝑙 (m/s) 𝛿𝑓 (μm) 𝑇𝑏
(bar) (K) MC MA Le = 1 MC MA Le = 1 (K)

DF-x0 60 821 0.71 0.7 0.68 10.43 10.33 10.11 2524.7
DF-x0.8 60 809.5 1.28 1.25 1.23 7.09 7.07 7.16 2693.5
DF-x1 60 804 1.72 1.7 1.6 5.78 5.78 6.20 2627.7

Fig. 1. Initial profiles of n-dodecane (HRF) and methane/hydrogen/air premixed
mixture (LRF) in 1D for laminar cases. Diffusion reduces the stratification levels. The
mixture ignites at the more reactive side with higher n-dodecane concentration. After
gnition, either deflagration or autoignitive fronts are formed on the less reactive side.

ydrogen enrichment is considered. With hydrogen enrichment, i.e. in
F-x0.8 and DF-x1, the results of the unity Lewis model depart from
hose of the MC and MA models. However, the MA model results are
lose to that of the MC model. Therefore, in the following numerical
imulations, the MA model is used in all 1D numerical simulations.
n 3D numerical simulations, however, since only DF-x0 is considered
i.e. no hydrogen enrichment) the unity Lewis model is used to mitigate
he computational costs.

.2. Stratified mixture setup in 1D and 3D

For each considered blend in Table 1, the mixture composition
s fluctuated around the average mass fraction value (𝑌 𝑎𝑣𝑒

𝑠 ) in Ta-
le 1 using a sinusoidal distribution with 𝜆 and 𝑌 ′ parameters as the
avelength and amplitude of the sinusoidal profile, respectively. In
his work, normalized 𝑌 ′ is represented by 𝑌 ′

𝑛𝑜𝑟𝑚. Fig. 1 portrays the
chematic profiles of the initial HRF and LRF distribution and the
iffusion effect in reducing the stratification level before ignition. It is
xpected that ignition starts at the more reactive side where a higher
mount of the HRF is present. After ignition, based on the level of
tratification at the time of ignition, deflagration or autoignition fronts
orm on the less reactive side, where a higher amount of the LRF is
resent.
In 1D, mass fraction of n-dodecane along the physical distance (𝑥)

s initialized by

𝑛𝑑𝑑 (𝑥) = 𝑌 𝑎𝑣𝑒
𝑛𝑑𝑑 + 𝑌 ′ sin(𝑘𝑥), (1)

here k = 2𝜋/𝜆 is the wavenumber.
In 3D, mass fraction of n-dodecane is initialized by

𝑎𝑣𝑒 ′

𝑛𝑑𝑑 (𝑥, 𝑦, 𝑧) = 𝑌𝑛𝑑𝑑 + 𝑌 sin(𝑘𝑥) sin(𝑘𝑦) sin(𝑘𝑧). (2)
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In both 1D and 3D, other species are initialized with a reverse
sinusoidal function around their average mass fraction values. We re-
mind that homogeneous initial temperature (𝑇𝑖𝑛𝑖𝑡) and pressure (60 bar)
are considered in both 1D and 3D numerical simulations, as justified
earlier.

2.3. Numerical solver and chemical mechanism

The modified OpenFoam solver described thoroughly in Refs. [85,
86] and used previously in Ref. [59] is utilized for all numerical simula-
tions in this study. In 1D numerical simulations, the mixture-averaged
diffusion model implemented in reactingDNS is utilized. This imple-
mentation is previously used for the study of n-heptane/air laminar
premixed flames in a low-temperature ignition regime [87], spherical
laminar premixed flames with intrinsic flame instability [88], turbulent
flames propagation and ignition [89,90], and ammonia/methane/air
premixed laminar burner flames [91]. For 3D numerical simulations,
the unity Lewis model, similar to that in our previous work [59] is
used. Due to the similarity of the solver setup and assumptions to that
in Ref. [59], further details are not provided herein.

The reduced chemical kinetics mechanism by Frassoldati et al. [92]
is employed in this work. This chemical kinetics mechanism contains
96 species and 993 reaction steps and it is used for both 1D and 3D
numerical simulations in the present work. A detailed validation of this
chemical mechanism for methane/hydrogen blends with n-dodecane is
provided in Ref. [75].

2.4. Theoretical combustion mode diagram (𝛽-curve)

In this section, a summary of the developed theoretical analysis
by Karimkashi et al. [59] is provided. This analysis is used along with
the numerical simulations in the following parts. According to Sankaran
et al. [29], the non-dimensional number 𝛽 prescribes the border be-
tween the deflagration and spontaneous (autoignition) modes and it
is originally defined as the ratio of the laminar flame speed (𝑆𝑙) to
he ignition wave speed (𝑆𝑖𝑔𝑛). 𝑆𝑖𝑔𝑛 is defined as the inverse of the
econd-stage IDT (𝜏2) gradient according to Zeldovich [4]. When 𝛽 <1
r 𝑆𝑖𝑔𝑛 > 𝑆𝑙, the propagation speed is higher than the laminar flame
peed and the combustion mode is spontaneous. On the contrary, when
> 1 or 𝑆𝑖𝑔𝑛 ≤ 𝑆𝑙, the combustion mode is deflagration. We note that
n this work, 𝜏2 which corresponds to the initiation of high-temperature
hemistry (HTC) is considered as the main ignition event. However, the
irst-stage IDT (𝜏1), which indicates the initiation of low-temperature
hemistry (LTC), is also reported in the results part.
In Ref. [59], a theoretical analysis for DF mixtures with initially

omogeneous temperature and pressure was developed in a time-
ependent diffusion–reaction problem. An analytical expression was
rovided for 𝛽 in the (𝑌 ′, 𝜆) parameter space, where 𝑌 ′ and 𝜆 were
the initial stratification amplitude and wavelength, respectively, in
a sinusoidal mixture profile with periodic boundary conditions. The
provided expression for laminar conditions is

𝑌 ′ =
𝛽𝜆 exp(4𝜋2𝜈𝜏2∕𝜆2)

𝐶𝛽𝑆𝑙𝛼2𝜋
. (3)

In Eq. (3), 𝜈 and 𝐶𝛽 represent the kinematic viscosity and a constant
of unity order, respectively. We note that for simplicity, 𝜈 is assumed
to be equivalent to the mass diffusivity (unity Schmidt number assump-
tion) and 𝐶𝛽 = 1 is considered in this work. Moreover, 𝛼 is the slope of
linearized variations of 𝜏2 against mixture fraction (Z), which is found
from the 0D mixing line concept calculations, as explained earlier in
Section 2.1.

