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ARTICLE INFO ABSTRACT

Keywords: We present an analysis of the ignition process in thermochemical conditions relevant to gasoline compression-
Direct numerical simulation ignition (GCI) engines using direct numerical simulation (DNS). Two-dimensional DNS modelling the interac-
Gasoline compression-ignition engine tion of turbulence with an igniting double mixing layer are carried out. Three different primary reference fuel
Primary reference ﬁ,lel (PRF) blends, PRFO, PRF70, and PRF90, to span a range of different possible compression ignition scenarios are
Turbulent autoignition . . . . . L -

Residence fime investigated. The fuel chemistry is shown to significantly affect the ignition process and the transition to a fully
burning high-temperature flame. All three cases exhibit a diffusively supported cool flame which propagates
towards richer mixtures faster than expected from homogeneous ignition delays. High-temperature combustion
(HTC) initiates in rich mixtures in the PRFO case, in both rich and lean mixtures in the PRF70 case, and in lean
mixtures in the PRF90 case, which is consistent with expectations from homogeneous ignition delays. Budget
analysis shows that HTC flames are diffusively supported in all cases, and as a result progress more rapidly
from the ignition location to surrounding mixtures than homogeneous ignitions suggest. A quantitative model is
proposed for the premixed flame propagation speed in the stratified and autoignitive mixtures. By considering
the effects of normalised residence time of reactant at the flame surface, the conditional mean turbulent
flame speed, conditioned upon mixture fraction, can be related to 1D referenced laminar flame speeds. The
mechanism of consumption of the stoichiometric surface is examined by considering both displacement speed
statistics and by tracking each single edge flame front. In the PRFO case the results show the stoichiometric
surface is consumed mostly by propagating HTC fronts that are almost parallel to it, which is referred to parallel
consumption mode, while results in the PRF70 and PRF90 cases show signatures of edge-flame propagation as
a secondary mechanism. For edge-flame mode the contribution of tangential-to Z diffusion to the displacement
speed prevails over that of normal-to-Z diffusion. Overall the results demonstrate significant fuel-chemistry
effects on the evolution of the ignitions, which will probably translate into significant differences in flame
structure in a practical GCI engine.

Novelty and significance statement

This work presents the first DNS of turbulent, nonpremixed autoignition targeting fuel chemistry effects
in gasoline compression ignition (GCI) engines. The novelty further arises from two aspects. First, it is the
first study to quantitatively model flame displacement speed in autoignitive, stratified mixing layers using
the residence time concept. Second, the evolution of edge flame fronts is tracked in complex turbulent flows
to enable temporal characterisation of edge flame dynamics and reveal how tangential-to-mixture-fraction
diffusion varies across different propagation modes. The significance lies in the implications for practical GCI
engine design, as fuel chemistry significantly affects the flame structure, akin to how unravelling the diesel
flame structure advanced engine design. These findings also highlight the need to improve practical CFD
models, such as incorporating residence time into level-set-based approaches for accurate flame speeds, or
characterising conditional fluctuations arising from mixed edge flame modes in flamelet or CMC models.
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1. Introduction

Increasing global concern over the need to limit greenhouse gas
emissions, set against continuing needs to improve urban air quality,
provides an imperative to develop more efficient and less polluting
engines. Compression-ignition (CI) engines, which dominate the heavy-
duty transport sector due to their high thermal efficiency and high
energy density, face major challenges to further reduce emissions of
soot and nitrogen oxides (NO,), as required by the latest emission
standards such as Euro-VI [1].

Gasoline compression-ignition (GCI) is a high-efficiency, low emis-
sions engine concept wherein a low ignition quality fuel is employed in
a CI engine [2-4]. By increasing the ignition delay and thus the level
of premixedness, GCI engines can reduce the production of soot and
NO, are effectively suppressed. This strategy is similar to that adopted
by homogeneous charge compression-ignition (HCCI) engines. GCI is
distinguished from HCCI in a way that the fuel injection is sufficiently
late so as to provide some control over ignition timing and combustion
duration, but early enough to limit pollutant formation [5]. Based on
the level of fuel/air stratification and premixedness, GCI engines can
achieve a partially-premixed combustion mode that lies in between the
fully premixed (HCCI engines) and nonpremixed (conventional diesel
engines) combustion modes [5].

GCI has been shown to reduce emissions of soot and NO, and keeps
the high efficiency of CI engines in a series of both research [2,5-10]
and commercial engine tests [11]. For example, GCI has demonstrated
brake thermal efficiencies exceeding 50% [9,10,12], and engine-out
emissions satisfying Euro-VI [1], which is impressive considering the
amount of work to date. In the above works, gasoline-like fuel with
research octane number (RON) ranging between 60 and 98 have been
used, with the optimal RON number found to be in the range of
70-85 [5,7]. The progress so far has been achieved by engine perfor-
mance tests, which do not provide a detailed understanding of how the
combustion process of GCI differs from the more widely investigated
combustion modes. The objective of this work is to begin to unpick
these differences by using a series of representative direct numerical
simulations (DNS). In reviewing previous works, both experimental and
numerical studies (with a focus on DNS) are provided in terms of diesel
combustion, due to its high relevance to GCI combustion.

Diesel fuels and their representative reference fuels exhibit two-
stage ignitions, wherein a first, low-temperature chemistry (LTC) flame,
or cool flame, precedes the main, high-temperature chemistry (HTC)
ignition. The kinetics are described elsewhere, e.g., Refs. [13,14] and
the references therein, but in brief the LTC phase results from H-
abstraction from the fuel followed by a series of oxygen additions
and isomerisations, resulting ultimately in the formation of ketohy-
droperoxides (KET), which break down producing radicals leading
to chain branching and some heat release. However, after a certain
critical temperature is reached, the oxygen addition reactions reverse
direction leading to termination of the first stage. The products of the
first stage, which include significant hydrogen peroxide (H,0,) and
formaldhyde (CH,O), then slowly proceed towards HTC ignition until
another critical temperature is reached where H,0, breaks down into
two OH, resulting quickly in thermal runaway.

Most of our understanding of diesel-engine combustion has been
obtained via experimental research on optically accessible engines
and high-pressure combustion chambers [15-17]. An important con-
tribution of this body of work is the so-called conceptual model of
conventional diesel combustion [16], which informs a multi-stage and
multi-mode ignition process consisting of two stages of ignition, and
depicts the overall flame structure via the following process. First,
after injection, the liquid fuel jet breaks up, evaporates into gaseous
phase and mixes with the entrained air, forming a rich fuel/air mix-
ture. Then the premixtures undergo the two-stage ignition driven by
sequential LTC and then HTC combustion. The products of the rich

Combustion and Flame 281 (2025) 114393

premixed flame, and any residual fuel fragments or residual prod-
ucts of the first-stage ignition are mixed with air and burned in a
diffusion flame that shrouds the jet. The flame structure informed
by conceptual models was further corroborated by numerical studies
including Reynolds-averaged Navier-Stokes simulation (RANS) [18]
and large-eddy simulation (LES) [19].

Development of a conceptual model for GCI-engine combustion
requires knowledge of the fundamental combustion processes in GCI
conditions. While clarifying the overall structure, the experimental
techniques used in diesel-engine conditions can only measure a few
chemical species and have a very limited spatial resolution. On the
other hand, RANS and LES, which have been performed to complement
the experimental studies and further provide a sensitivity of the flame
structure on parametric variations, are subject to modelling assump-
tions and limited flame details provided by the mean fields. An alter-
native method is given by direct numerical simulation (DNS), which
resolves all relevant scales of turbulent motion and as a result provides
a first-principles approach to turbulence-chemistry interaction.