The expression in Eq. (3) was improved to consider effects of
convection due to turbulence by replacing 𝜈 with 𝜈𝑒𝑓𝑓 = 𝜈 + 𝜈𝑡, wherein
𝜈𝑡 is the turbulence diffusivity (under unity Schmidt number 𝜈𝑡 = 𝐷𝑡).
t was justified that 𝜈 = 𝑙 × 𝑢 , in which 𝑙 and 𝑢 represent the
4

𝑡 𝑡 𝑡 𝑡 𝑡 t
nitial turbulence length-scale and velocity, respectively [61]. The final
xpression under turbulent conditions is

′ =
𝛽𝜆 exp(4𝜋2(𝜈 + 𝜈𝑡)𝜏2∕𝜆2)

𝐶𝛽𝑆𝑙𝛼2𝜋
. (4)

The expression in Eq. (4) was validated at different turbulence levels
sing 2D fully-resolved numerical simulations in Ref. [59]. Here, the
eported values using the MA model in Table 2 are used as inputs in
qs. (3) and (4).

. Part 1: Laminar 1D cases and results

.1. Laminar 1D cases

To define the laminar 1D simulation points, 𝛽 = 1 profiles (c.f.
q. (3)) are plotted in Fig. 2 in the (𝜆, 𝑌 ′) space for each of the three
onsidered blends in Table 1. We remind that the region above (below)
ach profile indicates the deflagration (spontaneous) region for the
onsidered blend under laminar conditions. The plotted 𝛽-curves reveal
he region of interest in the (𝜆, 𝑌 ′) space for the simulation points.
herefore, 1D laminar simulation points are defined around 𝛽 = 1 with
ariations of 𝜆∕𝜆𝑑𝑖𝑓𝑓 = [0.2, 0.316, 0.5, 1] and 𝑌 ′

𝑛𝑜𝑟𝑚 = [0.02, 0.05, 0.2,
.5, 1]. Consequently, 20 points in the (𝜆, 𝑌 ′) space (displayed with
ircles in Fig. 2) are defined for each of the three considered blends
n Table 1 to carry out transient 1D numerical simulations; i.e. 60 1D
imulations in total. The diffusion length-scale (𝜆𝑑𝑖𝑓𝑓 = 2𝜋

√

𝜈𝜏2) for the
three considered blends is 0.63 mm (𝜈 = 10−5 m2∕s and 𝜏2 = 1 ms). The
considered grid resolution in all of the 1D simulations is 0.25 μm, which
satisfies at least 20 grid points within the respective flame thickness of
each mixture; c.f. the flame thickness values reported for each mixture
in Table 2.

Considering the demonstrated 𝛽 = 1 profiles in Fig. 2, it is observed
that adding more hydrogen to the premixed charge of the LRF/air
expands the flame propagation region compared to the spontaneous
region. This observation suggests that adding hydrogen can lead to
higher propensity of flame propagation at similar stratification levels,
which is consistent with lower reactivity of H2/air compared to CH4/air
at temperatures below 1000 K at 60 bar and equivalence ratio 0.5,
according to the 0D analysis in Ref. [75]. Next, we evaluate the
combustion mode predictions of the 𝛽-curve theory using 1D numerical
simulations.

3.2. Results and discussions: 1D laminar

3.2.1. 1D simulations: combustion mode
To distinguish between the deflagration or spontaneous combustion

modes in 1D numerical simulations, the same evaluation methodology
used in Ref. [59] is considered. This qualitative evaluation is based
on the expectation for a high temperature gradient in a deflagrative
front (in the order of its respective 1D laminar flame) compared to an
autoignitive front, and it is useful when a large number of simulations
need to be evaluated. First, at each time instance after ignition, the
difference between the maximum and minimum temperature in the
domain (𝛥𝑇 ) is calculated and its maximum value in time (𝛥𝑇𝑚𝑎𝑥)
s found. Second, 𝛥𝑇𝑚𝑎𝑥 is compared with a threshold temperature
ifference 𝛥𝑇𝑡ℎ. Here, considering 𝑇𝑏 − 𝑇𝑖𝑛𝑖𝑡 in Table 2, 𝛥𝑇𝑡ℎ = 1700
is considered. Third, if 𝛥𝑇𝑚𝑎𝑥 ≥ 𝛥𝑇𝑡ℎ and if 𝛥𝑇 ≥ 𝛥𝑇𝑡ℎ remains
alid for three consecutive time-steps of 1 μs after reaching 𝛥𝑇𝑚𝑎𝑥,
he combustion mode is evaluated as deflagration. Otherwise, it is
onsidered as spontaneous. The evaluation over several consecutive
ime-steps is essential to make certain that the formed flame-like front
s not a momentary phenomenon right after ignition. However, we note
hat considering three time-steps is an arbitrary choice here.
Following the above-mentioned evaluation, combustion modes of
he simulation points are identified, which are indicated with different



Applications in Energy and Combustion Science 10 (2022) 100072S. Karimkashi et al.

p
G
r

c
n
w
b
c
i
h
t
c

3

t
s
A
s
F
r
t
F
r
t
t
r
(
o
a
r
d
r
e
t
o
p
t

a
t
D
a
𝛿
d
d
x

Fig. 2. Combustion mode diagram for DF blends under laminar conditions (𝐶𝛽 = 1, 𝛽 = 1). Circles mark initial 𝜆 and 𝑌 ′ for 1D numerical simulations (P = 60 bar). For each
oint, three simulations are carried out: DF-x0, DF-x0.8, and DF-x1. Blue and red colors denote the spontaneous and deflagration modes for the three DF simulations, respectively.
reen color presents the spontaneous mode for DF-x0 and the deflagration mode for DF-x0.8 and DF-x1. (For interpretation of the references to color in this figure legend, the
eader is referred to the web version of this article.)
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olors of the circles in Fig. 2. Blue and red colors denote sponta-
eous and deflagration combustion modes, respectively. The points
ith green color, present the deflagration mode for DF-x0.8 and DF-x1
lends, while the spontaneous mode for DF-x0. Overall, there is a fare
onsistency for the combustion mode predicted by the theory (𝛽 = 1
n Eq. (3)) and resulted from the 1D numerical simulations. Moreover,
ydrogen enrichment of the LRF switches the combustion mode of the
hree test cases close to the 𝛽 = 1 borderlines (displayed with green
olor) from spontaneous to deflagration.