DNS studies on ignition in turbulent stratified mixture have re-
ceived considerable attention, as comprehensively reviewed by Mas-
torakos [20]. An early, seminal DNS study of single-stage nonpremixed
ignitions in a two-dimensional (2D) mixing layer with a one-step chem-
istry model by Mastorakos et al. [21] identified that ignition occurs
first in regions close to the most-reactive mixture fraction (Z,,.), which
corresponds to the mixture having the shortest ignition delay time (z,,.)
in a homogeneous reactor. The same study also identified that regions
of enhanced local mixing rate, as quantified by the scalar dissipation
rate (y = 2D(VZ)? where D is the diffusivity) in the current work,
exhibited a longer ignition delay time relative to the homogeneous
case. A similar ignition behaviour was observed in the ignition of a
nonpremixed n-heptane flame where a global [22] or a four-step [23]
reduced mechanism was used. It was also shown that the ignition
started in the centre of vortical structures and evolves towards the
vortex periphery where strain dominates. As DNS became computa-
tionally more affordable, and interest in alternative engine concepts
diversified, later works have considered an array of different ignition
scenarios, with different fuels, e.g., hydrogen [24-26], dimethyl ether
(DME) [27-29], n-dodecane [30-32], and different setups representing
different engine concepts, from conventional diesel combustion [31,
33,34], HCCI [29,35], and reactivity controlled compression ignition
(RCCI) [36], and others. Among these works, the works on conventional
diesel combustion are the most relevant to the present study, and this
is reviewed in the following.

Considering LTC, the situation for nonpremixed ignitions of two-
stage ignition fuels differs from the one-step chemistry picture out-
lined by Mastorakos et al. [21]. Mukhopadhyay et al. [37] used one-
dimensional simulations of the ignition of an n-heptane/air mixing
layer to show that for sufficiently low dissipation rate, increasing y
could support the ignition of the stoichiometric region, but only up to
a point wherein eventually further increases of y resulted in delayed ig-
nition. A later DNS study of the ignition of a two-dimensional DME/air
mixing layer [27] showed that the cool flame is diffusively supported,
and propagates more quickly into richer mixtures than homogeneous
ignition delays would suggest, resulting in the much earlier appearance
of high-temperature ignition kernels in these regions. Following HTC
ignition, the authors showed that edge flames were formed, which had
a tetrabrachial structure with the three conventional HTC branches
(nonpremixed, lean, and rich premixed) attached to a preceding LTC
branch, which was similar in structure to lifted laminar flames in the
same conditions [33]. Later three-dimensional (3D) DNS studies in tem-
porally evolving [27,31] and spatially evolving jets [28,38] confirmed
many of the findings from 2D cases, and added new information on
aspects such as the flow topologies where ignition was favoured [27],
the local displacement speed of edge flames [27,31,38] and the flame
stabilisation mechanism [28,38].
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Compared to diesel, premixed flames are expected to play more
important roles in GCI combustion due to the higher level of fuel/air
mixing. In this context, flame propagation speed is likely to be affected
by both premixture stratification and autoignition.

For the effect of stratification, Shi et al. [39] investigated the un-
steady 1D laminar flame propagation in non-autoignitive n-C,H,¢/air
with spatially varying equivalence ratio. They found that, when the
stratification thickness (denoted by §) is much larger than the flame
thickness (5.), the stratified flame speed is highly correlated with the
homogeneous flame speed (i.e., the nominal laminar flame speed of the
local composition without stratification); as § is reduced to the same
level as §., the stratified and homogeneous flame speeds differ more
due to the preferential diffusion of H and OH radicals. Similar findings
were made for premixed hydrogen [40] and methane [41] flames.
Another work by Wang et al. [42] numerically investigated the speed of
flame propagation along Z; isosurface in a non-autoignitive DME/air
counter-diffusion flow. It was found that the flame propagation speed
along stoichiometry isosurface can be determined by the laminar flame
speed of Z; and the effect of curvature (or Markstein length), a feature
typically exhibited by conventional premixed flames. These laminar
results provide insights that the flame speed in the mixing layer,
wherein the mixture fraction Z is stratified, can be modelled by the
premixed flame speed of the corresponding homogeneous mixture of
different Z.

For the effects of autoignition, Krisman et al. [27] showed that
the premixed flame propagation speed increases with the residence
time of the autoignitive reactant. Moreover, there exists a reference
flame speed, Srcef, that demarcates the deflagrative and autoignitive
flames. Such effect further complexes the prediction of flame propa-
gation speed in autoignitive mixing layers. Mukhopadhyay and Abra-
ham [37] proposed to estimate the flame propagation speed in autoigni-
tive n-C,H,4/air mixing layers based on the distance between Z; and
Z..r» and the time that the ignition kernel propagates between these two
sites. This strategy is similar to what was adopted for the autoignitive
mixing layer case by Mastorakos et al. [21] wherein the physical dis-
tance between Z, and Z,, is estimated by [D|Zy — Z, |2 /(x| Zm)1*2,
which yielded a flame propagation speed about 0.5 x S‘Cef(Z =Zy).

When the premixed flame arrives at and interacts with the stoi-
chiometric isosurface, an edge flame structure may form. Due to its
role in the stabilisation mechanism of lifted flames, the edge flame
propagation speed, S, has received considerable attention in the lit-
erature. Previous studies revealed that S depends on multiple factors,
including the level of micromixing [34,43-46], alignment between the
reaction front and Z; isosurface [27,31], edge-flame curvature [47,48],
and upstream autoignition [28,33,49]. For instance, early DNS of a
nonpremixed H, flame indicated that S decreases with y. The neg-
ative correlation between S, and y was also observed in a 3D lifted
H, nonpremixed flame, and found to be caused by the contribution of
edge-flame curvature [46,50]. Under autoignitive diesel-engine condi-
tions, Krisman et al. [34] also found that higher y reduces the edge
flame propagation speed by increasing its curvature and decreasing the
premixedness ahead of the triple point. In a 3D n-heptane/air mixing
layer [27], autoignition was found to produce a new scenario wherein
the Z isosurface is consumed by an HTC reaction front which orig-
inates from spotty ignition kernels undergoing LTC and subsequently
HTC ignition. In this case, the Z isosurface and HTC reaction front
were highly aligned and S increased with y.

The studies reviewed above considered atmospheric and conven-
tional or low-temperature diesel combustion conditions. However, the
situation may be quite different for conditions relevant to GCI, as
a result of the differing fuel chemistry. At temperatures and pres-
sures corresponding to the oxidiser conditions in a GCI engine, lean
and stoichiometric iso-octane/air mixtures exhibit a single-stage high-
temperature ignition with no preceding cool flame, and as will be
shown the most-reactive mixture fraction is on the lean side, rather
than the rich side as for n-heptane. Blends of iso-octane (i-CgH;g) and

Combustion and Flame 281 (2025) 114393

n-heptane (n-C;H;¢) also have the potential to exhibit ignition and
propagation behaviours that differ from the pure fuel conditions. Con-
sidering these potential differences, and to the authors’ best knowledge
the lack of any prior DNS of nonpremixed ignitions of PRF blends, the
objective of the present work is to examine how nonpremixed igni-
tions and early flame development are affected by the PRF chemistry.
The presented analysis will describe the structural transitions of the
ignitions, the model for premixed flame propagation in the autoigni-
tive mixing layer, and the mechanisms by which the stoichiometric
isosurface is ignited.

The rest of the work is organised as follows. Section 2 introduces
numerical methods. Results and discussions are provided in Section 3.
A conclusion and an outlook are presented in Section 4.

2. Numerical methods

The DNS case setup is introduced in Section 2.1. The definition of
progress variable and its displacement speed is presented in Section 2.2.
The effect of autoignition on the flame displacement speed is illus-
trated by 1D premixed flames in Section 2.3. Finally the decomposition
method for diffusion component of the flame displacement speed is
presented in Section 2.4.

2.1. Case setup

Fig. 1 shows the configuration of the DNS setup for the PRFO case.
The PRF70 and PRF90 cases share the same configuration, differing
only in the initial turbulence intensity («') and fuel composition. The
configuration adopted is similar to a previous series of DNS modelling
the ignition of 2D double mixing layers with n-dodecane as fuel [30].
This configuration was selected as the simplest unit problem capable
of exposing the influence of an unsteady turbulent flow on the igni-
tion behaviour. A relatively cold, fuel-rich region is surrounded by a
hot oxidiser region, and allowed to ignite under the influence of an
imposed 2D synthetic turbulence field. The computational domain is
[0,3.6] x[—3.6,3.6] mm in size, consisting of a periodic direction, x, and
a transverse direction across the mixing layer, y, with non-reflecting
outflow boundary conditions. The initial conditions are specified as a
function of mixture fraction, Z, assuming adiabatic mixing between the
pure fuel and oxidiser streams. The pure fuel stream (Z = 1) contains
a mixture of n-C,H;¢ and i-CgH;g with a temperature computed from
the enthalpy of the liquid fuel at 403 K, thus accounting for the latent
heat of evaporation.! The oxidiser stream (Z = 0) corresponds to
air approximated as 21 % oxygen and 79 % nitrogen by volume and
a temperature of 1100K is chosen for all cases. The stoichiometric
mixture fraction, Zg, is 0.062 for all three PRF blends. The initial
pressure is 60atm. These thermochemical conditions were chosen to
be representative of GCI spray combustion experiments in the UNSW
constant volume combustion chamber [51]. The initial mixture fraction
profile is specified as Z(y) = Z, exp(—y*/26%), where § is the mixing
layer thickness set to 100 pum unless specified otherwise; Z, is the
centreline mixture fraction, which is set to 0.3 to account for premixing
between fuel and air prior to the gaseous ignition.