.2.2. 1D simulations: transport budget analysis
Next, we select one point in the vicinity of the borderlines (𝛽 = 1)

o elucidate the differences between the three considered blends. The
elected point with 𝜆∕𝜆𝑑𝑖𝑓𝑓 = 0.316 and 𝑌 ′

𝑛𝑜𝑟𝑚 = 1 is marked in Fig. 2.
s a remark, points far away from the borderlines are less attractive
ince they demonstrate similar combustion modes for the three blends.
ig. 3 displays the progress of temperature as well as the diffusion and
eaction terms of the energy equation (budget analysis) with time along
he domain axis normalized by 𝑘𝑑𝑖𝑓𝑓 = 2𝜋/𝜆𝑑𝑖𝑓𝑓 at the selected point in
ig. 2 for DF-x0 (upper row), DF-x0.8 (middle row), and DF-x1 (lower
ow). Note that the diffusion and reaction terms are normalized with
he maximum value of the reaction term in time. It is observed from
he temperature profiles that in all cases, ignition happens at the more
eactive side of the domain (number 0) and after a transitional period
numbers 1 and 2), flame-like fronts are formed in the less reactive side
f the domain (c.f. Fig. 1). Moreover, the budget analysis shows that
fter flame-like fronts are formed (number 3 onward) the diffusion and
eaction terms are in the same order of magnitude, which confirms that
eflagrative fronts are formed. We note that the maximum peak of the
eaction term and the minimum peak of the diffusion term are closer to
ach other in DF-x1 compared to DF-x0.8 to DF-x0, which may imply
hat adding more hydrogen to the LRF mixture leads to the promotion
f the deflagration mode. This is consistent with the theoretical 𝛽-curve
rediction in Fig. 2, wherein the flame propagation zone was noticed
o expand slightly by hydrogen enrichment.
According to the numerical results, 𝜏2 is 0.88, 0.67, and 0.69 ms

t the selected simulation point for DF-x0, DF-x0.8, and DF-x1, respec-
ively. Therefore, by adding hydrogen, IDT is advanced from DF-x0 to
F-x0.8 and delayed from DF-x0.8 to DF-x1. However, IDT variations
re insignificant. In addition, we define the combustion duration as
𝜏 = 𝜏𝑒𝑛𝑑 − 𝜏2, where 𝜏𝑒𝑛𝑑 is the ending time of the combustion process
efined as when the maximum temperature crosses 3000 K across the
omain. At the selected point, 𝛿𝜏 = 0.135, 0.019, and 0.0148 ms for DF-
5

0, DF-x0.8, and DF-x1, respectively. Therefore, replacing methane by
ydrogen shortens the combustion duration ≈ 9 times, which is mainly
ue to the faster propagation speed of the hydrogen flame compared to
he methane flame, c.f. Table 2. It should be noted that in Fig. 3, the
ime intervals between the plotted reaction fronts are 4, 3, and 2 (μs)
or DF-x0, DF-x0.8, and DF-x1, respectively.
As a final remark in this part, we note that the mixture-averaged

MA) diffusion model was used in all of the 1D numerical simulations
n this section. However, all the simulations were conducted with
he unity Lewis model as well. The results of Fig. 3 using the unity
ewis model are presented in Appendix A. It was found that for DF-
0, the simulation results using both the MA and unity Lewis models
re very similar. For DF-x0.8 and DF-x1, although the quantitative
esults such as IDT and 𝛿𝜏 differ, the identified modes of combustion
re not affected. Overall, effects of hydrogen diffusion in changing the
ombustion mode in the studied cases is limited due to the fact that
gnition happens within a short period after the simulations start and
lso that the mass fraction of hydrogen in the entire mixture is small
ompared to the other fuels present in the mixture (c.f. Table 1).
In the following part of the paper, effects of turbulence intensity

n the combustion mode is studied in 3D. However, only DF-x0 (no
ydrogen enrichment) is considered due to the high computational
equirements of the 3D cases with hydrogen. More details are provided
n the following section. We note that considering the 1D results, effect
f hydrogen enrichment on switching the combustion mode is expected
o be of minor importance under turbulent conditions.

. Part 2: Turbulent 3D cases and results

.1. Turbulent 3D cases

In this section, effects of turbulence intensity on the combustion
ode is explored. In 3D turbulent cases, only DF-x0 mixture (no
ydrogen in the LRF blend) is studied in this work due to two main
easons. First, the laminar flame thickness of pure hydrogen/air at the
onsidered initial conditions (p = 60 bar, T = T𝑖𝑛𝑖𝑡, 𝜙 = 0.5) is ≈ 10 μm,
hich is ≈ 5 times thinner than that of pure methane/air (≈ 50 μm)
t similar conditions. Therefore, resolving the flame in 3D simulations
hat contain hydrogen (DF-x0.8 or DF-x1) is infeasible with our current
umerical resources, considering the large chemical mechanism used in
his work. Second, when there is hydrogen enrichment in the mixture,
ffects of hydrogen preferential diffusion should be considered by using
non-unity Lewis transport model, which adds to the computational
esources requirements. Therefore, we do not investigate DF-x0.8 and
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Fig. 3. Time evolution of the reaction fronts for the selected point in Fig. 2 (𝜆∕𝜆𝑑𝑖𝑓𝑓 = 0.316 and 𝑌 ′
𝑛𝑜𝑟𝑚 = 1) for DF-x0 (upper row), DF-x0.8 (middle row), and DF-x1 (lower

ow) under laminar conditions. Numbers represent time intervals of 4, 3, and 2 (μs) for DF-x0, DF-x0.8, and DF-x1, respectively. Number 0 represents a cluster of time-steps
orresponding to the ignition kernel formation phase. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
F-x1 mixtures under turbulent conditions in this work. Here, only DF-
0 using the unity Lewis approach is considered since the 1D laminar
ases rendered no significant differences between the results of the
nity Lewis and MA models for DF-x0 (c.f. Appendix A).
It should be noted that in the following 3D simulations, we assume

hat the required grid resolution for resolving the flame is ≈ 10–15
rid points within the laminar flame thickness of the 1D premixed
RF/air flame under relevant initial conditions. For instance for DF-x0,
he laminar flame thickness of the premixed pure methane/air flame
t 𝑇 = 821 K, 𝑝 = 60 bar, and 𝜙 = 0.5 is considered, which is ≈
0 μm. This value is ≈ 5 times thicker than the one reported in Table 2
or the premixed n-dodecane/methane/air flame. This assumption is
onsidered following the 1D simulation results which suggest that the
ormed deflagrative fronts mainly contain the LRF since the majority
f the HRF (here n-dodecane) is consumed in the system at the initial
gnition phase. More details can be found in Ref. [59]. In addition,
ur following results of the 3D turbulent cases demonstrate that this
rid resolution is sufficient for resolving the DF-x0 flames since the
emperature gradients are captured properly across the flame fronts.
To define the initial conditions for 3D turbulent simulations, first,

e plot the combustion mode diagram, i.e. 𝛽 = 1 in Eq. (4), under
similar conditions for DF-x0 but with various turbulence diffusivity (𝜈𝑡).
The profiles are displayed in Fig. 4. The region above (below) each
𝛽 = 1 profile indicates the deflagration (spontaneous) region for each
turbulence diffusivity. As expected, increasing turbulence velocity, and
accordingly 𝜈𝑡, leads to the expansion of the spontaneous region due
to higher levels of mixing by stronger turbulence. Second, we select
one simulation point in the (𝜆, 𝑌 ′) space for 3D turbulent numerical
simulations. The point (marked in Fig. 4) is selected such that it lies
within both the autoignition and deflagration zones for different 𝜈𝑡. The
stratification characteristics of the point are 𝜆∕𝜆𝑑𝑖𝑓𝑓 = 1.59 or 𝜆 = 1 mm
and 𝑌 ′

𝑛𝑜𝑟𝑚 = 1. Note that although larger 𝜆 values might be interesting
for numerical simulations, this is the largest 𝜆 that we can afford with
the current computational resources since the computational domain is
a cube of size L = 𝜆 in each direction and a larger 𝜆 means a larger
6

domain size.
Table 3
Characteristics of 3D turbulent case studies of DF n-dodecane/methane. Turbulence
diffusivity (𝜈𝑡 = 𝑙𝑡 × 𝑢𝑡) and initial Kolmogorov length-scale are reported.
Turbulent cases 𝑙𝑡 (mm) 𝑢𝑡 (m∕s) 𝜈𝑡 (m2∕s) 𝜂 (μm) 𝑅𝑒𝑡
Case I 0.1 1 1 × 10−4 17.8 10
Case II 0.1 10 1 × 10−3 3.2 100
Case III 0.1 50 5 × 10−3 0.95 500
Case IV 0.1 100 1 × 10−2 0.56 1000

Next, we provide details on the setup for 3D turbulent cases. In 3D
turbulent simulations, uniform initial temperature (T𝑖𝑛𝑖𝑡 = 821 K) and
pressure (60 bar) are considered in all cases similar to the 1D cases.
The initial turbulence length-scale (𝑙𝑡) is kept constant at 0.1×L while
the initial turbulence velocity (𝑢𝑡) is increased as reported for the listed
cases I–IV in Table 3. The resulting 𝜈𝑡 values are those plotted in Fig. 4.
Turbulent Reynolds number is defined as 𝑅𝑒𝑡 = 𝑢𝑡 × 𝑙𝑡∕𝜈, which varies
between 104-106 in cases I–IV.

Fig. 5(a) displays the initial 3D field of n-dodecane mass fraction
at the selected point using Eq. (2). The domain is a cube of size L =
1 mm and periodic boundary conditions are considered for all bound-
aries. Isotropic homogeneous and decaying turbulence is initialized
with an initial turbulent kinetic energy spectrum function by Passot–
Pouquet [79], described for instance in Ref. [93], using the Python tool
provided in Refs. [94–96]. Fig. 5(b) shows the initial velocity field in
case II as a demonstration example.

The grid resolution is 4 μm in all of the considered test cases, i.e. 250
grid points in each direction. This resolution can resolve the flame
considering that ≈10–15 grid points exist within the laminar flame
thickness of the methane flame at the considered initial conditions in
cases I–IV (≈ 50 μm; c.f. the earlier notes in this section). On the other
hand, the estimated initial Kolmogorov length-scale (𝜂 = (𝜈3∕𝜖)0.25,
where 𝜖 = 𝑢3𝑡 ∕𝑙𝑡) of each case study is reported in Table 3. The consid-
ered resolution is only smaller than the estimated 𝜂 in case I. However,
considering the large chemical mechanism used in this work, a finer
grid resolution in cases II–IV is infeasible due to the high computational
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Fig. 4. Combustion mode diagrams (𝛽 = 1 in Eq. (4)) for turbulent conditions considered in cases I–IV. Stronger turbulence leads to higher turbulence diffusivity (𝜈𝑡) and hence,
stronger mixing and prevalence of the spontaneous region. The unit of 𝜈𝑡 in the figure is m2/s. The marked point is considered for 3D simulations in cases I–IV for DF-x0 (no
hydrogen enrichment).
Fig. 5. Initialization fields of n-dodecane mass fraction (a), and velocity magnitude for one of the considered cases (case II) (b) in 3D numerical simulations. The velocity field is
nitialized with an initial turbulent kinetic energy spectrum function by Passot–Pouquet [79].
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costs of these case studies. Therefore, cases II and III which are the main
focus of our analyses in the following sections are only flame-resolved.
We note that there are similar recent works in the literature which rely
on the flame-resolved simulations considering the current limitations
of the computational resources, see e.g. [97,98]. On the other hand,
ince decaying turbulence is used in the present work, kinetic energy
issipates quickly after the simulations start and the turbulence length-
cales increase significantly. This effect might reduce the disparity of
ur current results with potentially fully-resolved simulations in future,
specially since chemical reactions do not kick in initially (before the
irst-stage ignition) in these cases. For the sake of completeness, a
hort analysis on the energy dissipation rate in the considered cases
s provided in Appendix B.
Finally, it is noteworthy that considering the combustion mode

iagrams by the theory, it is expected to observe deflagration fronts in
ase I and autoignition fronts in cases II–IV. However, the simulation
esults present a different trend for case II, which is further explored
nd discussed in the following.