A Passot-Pouquet turbulence spectrum is used to generate an initial
2D velocity field with a zero bulk velocity. (The 2D assumption is
acknowledged as a limitation. It is necessary here due to the high
pressure which imposes very short length scales and time-steps, and
hence computational cost.) The spectrum is parameterised to render the
initial Damkohler number (Da = 75 /7,,) equal to 0.3, a value lying
in the range Da = 0.1-1 suggested by Pei et al. [18], characterising
the conditions at the ignition location in diesel engines. Similar values

1 The pure fuel stream hence has a temperature which is not physically
realistic, however as mentioned later in this paragraph, the peak centreline
mixture fraction is 0.3, so that pure fuel mixtures do not occur in the DNS.
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Table 1
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Initial turbulence (Da = 0.3) and reference flame parameters.

Reference parameters PRFO PRF70 PRF90

Initial turbulent fluctuation «’ [m/s] 1.28 0.58 0.45

Minimum (or most reactive) 0D ignition delay . [ms] 0.25 0.57 0.73

Mixture fraction of minimum ignition delay Z,, 0.125 0.145 0.032

Mixture fraction of second minimum ignition delay Z/ - 0.03 0.19

Mixture fraction of lower bound of LTC, Z, 0.08 0.11 0.13

Stoichiometric mixture fraction Z 0.062 0.062 0.062

Reference 1D flame displacement speed S'('Ef(ZS‘) [m/s] 3.9 3.0 2.8

A Table 2
0.0 0.3 Definition of high- (HTC) and low-temperature chemistry (LTC) combus-
0.0 0.3 tion
Definition Numerical identification
HTC ignition/flame Peak HRR C=0385
1 LTC ignition/flame Peak dypr C=01nZ>Z.

36 750 1100
x/Ly x/Ly T K]

Fig. 1. Case setup and initial conditions for the PRFO case, similar to PRF70 and
PRF90. Left: contour of velocity magnitude |u’|; middle: contour of mixture fraction Z;
right: profile of mixture fraction (black solid line) and temperature 7' (red solid line)
across the mixing layer. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

have been employed in previous studies [27,30]. The turbulence time
scale, t; = L,/u, is set by fixing the integral length L, to 0.1 mm for
all three PRF cases and adjusting the characteristic turbulent velocity
fluctuations «’ to yield the target Da = 0.3. The chemistry time scale
T corresponds to the most reactive ignition delay of each PRF fuel,
as introduced shortly. A 116-species reduced chemical mechanism for
PRF blends, including LTC and HTC pathways, is used [52]. The key
parameters of the simulation setup are summarised in Table 1.

The governing equations for the conservation of mass, momen-
tum, total energy and species mass fractions are solved for com-
pressible, multicomponent reactive flows with detailed chemistry by
S3D [53]. A 2D structured Cartesian mesh with size Ax = Ay = 1um
is adopted. Spatial differentiation is achieved through 8th-order finite
differences [54]. Aliasing errors in the convective derivatives is reduced
by re-formulating these terms in a skew-symmetric form as discussed
in Ref. [55]. A 10th-order filter is applied to damp high-wavenumber
oscillations. Time advancement is achieved through a 6-stage, 4th-order
explicit Runge—Kutta method [56], avoiding the expensive all-to-all
communication required in implicit methods.

The 2D DNS are complemented by zero-dimensional (0D) constant
pressure homogeneous ignition calculations over the relevant mixture
fraction range, and 1D laminar simulations. In the 0D homogeneous
reactor calculations, ignition delay time (TEI[T)C) is identified by the
maximum heat release rate at a given mixture composition (i.e., Z
value), and thus denotes the onset of HTC combustion and thermal
runaway. The change of TEII%C over Z for each PRF case is plotted by
the red line in Fig. 2a. The most-reactive ignition delay time (z,,.) is
then defined as the shortest ignition delay time over the entire mixture
fraction range, i.e., 7., = min(rg].f.c), thus corresponding to the most
reactive mixture fraction, Z,, ., for each PRF blend. For PRF70 and 90,
a second local minimum of z°2  appears and the corresponding mixture

HTC
fraction is denoted as Z] . For cases undergoing two-stage ignition,

the first-stage ignition delay time (TETDC) is defined as the time of the
maximum consumption rate of ketohydroperoxide (&kgr), @ marker for
the onset of LTC reactions.

Two types of 1D laminar simulations are performed to aid the 2D
turbulent analysis. The first is 1D mixing layer with initial conditions
corresponding to the mixture profiles in the inhomogeneous direction
of the 2D simulations. The mixing thickness is varied to investigate the
effect of molecular mixing. The second is 1D premixed flame with the
inlet corresponding to mixtures across the mixing layer. This will be
introduced in more details in Section 2.3.

It should be noted that in the present case, the simulation time,
t, can be also used as the fluid residence time and its distribution is
spatially uniform. However, this no longer holds true for more general
cases, e.g., 3D spatially developing jet, where the residence time needs
to be solved [57] and its spatial gradient is non-zero. In the following
discussion, two different normalised times are used: (1) t* = /7,
denoted as “normalised time”, is used for describing transient ignition
process in Sections 3.1-3.5, and (2) * = ¢t/ rg]%C(Z ), denoted as
“normalised residence time”, to characterise the effects of autoignition
on flame propagation in Sections 2.3 and 3.6. Also note that the /* and
* can be mutually converted by a factor of 7, /7p(Z).

2.2. Definition of progress variable and displacement speed

To quantitatively measure the ignition delay, and to characterise
the overall ignition process consistently for 0/1/2D results of all three
PRF cases, a normalised progress variable, C = Y/Y,, is defined. Here
y=1- (Y,lcﬂ{16 +Yicgny + Yo, + Yy, ) is the sum of the mass fraction
of all chemical species except the reactants. Then Y is normalised by its
constant-pressure equilibrium value obtained as a function of mixture
fraction, Yeq(Z), to account for the stratification effect. It is found that
the condition C = 0.85 agrees well with the local HRR peak for all
0/1/2D cases and PRF blends, and thus is used to numerically identify
HTC combustion. Similarly the condition C = 0.1 combined with (n)
Z > Z agrees well with local @ggr consumption peak and is used for
identifying LTC combustion. For LTC, Z corresponds to the leanest
mixture that can produce 5% of the maximum Yggp in OD reactors,
and is used to rule out the single-stage ignition in fuel-lean regions.
The definitions and numerical identification criteria of HTC and LTC
ignition and flame are summarised in Table 2. The performance of
the criteria can be referred to animations provided in Supplementary
Material which illustrates the evolution of several key fields.

To quantify the speed at which the reaction fronts propagate and
how this is affected by turbulence, we will analyse the displacement
speed, which measures the propagating speed of an isosurface (e.g., C =
0.85) relative to the fluid, and is defined as

1 DC

Sp = —— —
€7 \vC| Dr
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__1_(ocby  ocDz

T |vC| \oY Dt ' 9Z Dt

__t (1py Y#Vpz "
e Yeq Dt ygq(Z) Dr |’

In the above equation, the total derivative (D/Dr) for the normalised
progress variable (DC/Dt) is further split into contributions due to
the evolution of the non-normalised progress variable, Y, and mixture
fraction Z. Their total derivatives read

DY D
== ==r,[Y
pr ~ Doy
DY
=35
Y| Dt
Nep Ny
| 1 YW Y .
=Y ay, —V~(pDk<VYk+Yk7)) + 3 ay vy, @
k=1 p k=1
——
diff. react.
and
DZ D
2L 2 (Y
Dr Dtz
L 1 VW
- -v-( b, (vy, + 7,2V, 3
;az,k[p p k( k kW)>] (€)

where £y (¥) = Y, ay,Y and Lz (Y,) = Y, az,Y; denote the
weighted linear sum of mass fractions Y, to Y and Z, respectively.
Here the mixture fraction is calculated according to Bilger’s defini-
tion [58]. The diffusion and reaction components of S are denoted
as Sc 4 and Sc,, respectively. These two terms are calculated by using

the corresponding part in the DY/Dt term, ie., Scy = W[diff |
eq

and Sc, = [react.], which will be used later in examining the

1
o IVCDe .
propagation mechanism of the reaction fronts.