.2. Results and discussions: 3D turbulent

.2.1. 3D turbulent simulations: Global metrics
In this section, first, we identify the combustion mode in cases I–IV
7

ased on the global metrics including HRR and 𝛿𝜏. Table 4 outlines the d
tatistics obtained from 3D numerical simulations of cases I–IV. Here,
2 and 𝛿𝜏 have similar definitions to those provided earlier. Also, Z𝑚𝑖𝑛,
𝑚𝑎𝑥, and Z𝑎𝑣𝑒 represent the minimum, maximum and average mixture
raction across the domain at 𝜏2. According to the results of Table 4,
lthough ignition time (𝜏2) in case I is around half of that in cases
I–IV, cases I and II have an order of magnitude longer combustion
uration (𝛿𝜏) compared to cases III and IV. As a note, it is expected that
utoignition fronts have at least an order of magnitude faster propaga-
ion speed than deflagration fronts, and therefore, a shorter combustion
uration in the spontaneous mode compared to the deflagration mode.
he reported 𝛿𝜏 values imply that the combustion mode is spontaneous
n cases III and IV, while the deflagration mode prevails in cases I and
I. Consistently, the range of mixture fraction fluctuations around Z𝑎𝑣𝑒
t 𝜏2 in cases I and II is considerably broader than that in cases III
nd IV, which demonstrates that stronger turbulence in cases III and IV
as led to faster mixing, i.e. promotion of the spontaneous combustion
ode. We note that Z𝑎𝑣𝑒 is identical for all cases at 1.6 × 10−2, due to
he similarity of the initial mixture stratification in cases I–IV.
Fig. 6 displays temporal evolution of the maximum heat release

ate (HRRmax), arithmetic mean (field-averaged) pressure (𝑝𝑎𝑣𝑒), and
aximum temperature (𝑇𝑚𝑎𝑥) across the domain for cases I–IV. Note
he logarithmic scale of HRRmax in the figure. The first-stage IDT (𝜏1),
hich is identified as the first peak of 𝑇𝑚𝑎𝑥 and corresponds to the
nitiation of LTC, is marked with blue circles. More details on the

efinition of 𝜏1 in DF mixtures are provided in Refs. [41,42,75]. As a
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Fig. 6. Temporal evolution of the maximum heat release rate (HRRmax), field-averaged pressure (𝑝𝑎𝑣𝑒), and maximum temperature (𝑇𝑚𝑎𝑥) across the domain for cases I–IV. Note
he logarithmic scale of the heat release rate profiles. The HRR is noted to abruptly increase in cases III and IV compared to cases I and II. Blue and red circles depict 𝜏1 and 𝜏2,
espectively. Red dashed lines mark 𝑇𝑚𝑎𝑥 = 1500 K. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Table 4
Statistics of the turbulent numerical simulations results, where IDT (𝜏2), combustion
uration (𝛿𝜏) and variation of the mixture fraction (Z) at 𝜏2 are reported.
𝐶𝑎𝑠𝑒 𝑀𝑜𝑑𝑒 𝜏2 (ms) 𝛿𝜏 (ms) Z𝑚𝑖𝑛 Z𝑚𝑎𝑥 Z𝑎𝑣𝑒
Case I Deflag. 0.54 0.127 2.6 × 10−5 3.2 × 10−2 1.6 × 10−2

Case II Deflag. 1.02 0.095 1.3 × 10−2 1.9 × 10−2 1.6 × 10−2

Case III Spont. 1.17 0.0071 1.56 × 10−2 1.63 × 10−2 1.6 × 10−2

Case IV Spont. 1.22 0.0078 1.57 × 10−2 1.61 × 10−2 1.6 × 10−2

remark, in this work, only the second-stage IDT (𝜏2) is of our interest
s the main ignition event in the theory and other analyses. Here, 𝜏2
relevant to the initiation of HTC) is defined as when 𝑇𝑚𝑎𝑥 = 1500 K
and it is marked with red circles in Fig. 6.

According to Fig. 6, in cases I–IV, HRRmax grows rapidly until 𝜏1, due
to the activation of LTC reactions leading to the slight increase of both
𝑇𝑚𝑎𝑥 and 𝑝𝑎𝑣𝑒 at 𝜏1. These LTC reactions decompose n-dodecane and
produce adequate OH radicals for the onset of the second-stage ignition.
After 𝜏1, there is a slight decrease in HRRmax which corresponds to
the dominance of inhibiting reactions that reduce the overall reactivity
as discussed in Ref. [75]. Within the time period between 𝜏1 and
𝜏2, temperature and pressure increase gradually. At 𝜏2, there is an
abrupt rise in HRRmax, due to the initiation of HTC reactions leading
to the major increase of both 𝑇𝑚𝑎𝑥 and 𝑝𝑎𝑣𝑒. Considering the identical
hreshold for 𝜏𝑒𝑛𝑑 in cases I–IV (i.e. reaching maximum 3000 K across
he domain), it is observed in Fig. 9 that in cases III and IV, the time
window between 𝜏2 and 𝜏𝑒𝑛𝑑 is considerably shorter than the one in
cases I and II, as also reported in Table 4.

While the provided global metrics in this section imply the defla-
ration and spontaneous combustion modes in cases I-II and III–IV,
espectively, a detailed analysis of the 3D data is essential to identify
he combustion modes and their characteristics. In the remainder of
his work, case II (deflagration) and case III (spontaneous) are fur-
her analyzed to provide details on the mixing and flame initiation
henomena in DF mixtures. Fig. 7 shows the volume-rendered data
of heat release rate (HRR) at slightly after the ignition time (≈ 𝜏2)
in cases II (left) and III (right). It is observed that in case II, several
ignition pockets of high HRR values are formed in different sizes at
various locations in the domain. However, a large proportion of the
mixture is still at low HRR values and non-ignitive. In this case, which
8

is in the deflagration mode, ignition pockets grow and form several
self-propagating deflagration fronts. Eventually, the deflagration fronts
merge until the entire mixture is burnt. On the other hand, in case
III, although a single ignition pocket is present, the whole mixture
is at relatively high HRR values and ready to autoignite, leading to
spontaneous combustion. In the following section, further details are
provided on the differences between cases II and III.