2.3. Effects of autoignition and residence time

In the present case the premixtures are highly autoignitive. As
a result the flame propagation speed is expected to be significantly
affected by the residence time of the reactant, which measures for how
long time the reactant has autoignited before it enters the flame, as
shown by Krisman et al. [59]. The flame propagation speed would be
significantly enhanced if the residence time of the reactant approaches
its ignition delay time [60]. Here the dependence of flame propagation
speed on the residence time of the reactant is estimated by 1D premixed
flames, with their inlet condition corresponding to the mixtures across
the mixing layer. Fig. 2b-d gives an example for Z = 0.12 of the PRFO
case. A series of 1D premixed flames with varying inlet velocities are
performed with Cantera [61]. The inlet composition and temperature
are specified as those of the 2D initial condition with the corresponding
Z. Each 1D flame can be characterised by a residence time

— xfld 4
/W @

where x, u(x) and x; denote the spatial coordinate, flow velocity field
and flame position, respectively. We choose x; to be where C = 0.85
(as shown by the dots in Fig. 2a). The flame propagation speed can
be characterised by the displacement speed S = Sc(C = 0.85). In
the 1D simulation, the reactant residence time ¢ can be increased by
increasing the inlet flow velocity, which is numerically achieved in
Cantera by prolonging the domain length (note that the flame location
is fixed approximately at the domain centre). Fig. 2b and ¢ show the
distribution of C in x space and the change of flame location x; over
flame displacement speed .S, respectively. When the residence time of
the reactant is much lower compared to the ignition delay time (e.g,
7* < 0.2), the flame is stabilised at the inlet, as shown by the grey solid
lines near x = 0 in Fig. 2b or grey dots in Fig. 2c. In this case, the
autoignition is limited due to the short residence time of reactants and
as a result the flame is dominantly stabilised by diffusion. As the inlet
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velocity increases and the residence time becomes comparable to the
ignition delay (e.g., z* > 0.4), the flame is lifted away from the inlet
and S¢ is enhanced significantly due to autoignition. Such transition
from diffusion- to autoignition-driven stabilisation is highlighted by the
coloured lines ranging from blue to red. As the inlet velocity becomes
very large, flame stabilisation is dominantly governed by autoignition,
with the limit corresponding to the OD solution with time mapped onto
residence time ¢ (Eq. (4)) in Fig. 2b. The referenced flame speed, sref
which demarcates the diffusion and autoignition regime, can be taken
of yielding the maximum derivative dx;/d.S (vertical blue dashed line
in Fig. 2c¢). The flames with S < Srcef are deflagrations while those
with So > S‘CEf are autoignitions. As expected, the derivative dx;/d.S¢
approaches the ignition delay (~ 0.25 ms) as 7* — 1. The referenced 1D
premixed flame speed of the stoichiometric mixture, S'Cef(Zst), for each
PRF case is listed in Table 1.

Based on the .S and ng, an acceleration factor A is defined as their
ratio, A = S¢ /ng, which is a function of the normalised residence
time, t* = t/rg]%C(Z). It can be seen from Fig. 2c¢ that A increases
exponentially as 7* approaches 1 (albeit A never reaches 1). The value
of A is then tabulated as a function of Z and z*. In this procedure,
we noted that numerical issues may emerge due to the interpolation
based on the irregular Z — z* coordinate. To alleviate this issue, the
dependence of A = S. /Srcef on 7* is fit to an analytical function for
each Z. Here we choose the model of S/ SrCef proposed by Zhang and
Ju [60] for pure premixed flames. The model is given by the following
form

Se  [Ti-Ty )
Sref - Tf_T'
C p

In Eq. (5), T; and T, denote the peak and unburned flame tempera-
ture and are available from 1D simulation; 7}, is a critical temperature
that demarcates the autoignition and deflagration regime within the
flame, and can be obtained by solving the following equation

T, T,
a T, P T,
¥ / T~ bexp (—“‘) dT = / T exp <—d> dr, (6)
T, T T T

where T, and b are activation temperature and a constant, respectively.
In the original work by Zhang and Ju [60], T, can be estimated
based on homogeneous ignition with one-step mechanism and 5 is a
free parameter. In the present work, 7, is chosen to be the 1D flame
temperature of C = 0.85 and b is fitted according to 1D results for
each Z. Fig. 2a shows the contour of A in Z — t space. The result
of A for PRFO, Z = 0.12 is also plotted in Fig. 2d to demonstrate the
performance of Eq. (5). Consistent with Z = 0.12, for all Z the value
of A increases significantly as the residence time r approaches Tg]%c
(or equivalently, the normalised residence time ¢* approaches 1). The
values of A can be tabulated as a function of (Z,z*), and its purpose
is to give an estimate of flame displacement speed enhancement by
autoignition compared to the reference deflagrative speed as the flame
passes a premixture of Z with normalised residence time z*.

2.4. Decomposition of molecular diffusion

Recent works [62,63] on turbulent nonpremixed combustion found
that molecular diffusion along the direction tangential to Z isosurfaces
may play important roles. In this regime, the classical flamelet the-
ory [64], which assumes that the combustion occurs rapidly within
a thin layer near Z,, and is predominately driven by normal-to-Z
diffusion, needs to consider the tangential-to-Z diffusion effects. To
investigate the effects of tangential-to-Z diffusion on edge-flame prop-
agation dynamics, as will be shown in Section 3.7, we decompose the
displacement speed .S into components due to diffusion along direc-
tions normal (L) and tangential (||) to Z isosurfaces, as schematically
illustrated by Fig. 3. Following the coordinate systems introduced in
this figure, a diffusion term that obeys the form of a Laplacian operator,
e.g., [Dl, = V. (pD,VY)), can be decomposed into the gradient and
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Fig. 2. Effect of autoignition on flame displacement speed based on 1D premixed flame simulations. The upper group (a) shows the contour of acceleration factor A = S, /ng in
Z —t space. The grey dots indicate all the 1D flames featured by different reactant residence times; the coloured dots correspond to those in (b)—(d). The red solid line denotes the
HTC ignition delay, Tg?_C(Z ). The lower group (b)-(d) shows an example for 1D premixed flames of PRFO, Z = 0.12 with increasing (blue to red lines) residence times, including
(b) the distribution of C with the flame location x; denoted by dots, (c) the dependence of x; on the local flame displacement speed S and (d) the dependence of acceleration
factor on the normalised residence time z*. The dots in (c) and (d) point to the corresponding values extracted at x; as shown by the dots in (b). The Zhang’s model refers to
Egs. (5) and (6). Note that r* and z* can be related by a coefficient rﬂ[}c /Tme- (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

\ C = const VY =@y - VY) = ﬁzg%l; 9
Products where
% =7, - VY, 10
;)TYZ =7, - VY, an
Ny are the directional derivatives along 7, and 7,, respectively. The basis

vectors 7, and 7, align with the normal and tangential direction of the

/ 1 Z = const Z isosurface, respectively. The divergence operator for vector a@ can be
y / decomposed as
.
Reactants oz a3
X V,-a=% - —, 13
o
Fig. 3. Local frame rotation for the decomposition of molecular diffusion term in the V” a= 71'2 . a_a_ 14
direction normal and tangential to Z isosurface. The red and black lines denote the on
C and Z isosurfaces. The x; and 7;-coordinates refer to the Cartesian and the rotated Therefore, the decomposition of [D], = V - (pD,VY,) can be per-
frame, respectively;. (For interpretation of the references to colour in this figure legend, formed by
the reader is referred to the web version of this article.)
Dl = (VL + V) - (pDV Y, +pD, V| Y)) (15)
. N ) =V, (D V Y )+ V) - (0D VY ) + V) - (pD V1 Y))
divergence operators separately. Specifically, the gradient operator,
+ V- (0D V1Y) (16)
VY, can be decomposed as
7} Yy [Z} Y, - oY)
= s\ PP = |+ 5= (Do = ) + (V'”l)pDka_
VYk — lek + VHYk’ (7) m U M U] m
9y, + (V7)) pD ar a7
- - -7 _—
V.Y =7 'VYk)="1a_”kv ®) 27k oy
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Table 3
Decomposition of V-(pD, VY,) along directions normal (1) and tangential
(] to Z isosurfaces.

Expression Physical
interpretation
V, - (pD V. Y}) ﬁ (pDk %) Normal diffusion
V) - (pD V. Y}) —pk; Dy, & Normal diffusion

associated with «,

Tangential diffusion
associated with
V.7

V(D VY

V- (D VYY) % (pDk :WY ) Tangential diffusion

The physical interpretation of each component of the diffusion
term [D]k, can be described as follows. The components equal to
I ( oD, L o ) and % (pD,C p ) account for the normal and tangential-
to-Z diffusion of the kth spec1es respectlvely The two terms, which
are equal to (V- nl)pDk DY and (V- nz)pDk p k account for the normal-
and tangential-to-Z dlflguswn due to the changlng geometry of Z
isosurfaces. It is noted that if 7, is chosen to be #, = —VZ/|VZ| then
the curvature Z isosurfaces can be expressed as k, = V -7, [65] and
we have
Vi (pDyV Y,) = pDkKZ%. 18)

The connection between the decomposition of [D], in the V operator
form and the equivalent expression including local derivatives, is sum-
marised in Table 3. The term V - [(pD, Y, /W)VW| can be decomposed
in a similar fashion, such that S 4 can be expressed as:

1
Scy=—L
e plvcweq Y

V- (pDVY,) + V- (”%}kawﬂ

— [v (pD V. Y,) +V, - (”D"Y" W)]
pIVCIy A
DY, Cd
p|VC|y — 7y [Vl (pD V)Y, +V, - ( v,w
k k
+ p|VC|)7 ——Ly [V” (PD,VY) + V- < VHW>] ”
- S
+———r [V (pD, V. Y,) +V (”D"Y“ ]
p|VC| y y I k k I
19
In the above equation, Sl and S lc 4 are the sum of terms with

0/on, and d/dn,, and are used to denote the contribution of normal-
and tangential-to-Z diffusion component of the displacement speed,
respectively.

As a brief summary, the displacement speed S is decomposed into
diffusion Sc4 and chemical reaction Sc, components, which will be
used to analyse the propagation dynamics of LTC and HTC reaction
fronts (Section 3.5). The diffusion speed S 4 is further developed into
components including Sl and S | which will be used to identify

C.d’
edge-flame structures (Sectlon 3.7).

3. Results and discussion

The homogeneous ignition behaviour is first discussed in Section 3.1.

The 2D instantaneous ignition process and the conditional mean flame
structure are presented in Sections 3.2 and 3.3, respectively. This
is followed by the formation of ignition kernel (Section 3.4), devel-
opment of deflagrative flame (Section 3.5), quantitative model for
flame displacement speed (Section 3.6) and edge flame dynamics
(Section 3.7).
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Fig. 4. Temporal evolution of heat release rate (HRR) in Z space. OD cases denote
the transient homogeneous ignition process; 2D cases denote the conditional mean
(HRR|Z). Time is normalised by 7, of each PRF case. The dashed lines denote regions

of Yggr (Yger|Z) for 2D) 2 5% x Yoo ( ) and Yo, > 5% X Y™ ( ). The

vertial grey line denotes the Z,. From top to bottom: PRFO, PRF70 and PRF90. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

3.1. Homogeneous reactor behaviour

For orientation the ignition behaviour in a series of homogeneous
(0D) constant pressure reactors is first discussed. We will make ref-
erence to the first column of Fig. 4, which shows the HRR contour
highlighted by regions with high concentration of H,0, and KET
species. Some results from the 1D and 2D DNS cases are also shown
in Fig. 4 and will be discussed later.

First, all three PRF mixtures exhibit two-stage ignition in rich mix-
tures, where a distinct HRR peak due to LTC occurs before the main
HTC ignition. The first-stage ignition is preceded by the buildup of Yy
(demarcated by the blue dashed lines), which is then rapidly consumed
leading to the first peak of HRR. Subsequently, H,0, is produced
(demarcated by the green dashed lines), remains stable during an
intermediate stage, and finally breaks down leading to the main stage
ignition. As the fraction of i-CgH,g is increased, the two-stage regime
is pushed further towards rich mixtures.

Second, addition of i-CgH;g leads to different ignition patterns. For
PRFO, a single local minimum of the second-stage ignition delay occurs
in rich mixtures. As i-CgH; g is added (PRF70), the ignition delay time is
significantly increased (note that the abscissa in Fig. 4 is normalised by
T as listed in Table 1). The ignition pattern has qualitatively changed
that two local minima of r,,, are observed with comparable ignition
delay, though the shorter one still occurs on the fuel rich side. The
fuel-lean ignition is closer to Z; and undergoes a single stage, HTC
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Fig. 5. Contours of heat release rate (HRR) and progress variable (C) within a fixed subdomain for PRF0, 70, 90 case from top to bottom row, at time instants 1o—13, normalised

by the corresponding 7, of each PRF case. Dashed lines (= = =) denote Z isosurfaces in the contour of C. Red and blue solid lines, which corresponds to C = 0.85 (

and C=01nZ > Z; (

)

), represent HTC and LTC reaction fronts, respectively. Regions of y — 0 and y — +18 correspond to the fuel-rich and lean side of the mixing

layer, respectively. Also note that the nondimensional time instants selected differ slightly between the cases in order to best illustrate the overall behaviour in each case. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

chemistry ignition due to the addition of i-CgH;g. As i-CgH;g continues
to increase (PRF90), the fuel-lean ignition is delayed slightly while the
fuel-rich ignition is delayed significantly, leading to the first ignition
occurring on the fuel-lean side.

As will be shown, these differing behaviours have significant effects
on the resulting ignitions in the 2D DNS.

3.2. Qualitative description of ignition transients

An overview of the ignition process for each 2D DNS case is now
discussed. Figs. 5 and 6 show the instantaneous heat release rate (HRR),
progress variable (C), mass fractions of KET and H,0, species (Yxgr
and YH202 ), and scalar dissipation () contours at different times. These
time instants are normalised by the 7, of each PRF case. A partial
field of the whole computation domain is shown to provide a zoom-in
view of representative flow features. The stoichiometric (Z,) isosurface
is indicated by a dashed line. The HTC and LTC reaction fronts are
marked by a red and blue solid line, respectively, in the C contours.
In the supplementary material we also provide animations to show the
evolution of the entire domain for all three PRF cases.

For PRFO (pure n-heptane), at 13 = 0.66, initial HRR is observed on
the fuel-rich side. A comparison with the y and Yxgp contours indicates
that these initial LTC kernels occur predominantly in regions with low
scalar dissipation rate and high values of Yggr. This can be seen from
the inset of Yygr and y at #;. Inspection of agr field (not shown here)
indicates that these LTC fronts occur together with local peak of KET
consumption rate, suggesting these are locations undergoing first-stage
ignition. At around 1’1‘, the LTC kernels form into connected, wrinkled
reaction fronts. HTC kernels (numerically identified as C = 0.85), are

observed in fuel-rich mixtures that have been partially reacted by the
passing cool flame, accompanied by rapid consumption of H,0,. HTC
ignition kernels are initiated mostly in regions with relatively low y.
The HTC kernels gradually expand into propagating HTC fronts (1] —3).
The HTC fronts moving towards the fuel-rich side gradually catch up
with the leading cool flame, burning out the inner mixing layer, while
those towards the oxidiser side reach and engulf the Z; surface (1] =
1.18).