4.2.2. 3D Turbulent simulations: transport budget analysis
Based on the discussion in the previous part, deflagration and

spontaneous combustion modes are expected for cases II and III, re-
spectively. In order to confirm this, a budget analysis of the energy
equation terms is provided for cases II and III in what follows. In
Fig. 8, time evolution of the temperature field cutplanes in case II is
presented. The starting time (t = 1.04 ms) is slightly after the second-
stage ignition in case II (𝜏2 = 1.02 ms). The following cutplanes are
presented in 0.02 ms intervals until 𝜏𝑒𝑛𝑑 . It is observed that first, pockets
of high temperature (ignition kernels) are formed and then, the pockets
gradually expand and merge (t = 1.06 and 1.08 ms) to complete the
combustion process (t = 1.11 ms). The diffusion (D) and the reaction
(R) terms of the energy equation are plotted along certain investigation
lines A–D normal to the flame front in the 3D space while the 2D
planes containing the investigation lines are shown. It is noted that
diffusion and reaction are in the same order of magnitude at different
time instances after 𝜏2 along various investigation lines. This analysis
confirms the previous observation in earlier parts that the combustion
mode in case II is deflagration. Note that the diffusion and the reaction
terms are normalized by the maximum value of the reaction term at
each time instance while the 𝑥-axis shows the normalized arc length of
each investigation line. The temperature profiles along the investiga-
tion lines are also plotted, which depict laminar flame-like structures
as expected for the deflagration fronts. It is noted that since decaying
turbulence is considered in this work, turbulence intensity in all of
the considered cases is relatively low at the ignition time and laminar
flame-like structures are expected in the deflagration combustion mode.
We note that the temperature profiles indicate that the considered grid
resolution in this case study is sufficient to resolve the flame since the
temperature gradients are properly captured.

Similarly, Fig. 9 presents time evolution of the temperature field
cutplanes in case III as well as the transport budget analysis along se-

lected investigation lines A–C. Although the starting time (t = 1.16 ms)
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Fig. 7. Volume-rendered 3D data of the HRR at the time of ignition in cases II (left) and III (right). In case II (deflagration), ignition pockets of high HRR values with different
sizes are formed while the rest of mixture remains at low (almost zero) HRR values. In case III (spontaneous), while a single pocket with high HRR is observed, the rest of mixture
is also at relatively high HRR values and prone to ignite spontaneously.
Fig. 8. Time evolution of the temperature field cutplanes in case II with marked investigation lines A-D, normal to the flame front (top row). The transport budget analysis and
temperature profiles along the investigation lines A-D are shown in the bottom row. Blue and black lines represent diffusion (D) and reaction (R), respectively. The combustion
mode is deflagration. (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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is slightly before the second-stage ignition in case III (𝜏2 = 1.17 ms), the
entire mixture is already at high temperature (1200 < 𝑇 < 1500). The
ollowing cutplanes are after 0.01 ms and at 𝜏𝑒𝑛𝑑 , respectively. Opposite
o case II, the ignition kernel (T > 1500 K) forms in a very narrow time
indow (t = 1.17 ms) and only ≈0.007 ms after the formation of the
gnition kernel, the combustion process completes (t = 1.177 ms). This
bservation is consistent with the reported short 𝛿𝜏 in Table 4 for case
II. The budget analysis profiles along the selected investigation lines
–C illustrate that the reaction term is dominant over the diffusion
erm by an order of magnitude. Moreover, the temperature profiles do
ot depict the laminar flame-like structures which is in contrast to the
bservations in case II. In particular, the temperature difference along
he investigation lines is smaller than that in case II. These observations
uggest that the combustion mode in case III is spontaneous as noted
arlier.

.3. Further analysis of the 3D data

In this part, we provide further analysis on the combustion mode (in
articular, flame initiation) in 3D stratified DF mixtures. Finally, in the
ollowing part, a correction factor is provided for the theoretical Eq. (4)
to improve its prediction of the combustion mode in 3D stratified DF
mixtures. We note that it is shown in the literature that in low Karlovitz
stratified flames, standard characteristics of the premixed flames are
9

i

typically valid, including alignment of the key intermediate species
profiles with those of the unstrained laminar premixed flames in the
progress variable space, c.f. [22,99].

.3.1. Mixing analysis
Since in this study, methane flame initiation after ignition is studied,
progress variable (C) is defined based on methane mass fraction:

=
𝑌CH4

− 𝑌 𝑢
CH4

𝑌 𝑏
CH4

− 𝑌 𝑢
CH4

, (5)

where 𝑌CH4
, 𝑌 𝑢

CH4
, and 𝑌 𝑏

CH4
denote methane mass fraction, unburnt

methane mass fraction, and burnt methane mass fraction, respectively.
We define the following flame zones based on the progress variable: 0
≤ C < 0.1 unburnt zone, 0.1 ≤ C < 0.7 preheat zone, 0.7 ≤ C ≤ 0.95
inner reaction zone, and 0.95 < C ≤ 1 burnt zone.

In Fig. 10, the probability density function (PDF) of the absolute
values of the progress variable gradient (|∇C|) and mixture fraction
gradient (|∇Z|), conditioned on the four defined flame zones, are pre-
sented at 0.95 𝜏𝑒𝑛𝑑 and 0.995 𝜏𝑒𝑛𝑑 for cases II and III, respectively. The
selected time in each case corresponds to post-ignition (i.e. slightly after
𝜏2) when ignition fronts are formed as displayed in Figs. 8 and 9. There
re three important points which illustrate deflagration (autoignition)
n case II (III). First, all of the four flame zones are present in case II,
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Fig. 9. Time evolution of the temperature field cutplanes in case III with marked investigation lines A-C, normal to the flame front (top row). The transport budget analysis and
temperature profiles along the investigation lines A-C are shown in the bottom row. Blue and black lines represent diffusion (D) and reaction (R), respectively. The combustion
mode is spontaneous. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 10. PDF of the magnitudes of the progress variable gradient (|∇C|) and mixture fraction gradient (|∇Z|) in different flame zones at 0.95𝜏𝑒𝑛𝑑 and 0.995𝜏𝑒𝑛𝑑 for cases II (top)
and III (bottom), respectively. Note the 1000 factor for |∇C| in the figure. In case III, only preheat and inner reaction zones are present.
t
s

while for case III, only the preheat and the inner reaction zones exist
at the shown time instance. Second, in case II, |∇C| in the unburnt,
preheat, and burnt zones is mainly distributed around small values
while high |∇C| values are observed within the inner reaction zone,
10

m

as expected in deflagrative fronts. In contrast, in case III, |∇C| in both
he preheat and the inner reaction zones is mainly distributed around
mall values. Third, mixture fraction gradients in case II are an order of
agnitude larger and more stratified than those in case III, implying the
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Fig. 11. Scatter data of CH3 and HO2 mass fractions in case II superimposed on the profiles of unstrained 1D premixed flames in the progress variable space at different time. A
fair consistency between the 3D data and 1D unstrained flamelets is observed.
stratified flame onset in case II compared to the relatively homogeneous
autoignition fronts in case III with an order of magnitude smaller
gradients.