This overall behaviour in the PRFO case is broadly consistent with
earlier DNS studies in similar configurations especially [27,30,31,34].
One notable difference between the present case and the DME/air cases
considered in Refs. [27,34] is that in the present cases the HTC ignition
kernels form a connected front and become reasonably well aligned
with the Z, isosurface before consuming it, while in [27,34] the
stoichiometric isosurface is ignited in multiple discrete locations from
which edge flames propagate to consume the contour. This difference
is probably attributable to the fact that the HTC reaction fronts in the
present case need to travel further until they reach the stoichiometric
isosurface. This is a result of two factors: (i) the greater difference in
the present case between the most reactive mixture fraction and the
stoichiometric mixture fraction (here Z; = 0.062 and Z, = 0.15,
while in Refs. [27,34] Z, = 0.1 and Z,,, = 0.11) and (ii) the larger
mixing layer thickness (6 = 100 pm in the present study vs. § = 25 um in
Refs. [27,34]). The parametric study of n-dodecane flames in Ref. [30]
supports this notion, as the importance of edge flames diminished
with increased mixing layer thickness, oxygen concentration, and pre-
heating, all of which increase the distance between the Z; and Z,,
contours.
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Fig. 6. Contours of mass fractions of KET and H,0, species, and scalar dissipation rate y in logarithmic scale within a fixed subdomain for PRF0, 70, 90 case from top to bottom
row, at time instants f; — 13, normalised by the corresponding r,,. of each PRF case. Dashed lines (= = = ) denote Z isosurfaces in the contour of y. Red and blue solid lines,

which correspond to C = 0.85 ( Jand C=01nZ > Z. (

), represent HTC and LTC reaction fronts, respectively. Regions of y — 0 and y — +18 correspond to the

fuel-rich and lean side of the mixing layer, respectively. Also note that the nondimensional time instants selected differ slightly between the cases in order to best illustrate the
overall behaviour in each case. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

For PRF70, the ignition process is similar to PRFO in that the
cool flame kernels commence in fuel-rich regions (around t; = 0.71)
and then move quickly as a propagating flame towards rich mixtures.
Subsequently, a sequence of HTC kernels emerge (around ¢} = 0.98)
and evolve into HTC fronts in fuel-rich regions. The main difference ob-
served for the PRF70 case compared to the PRFO case is that significant
HRR is observed on the fuel-lean side (t;‘ — t;), which is consistent with
the 0D prediction. Isolated HTC kernels appear later in these reacted
fuel-lean regions (¢}), leading to edge-flame like structures, as exempli-
fied by C contours at ;. A higher level of orthogonality between the
HTC reaction front and Z; isoline is observed, though at the beginning
the expanding HTC reaction fronts cross Z isosurface with highly
parallel alignment (similar to PRFO). The high level of orthogonality
between the HTC reaction front and the Z; isosurface might be a
result of two factors. First, initial ignition kernels are formed in both
fuel-lean and rich regions, and thus are likely to merge into surfaces
that are orthogonal with the Z isosurfaces. Second, the gradient of
ignition delay with respect to Z is low for PRF70 blends, potentially
leading to a similar reactivity for the premixtures surrounding Z. For
a reaction front that intersects Z, its fuel lean and rich premixed
wings can propagate at a similar speed compared to the triple point,
which also increases the orthogonality level between the leading HTC
reaction front and the Z isosurface. This second argument motivates
us to quantitatively examine the propagation speed of HTC fronts, as
will be discussed in more details in Section 3.4.

For PRF90, in contrast to the PRFO and PRF70 cases, HRR kernels

first form on the fuel-lean side (around t’l‘ = 1.08). Later, these HTC

kernels rapidly expand with new fuel-lean kernels emerging (15 - 13).

Small isolated rich HRR kernels are observed at very late time (tz =1.5).
This is a difference from the rich-biased HRR kernels in PRFO and
PRF70. It is also found that more edge flames are consuming the Z
isosurface compared to PRF70. These edge flames have essentially a
tribrachial structure, including crescent-shaped leading lean and rich
branches merging at the triple-point, and a weakly exothermic trailing
diffusion branch located on the Z; surface. Differing from [27] there is
no upstream LTC branch. By visual inspection of the temporal sequence
of the HRR contours, the edge flames are all initiated by the fuel-lean
HTC kernels. The appearance of edge flames in this case is suggested
to be due to relatively short distance between Z . and Z , which
is consistent with arguments made above for PRFO. The edge flames
terminate due to the collision with other edge flames, or due to merging
with the HTC front propagating from lean mixtures and consuming Z
in a more parallel way (as observed in PRF0). The edge flames are
trailed by a strong premixed flame propagating towards the fuel-rich
region, while the lean branch is gradually weakened due to a lack of
fuel.

Overall the behaviour in the 2D cases in terms of the locations
where the LTC and HTC ignitions occur and their subsequent progres-
sion is qualitatively consistent with expectations from the 0D homoge-
neous reactors. There are some notable differences, however, which are
examined in the following sections.

3.3. Flame structure in mixture fraction-time space

To facilitate a direct comparison of the results from the 2D cases
with homogeneous ignitions, and thereby understand the effects of
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molecular and turbulent mixing on the ignition process, we analyse in
this section the temporal evolution of the ignition process and flame
evolution in mixture-fraction-time (Z — r) space. Here we refer to Fig.
4 again, which shows the results from the 2D DNS, 1D nonpremixed
mixing layer and OD cases.

Going from the 0D case, in which there is no mixing, mixing rates
are increased in the § = 400 um case and further increased in the § =
100 pm case. This results in some important effects. For LTC, as mixing
is enhanced, the cool flame progresses faster towards rich mixtures and
becomes broader in mixture-fraction space. This is the case for all three
PRF blends, and in all cases the cool flame region in the 2D DNS are
most similar to the 1D-100 pm case.

For HTC, the enhanced mixing rate also increases the speed at
which the HTC fronts progress from the ignition point near Z,,,. towards
relatively leaner and richer mixtures. This can be clearly seen by
comparing the 0D cases to the 1D cases for PRF70 and PRF90. In
0D, there are two distinct local minimum of ignition delay, but these
are weakened in the 1D-400 um case and eliminated completely in
the 1D-100pm cases. This is a result of flame propagation from the
location of the earliest ignition kernel towards surrounding mixtures.
The essential difference between the PRF70 and PRF90 cases is that
the ignition occurs on the rich side in the PRF70 case and the flame
principally propagates towards lean mixtures to overtake the ignition
there while the opposite is true of the PRF90 case. Mixing also results
in the appearance of a diffusion flame near Z;, which is enhanced as
mixing rate is increased. As turbulent mixing is introduced, the 2D
result resemble quite closely the 1D—100pm in fuel-rich regions but
with temporally broadened averaged flame front in Z space. There are
more appreciable differences near Z, which is possibly due to edge
flames which propagate along the Z, isosurface rather than parallel to
it, as observed in Fig. 5.

The above analysis (Figs. 4 and 5) indicates that the ignition un-
dergoes three main processes, including the formation of ignition ker-
nels, their transition into propagating flames, and consumption of
stoichiometric isosurfaces. These processes are examined in detail as
follows.

3.4. Initial autoignition kernels

Previous DNS studies of diesel combustion [31,34] indicate that the
HTC ignition kernels are mainly initialised in mixtures richer than Z,,
and then develop into deflagrative HTC flames. This observation is next
investigated for GCI combustion. To allow for a rigorous and consistent
identification of the ignition kernels, we define an HTC or LTC kernel
by the first appearance of a region fully bounded by C = 0.85 or C = 0.1
isolines, respectively. Both HTC and LTC ignition kernels emerge in
the form of spatially isolated spots. Fig. 7 shows the distribution of
2D initial HTC and LTC ignition kernels in r — Z space, compared to
the homogeneous ignition delay times rg]%C(Z ) and 1(L)TDC(Z ). The most
remarkable observation is that most of the 2D ignition kernels can be
well predicted by the local minima in the OD ignition delay times. Some
outliers which ignite earlier than the OD prediction are observed in fuel-
rich regions. This rich-bias behaviour of the initial ignition kernels is
qualitatively consistent with previous studies of DME/air (2D, Da =
0.4) [34] and n-dodecane/air (3D, Da = 0.4) [31] mixing layers, and
can be explained by the cool flame progression. Comparing the curve
of LTC ignition delay in mixture fraction space of 1D laminar cases
(dashed lines in Fig. 7) to that of 0D cases (no diffusion) indicates that
the molecular diffusion enhances cool flame propagation. The passage
of the cool flame partially reacts the rich mixture and favours the
initiation and propagation of HTC combustion as shown by the 1D
results. The time interval between initial LTC and HTC ignition kernels
decreases as Z increases, as suggested by the OD and 1D predictions.