4.3.2. Time evolution of intermediate species
Scatter plots for mass fractions of two intermediate species CH3 and

O2, relevant to premixed methane/air flames, are presented for case
I in Fig. 11 and case III in Fig. 12. The scatter plots are shown in
he progress variable space at different time instances discussed earlier
n Figs. 8–10. In addition, mass fraction profiles of the intermediate
pecies from the 1D numerical simulation of an unstrained premixed
ethane/air flame with the initial conditions of DF-x0 in Table 1
re calculated in Cantera and superimposed in both figures. The mass
ractions in this figure are normalized with the maximum value of the
ass fraction of the respective species in the unstrained 1D flame.
In case II (deflagration), Fig. 11, the scatter plots of CH3 and HO2
ass fractions depict similar trends with those of the 1D unstrained
lamelets, which suggests that the initiated fronts in case II have
imilar thermochemical characteristics with that of the unstrained 1D
remixed flames. In case III, however, 1D profiles of the unstrained
lamelets and the scatter data portray a significant departure. In par-
icular, the 3D data in case III show that the distribution of both
H3 and HO2 are limited to narrow ranges of the progress variable at
ifferent time instances. This observation is consistent with the limited
istribution of the progress variable in case III, as observed earlier in
ig. 10.
As a closing remark, the theoretical combustion mode diagrams

under turbulent conditions are re-evaluated in the following section and
a correction factor is proposed to modify the inconsistency between the
3D numerical simulation results and predictions of the theory.

4.4. Correction factor for the turbulent 𝛽-curve

While according to the presented 𝛽-curve profiles in Fig. 4, the
combustion mode in case II was expected to be spontaneous, the
presented analyses showed that this case is deflagrative. According to a
RANS-based approach by Savard et al. [61], a fitting coefficient in the
11
order of ≈0.1–0.2 should be introduced when the turbulence diffusivity
is approximated by the product of the turbulence length-scale and
velocity. Therefore, we consider a conservative correction factor in
our definition of 𝜈𝑡. We define a corrected turbulence diffusivity as
𝜈𝑐𝑡 = 𝛼𝑐×𝑙𝑡×𝑢𝑡 with a correction factor 𝛼𝑐 = 0.2. The modified version of
the combustion mode diagrams at 𝛽 = 1, which were presented before
in Fig. 4, are shown in Fig. 13 with 𝜈𝑐𝑡 marked on the profiles for
different turbulence velocities in cases I–IV. The modified combustion
mode diagrams in Fig. 13 are able to properly capture the identified
modes of combustion in cases I–IV from the numerical results. Finally,
it should be mentioned that although a large uncertainty exists in the
value of 𝛼𝑐 , our results show that 𝛼𝑐 ≈ 0.1–0.2 is a good approximation
for the test cases conducted in this work. However, the uncertainty of
𝛼𝑐 parameter might still need further validations in future studies.

5. Conclusions

In this work, effects of (1) hydrogen enrichment and (2) turbu-
lence intensity on the modes of combustion in n-dodecane/methane
stratified mixtures were studied and the theoretical combustion mode
diagrams were re-validated for new mixtures and against the 3D tur-
bulent data. First, the combustion modes in different DF blends con-
sisting of 𝑛-dodecane and different blending ratios of hydrogen en-
riched methane, under pressure and temperature conditions relevant
to RCCI engines and under laminar conditions were investigated. Var-
ious levels of the HRF (n-dodecane) stratification in the LRF mixture
(methane/hydrogen) in the (𝜆, 𝑌 ′) space were studied using 1D numer-
ical simulations with detailed chemical kinetics. Three LRF mixtures
were considered: methane/hydrogen(%v/v): 100/0(DF-x0), 20/80(DF-
x0.8), and 0/100(DF-x1). Second, for a specific point in the (𝜆, 𝑌 ′)
space and for the DF n-dodecane/methane mixture, 3D numerical
simulations with detailed chemistry were carried out. The turbulent
field was initialized by the Passot–Pouquet turbulent kinetic energy
spectrum function at four different turbulence intensity levels (cases

I–IV). The following main conclusions were made:
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Fig. 12. Scatter data of CH3 and HO2 mass fractions in case III superimposed on the profiles of unstrained 1D premixed flames in the progress variable space at different time.
n case III, CH3 and HO2 are formed within a limited range of the progress variable at each time.
Fig. 13. Corrected combustion mode diagrams with 𝛼𝑐 = 0.2 for turbulent conditions considered in cases I–IV. Cases I (𝜈𝑡 = 10−4, 𝜈𝑐𝑡 = 0.2×10−4 m2/s) and II (𝜈𝑡 = 10−3, 𝜈𝑐𝑡 = 0.2×10−3
2/s) are deflagrative, while cases III (𝜈𝑡 = 5 × 10−3, 𝜈𝑐𝑡 = 10−3 m2/s) and IV (𝜈𝑡 = 10−2, 𝜈𝑐𝑡 = 0.2 × 10−2 m2/s) are spontaneous.
• According to the theory (𝛽-curve) and 1D numerical simulations,
hydrogen enrichment of the premixed methane/air mixture can
slightly increase the prevalence of the deflagration to spontaneous
combustion mode under laminar conditions.

• By adding hydrogen to the premixed methane/air mixture, com-
bustion duration shortens significantly (≈9 times shorter in DF-x1
compared to DF-x0).

• Since 3D simulations with hydrogen enrichment are assessed
to be computationally super-expensive, turbulent 3D simulations
are carried out only for n-dodecane/methane mixtures without
hydrogen enrichment. However, according to the 1D simula-
tions results, the role of hydrogen enrichment in switching the
combustion mode is expected to be of minor importance.

• For the four considered 3D turbulent cases with different turbu-
lence velocities and similar stratification levels, the budget term
analysis and the PDF profiles of the progress variable and mixture
12

fraction gradients show that cases I and II with smaller initial
turbulence velocity are deflagrative, while cases III and IV are
spontaneous. In addition, in contrast to the cases which are in
the spontaneous regime, the key intermediate species profiles in
the deflagrative cases follow those of the 1D unstrained laminar
premixed flames in the progress variable space.

• The deflagrative turbulent cases (I and II) present an order of
magnitude longer combustion duration compared to the sponta-
neous cases (III and IV). In addition, right before ignition, the
mixture is significantly more homogeneous in cases III and IV
(spontaneous) compared to cases I and II (deflagrative).

• With a proposed correction factor for turbulence diffusivity, the
𝛽-curve theory presents a reasonable match with the identified
modes of combustion in 3D numerical simulations.

As a closing remark, we note that this study attempts to promote us-
ing analytical tools, such as the one proposed here, to study the impact

of changing fuel combinations on the combustion mode in DF engines,
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Fig. A.1. Time evolution of the reaction fronts for the selected point in Fig. 2 (𝜆∕𝜆𝑑𝑖𝑓𝑓 = 0.316 and 𝑌 ′
𝑛𝑜𝑟𝑚 = 1) for DF-x0 (upper row), DF-x0.8 (middle row), and DF-x1 (lower

row) under laminar conditions and using the unity Lewis model. Numbers represent time intervals of 4, 3, and 2 (μs) for DF-x0, DF-x0.8, and DF-x1, respectively. Number 0
represents a cluster of time-steps corresponding to the ignition kernel formation. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
especially when spray and engine numerical simulations are compu-
tationally super-expensive and sometimes impossible with the current
computational resources. For instance, when hydrogen (which requires
advanced diffusion models) is included, detailed numerical simulations
under engine-relevant conditions using large chemical mechanisms
(to include large hydrocarbons such as diesel) are computationally
expensive and infeasible. Therefore, studies like the present work are
required to validate the available analytical tools to help in paving the
way towards using hydrogen in practical DF combustion systems. As a
future research avenue, we intend to validate the proposed analytical
tool against the experimental data in DF engines.
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Appendix A. Effect of diffusion models on 1D results

In this appendix, we briefly evaluate the effect of using the unity
Lewis model on the 1D laminar results for DF-x0, DF-x0.8, and DF-x1
compared to the utilized MA model in the paper. Here, the 1D numer-
ical simulations introduced in Section 3.2 are repeated using the unity
Lewis model for the 60 1D simulations. We note that, as mentioned
in Section 3.2, the choice of the diffusion model does not change the
combustion mode in any of the 60 simulation points considered herein.
However, there are slight changes in 𝜏2 and 𝛿𝜏 for DF-x0.8 and DF-x1
when results of the two models are compared. It is noteworthy that
small fractions of hydrogen in the total mixture (considering its lean
condition and the presence of other fuels in the mixture) as well as
ignition onset in a short period of time after the start of the simulations
are the two main reasons for the mitigation of the effect of hydrogen
diffusion on the overall conclusions in this study. Finally, the results of
the same simulations in Fig. 3 are presented in Fig. A.1 using the unity
Lewis model. It is observed that the difference between the results of
the unity Lewis and MA models for DF-x0 is negligible and hard to
identify by comparing the two figures. However, hydrogen diffusion
affects the profiles in DF-x0.8 and DF-x1. As mentioned earlier, slight
changes in 𝜏2 and 𝛿𝜏 are observed. With the unity Lewis model, 𝜏2 is
0.88, 0.695, and 0.721 ms and 𝛿𝜏 is 0.135, 0.02, and 0.016 ms for
DF-x0, DF-x0.8, and DF-x1 mixtures in Fig. A.1, respectively.
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Fig. B.1. Time evolution of the gradient of integrated kinetic energy (𝑑(𝐸𝑘)∕𝑑𝑡) and the total rate of viscous dissipation (𝜒) for cases I–IV with 643 and 2563 cells.
Appendix B. Kinetic energy dissipation in 3D turbulent cases

In this appendix, we evaluate time evolution of the integrated
kinetic energy dissipation (𝑑(𝐸𝑘)∕𝑑𝑡) against the total rate of viscous
dissipation (𝜒) for the four turbulent cases in Table 3 with two different
grid resolutions: 64 and 256 grid points in each direction of the cubic
domain. We use non-reacting numerical simulations in this part since
the main idea is to assess the effect of grid resolution on energy
dissipation. Here, 𝐸𝑘 = 1

𝑉 ∫𝑉 0.5 𝑢2𝑖 𝑑𝑉 and 𝜒 = 1
𝑉 ∫𝑉 𝜈 ∣ ∇𝑢𝑖 ∣2 𝑑𝑉 ,

here 𝑉 denotes the volume and 𝑢𝑖 is the velocity component in the
direction (𝑥, 𝑦, or 𝑧). This comparison provides information on the
ccuracy of the results with different grid points.
The results for the four cases are presented in Fig. B.1. It is observed

hat higher resolution in all cases leads to more consistency between
(𝐸𝑘)∕𝑑𝑡 and 𝜒 . In case I, which is resolved with 2563 cells, 𝑑(𝐸𝑘)∕𝑑𝑡
and 𝜒 lie on top of each other with the 2563 grid, while the 643

grid leads to a significant departure of 𝑑(𝐸𝑘)∕𝑑𝑡 from 𝜒 . In other
cases, it is observed that the 2563 grid does not resolve the initial
Kolmogorov length-scale, as expected since the resolution is larger
than the initial Kolmogorov length-scale. However, the kinetic energy
dissipates quickly after the simulations start and 𝑑(𝐸𝑘)∕𝑑𝑡 and 𝜒 start to
match in a short period after the initial time. This observation suggests
that only case I is fully-resolved in this study. On the other hand, case
II is fairly resolved while cases III and IV are under-resolved. However,
since decaying turbulence is used in this work, turbulence length-scales
are resolved in cases III and IV at later time-steps in the simulations,
when chemical reactions kick in around the first-stage ignition time.
We note, however, that the initial departure of 𝑑(𝐸𝑘)∕𝑑𝑡 from 𝜒 may
introduce errors in the results of cases III and IV in this study.
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