It is also found that the departure of the 2D ignition kernels from
Z,. is smaller than that observed in Refs. [31,34]. This difference
may be explained in terms of cool flame progression. Examination of

10
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the flame structure in mixture fraction space (Fig. 4) indicates that
increasing molecular and turbulent mixing enhances the propagation
of the cool flames, which partially oxidise the mixture and favour
the formation of HTC kernels. Comparing the speed of the cool flame
progress in Fig. 4 with that in Fig. 6 of Ref. [34] and Fig. 10 of
Ref. [31], it is noted that the progression of LTC to rich mixtures is
slower in the present work. This is believed to be a result of the weaker
turbulent mixing effects in the present cases compared to [34], in which
a similar 2D configuration was adopted but with a smaller mixing layer
(6 = 25pm) and higher initial ¥’ (= 4.9m/s), and to [31] in which
ignition occurs in 3D shear-driven turbulence, all of which factors lead
to strong actions of turbulent mixing.

For PRF70, fuel-lean ignition kernels agree well with the OD and
1D predictions. For PRF90, the 2D ignition kernels agree well with the
0D case and appear earlier than the 1D ignition. The delayed ignition
of 1D case can be explained by the increased y, which causes radical
and heat loss. The turbulent mixing might reduce the mixture-fraction
gradient and y in this region, and thus makes formation of ignition
kernels closer to OD cases compared to 1D cases.

3.5. Transition into deflagrative propagation

The results in Fig. 7 suggest by comparing 0/1/2D cases that
the reaction fronts transition from autoignition kernels to diffusively-
supported flames. To quantitatively support this observation, a trans-
port budget analysis is conducted for both HTC and LTC reaction fronts.
The transport budget analysis is performed by evaluating and compar-
ing the diffusion and reaction terms in Eq. (2) for C. By comparing the
relative magnitude of the diffusion and reaction terms, it is possible
to distinguish between autoignition and deflagration. Conventionally,
a balance of the diffusion and reaction terms has been widely used to
demonstrate the presence of a deflagrative flame (e.g., [27]). However,
at autoignitive conditions, it should be noted that not much diffusion is
needed to sustain a deflagrative flame in a highly reactive environment,
as suggested by Dalakoti et al. [38]. In this case, a preheat zone was
observed to always exist for deflagration.

Fig. 8 illustrates the trajectory over which the transport budget
terms are evaluated. The evaluations are performed by averaging the
reaction and diffusion budget terms (that have been normalised by the
instantaneous maximum values) along an ensemble of curves as shown
by the black lines in Fig. 8. These curves start from the reaction fronts
(C = 0.85), are locally orthogonal to C isosurfaces and extend towards
the direction ahead (+) and behind (-) the flame over a length of 0.8
flame thickness, 60 = 1/|VC|. Mathematically this procedure can be
expressed as

oS¢
X =%0) + / ‘ Tic(¥)ds (20)
0

C(%(0)) = 0.85 @D

where the trajectory X = (x,y) is a function of the curve coordinate
X(s) and is aligned with local normal of C isosurface, 7. Eq. (20) is
integrated using the forward Euler method with a constant step size
of As = Ax/2, where Ax is the mesh spacing. This choice ensures that
the ensemble used for transport budget evaluation adequately resolves
highly curved flame surfaces. Fig. 9 presents the transport analysis for
both HTC and LTC reaction fronts. The coordinate s is normalised by
the flame thickness 6. It is evident that the selected ensemble length of
+0.8 %6 sufficiently covers the reaction zone, as supported by both the
instantaneous HRR contours shown in Fig. 8 and the mean C profile in
Fig. 9. Furthermore, it is found in Fig. 9 that both LTC and HTC reaction
fronts are formed by local autoignition, i.e., reaction dominates over
diffusion, and then transition into flames featuring an increasing level
of reaction—diffusion balance. As the relative contribution of the diffu-
sion term develops into a relatively steady state (third column of Fig.
9(a) and Fig. 9(b)), a preheat zone, where the diffusion term is larger
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Fig. 8. Illustration for calculating the mean transport budget terms. The HRR contour
(left) and the corresponding C = 0.85 isolines in a truncated window are shown for
example (PRF70). Transport budget terms are gathered and averaged over an ensemble
of curved trajectories (black lines) which start at C = 0.85 and extend along the
direction normal to C isolines over a certain length. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

than that of reaction, is observed ahead of the flame. Moreover, the
reactants ahead of the diffusively-supported HTC flames are partially
reacted, due to either autoignition or the leading LTC flame for the rich
side. This can be seen from the C profile (dashed lines in the second
and third columns of Fig. 9(b)), which has a value larger than zero at
a distance of 0.8 flame thickness ahead of the flame.

Fig. 10 examines the effects of scalar dissipation rate y on the
above transition process for the PRF70 case. The results of PRFO and
PRF90 are qualitatively similar and are provided in the Supplementary
Material. The conditional averages are plotted for C, HRR, T, Ycyo,
and Yypr at different instants over the ignition process. The averages
are upon Z and three levels of y, namely low, moderate, and high.
The ranges of these three levels of y are defined by 0 < F,; < 0.4,
04 < F,, <08, and 0.8 < F, |, < 1.0, where F,; is the cumulative
distribution function of y conditioned upon Z, i.e., F,|z(alZ) = f(x <
a|Z = Z). The conditional means of y averaged upon each level are also
presented in the bottom rows for reference. At the beginning of ignition,
and for both LTC and HTC ignitions, increasing y broadens the local
peak of C, T, and HRR profiles while decreasing their local peak values.
This indicates that y inhibits LTC and HTC ignitions by diffusing heat
and radicals away from ignition sites to surrounding regions, similarly
to what has been previously observed for other fuels [21,31,34,37].
As the ignition develops, the effect of y is reversed: for both LTC and
HTC fronts, y enhances their transition into deflagrative flames and the
subsequent propagation in Z space.

respectively. (For interpretation of the references to colour in this figure legend, the reader is

The above analysis indicates the development from autoignition ker-
nels to deflagrative reaction fronts, for both LTC and HTC combustion.
This is consistent with the observation made for diesel combustion [31,
33,34]. It should be noted that the observed similarity is not obvious
considering the significantly different thermochemistry conditions in-
cluding the location of Z to Z, the distance between Z,,. and Z,
and the distribution of ignition delay time in Z space (e.g., the PRF70
case exhibits two comparable local minima of ignition delay instead
of one as in all previous works for diesel combustion). When coupled
with turbulence these factors will affect local gradients in ignition
delay: turbulence can decrease mean gradients (by mixing initially
sharp gradients), which favours a spontaneous ignition sequence, or in-
crease local gradients (through straining), which favours a deflagrative
sequence.

In the following we focus on the dynamics of HTC reaction fronts
due to their dominant contribution to the global HRR.

3.6. Flame displacement speed

For GCI combustion, it is desired to model the flame propagation
speed since it can significantly impact the fuel consumption rate and
the temporal evolution of in-cylinder HRR and pressure [66]. To that
end, we propose a simplified model for predicting the displacement
speed S for HTC flame and test the model performance against the
present DNS dataset.

Previous results, e.g., Figs. 9(b) and 10, indicate that the HTC flame
propagates in premixtures with different mixture fraction Z. Moreover,
the premixtures are highly autoignitive and thus S is expected to be
highly dependent on the normalised residence time * = t/rfgc(z ),
which affects the level of how the reactant is partially reacted when the
flame passed by. To account for the effects of both varying composition
and autoignition, S, is proposed to be a function of Z and ¢*, and
modelled by the following form

Sc(Z,7) = SEHZ)A(Z, ) (22)

In Eq. (22), Srcer is the reference laminar flame speed (or intrinsic
deflagration speed) of the premixture with composition Z, and A is
the acceleration factor. Both of these two parameters are calculated
according to the method introduced in Section 2.3. By Eq. (22), we
assume that the joint effect of the spatially varying composition and
autoignition on flame propagation speed can be decomposed and their
respective contribution be written in a product form.

Fig. 11 compares the 2D conditional mean of (S |Z) (first row) and
(Sc/A|Z) (second row) to the 1D referenced flame speeds, S'Cef(Z ).
The location Z,, and Z] are marked by vertical solid and dashed
lines, respectively. The conditional mean is performed on C = 0.85

11



. Li et al.

t" = 0.63 t* =1.00 t*=1.10

PRFO
"’i;i: 0 /"
= /,
;M = Reaction /
— Diffusion. /
71 7 P
t*=0.71 t* = 1.00
PRF70 1.00
i 0.75
o) |
g 0 e 0.50 ©
A
/ 0.25
st /
1 - -z 0.00
t* = 1.00 t*=1.10
PRF90 1100
- 0.75
a0
= 01 ; 0.50 ©
M ‘ 1 = 5
/ 1 —— Dos 0.25
Bl 1 ' !
= = - ——, 2 0.00
—0.5 0.0 0.5 —0.5 0.0 05 —-0.5 0.0 0.5
S/(S( 8/5(' 8/5('

(a) LTC front

Combustion and Flame 281 (2025) 114393

t* =1.00

PRFO +1.00
_ 0.75
&0
E . 0.50©
m i Reaction 0.25
[T==—Diffusion
1 - 0.00
PRF70 t' =1.00

11.00

Budget

t* =1.00

o)
=
=
©
S

/7

Budget

v

=05 0.0 05
8/5('

—0.5 0.0

(b) HTC front

0.5 =05 0.0 05

Fig. 9. Averaged reaction (magenta) and diffusion (blue) budget terms, and progress variable across (a) LTC and (b) HTC reaction fronts at different times. The budget terms have
been normalised by the maximum value for each case. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

isosurfaces, and only those with t* <= 0.99 are considered since current
modelling of A requires z* < 1.0, i.e., the residence time of the reactant
at the flame surface is shorter than 0D the ignition delay. In the present
case, the HTC fronts with 7* > 1.0 are mostly associated with initial
ignition kernels and those with 7* <= 0.99 account for a majority of
the total HTC fronts observed. In more complex scenarios, e.g., 3D
turbulence with stronger mixing, the ignition would be significantly
delayed compared to the OD cases (e.g., see [67]) and more flames with
7* > 1 are likely to be encountered. In this case, the actual ignition
delay may depend on mixing history and departs significantly from the
0D case.

The trend of (S¢|Z) and (S‘Ceflz )y are qualitatively similar, both
peaking near stoichiometry and decreasing towards zero in either very
lean or rich conditions. The magnitude of (S-|Z) is overall higher
than the 1D reference case. Moreover, there are high values of (S-|Z)
observed near Z,,. and Z/ , due to the initial ignition kernels of which
the reaction component of the displacement speed dominates over
the diffusion component, as shown by Fig. 9(b). When the effects of
autoignition is considered by correcting S with A, (S-/A|Z) agrees
well with Srcef(Z ) except for the very rich mixtures of PRFO and PRF70.
Such agreement supports that the displacement speed of HTC fronts
depend on both the mixture composition and autoignition, and Eq. (22)
is performant in modelling these effects.

To further examine the performance of the .S model implied by Eq.
(22), Fig. 12 plots the conditional means of several variables extracted
on C = 0.85 isosurfaces, doubly conditioned upon residence time ¢ and
Z. These variables can be roughly categorised into three groups, includ-
ing (i) the original and corrected displacement speeds, S and S./A;
(ii) the original and normalised residence times, t and 7* = ¢ /rg]%c and
the interpolated acceleration factor A, and (iii) flame curvature .
—V -7, heat release rate (HRR) and the alignment factor k = 7. -7,
between the C and Z isosurfaces.

The results show that the enhancement of S by autoignition de-
pends on both turbulent mixing and fuel chemistry (which determines
ohe(Z) given a thermochemistry condition). For all three PRF cases,
A has the highest value of about 3-4 near Z,, or Z! where initial
ignition kernels occur with * close to 1. The turbulent mixing affects
the timing of transition into deflagrative flames and their propaga-
tion in Z space, as shown by Fig. 10. As a result the HTC fronts
arrive at a given Z with different 7* and A, as can be seen from

12

the profiles of (t|Z), (z*|Z), and (A|Z). As a result, the flames un-
dergo different levels of enhancement due to autoignition. Also due
to the turbulent mixing, the flames progress into the very rich and
lean regions much faster than what OD cases predict. As a result z*
reduces away from 1 and the enhancement of autoignition is greatly
weakened. One interesting parameter is the mixture range Z € AZ =
[min(Zy, Zy, Z! ). max(Zy, Zyy, Z )], wherein the flame heat release
rate (HRR), propagation speed (S.) and enhancement of autoignition
(A) are all high. In this region, the development of the strongest flame
that exhibits the highest HRR and propagation speed, is significantly
affected by autoignition. The PRF70 case, which represents the typical
GCI condition, has the widest range of AZ = |Z/  — Z, | ~ 0.12. This is
due to its unique distribution of zJ5..(Z), which yields a low gradient
of rﬁ’%c over Z around Z and thus the residence time of the reactant
is likely to be comparable to the ignition delay as the flame passes by.
As a contrast, for PRF90 the enhancement of autoignition is confined
to AZ = |Zy — Z,,,| = 0.03 at the fuel lean side (though for PRF90 A is
also high around Z]  at the fuel rich side, the HRR and S are very low
there and thus the contribution of autoignition to the global ignition is
secondary).

For PRFO and PRF70, it is also noted that (S:|Z) increases in the
very rich mixture, e.g., Z > 0.2. There are possibly two reasons. First,
the high value of (Sc-|Z) is due to flame merging at the centre of the
double mixing layer. The flame around the merging point forms a cusp
shape with negative curvatures as supported by (k-|Z) profiles (see
animations in the Supplementary Material). Meanwhile the magnitude
of the gradient |VC| ahead of the flame decreases and leads to a high
Sc. The second possible reason is that the diffusively-supported LTC
reaction front progresses into richer Z much faster than TE,II?C. This can
be seen from Fig. 4. Since the dwell between TETD and rﬁ'%c decreases
at richer Z, the actual HTC ignition delay 7/ is also significantly
shortened compared to the 0D prediction rgl%c. As a result, the actual
normalised residence time ¢/ is higher than t/73> ., leading to a

HTC’
higher A as well as larger S.

Another interesting observation is that near Z, the magnitude of
alignment factor |k| reaches a lowest level near where HRR is high.
This may correspond to the edge-flame like structure observed before
and will be in studied in the next section.
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3.7. Consumption of Z; isosurface

It was noted earlier that the three PRF cases differ in the mechanism
of consumption of the Z isosurface. This aspect is further examined
here.

Following previous works [46], we define an edge flame front as the
intersection of the Z; isosurface and HTC (C = 0.85) front, as marked
by the round dot in Fig. 13. The unburned Z; isosurface is consumed as
the edge flame front propagates along Z,,. Different propagation modes
may exist, such as “edge-flame propagation”, which typically exhibits
a tribrachial structure (as observed for PRF70 and PRF90) with the C
and Z isosurfaces poorly aligned, or “parallel consumption” with Z
consumed by a HTC front that is mostly parallel to it. These two typical
modes are illustrated in Fig. 13. The propagation mode of an edge flame
front can be quantitatively characterised by its displacement speed,
S, which is defined [50] as the flame displacement speed projected
into the direction tangential to the Z; isosurface, and is given by
S, = (S¢ — kSz)/(1 — k?)!/2. Here k is the alignment factor defined
as the inner product between the unit vectors normal to the Z and C
surfaces, i.e., k = 7, - 7ic; Se and .S, denote the displacement speed
components contributed by the propagation of C and Z isosurfaces,
respectively.

Fig. 13 shows joint PDFs of k— y and S — y gathered at edge flame
fronts from all time instants. The conditional means, conditioned upon
the scalar dissipation rate y, are plotted in red dashed lines.

The alignment factor  is first discussed. For PRFO, high alignment
(k =~ 1) values are observed. These edge flame fronts form as fuel-rich
kernels, expand into propagating HTC fronts, and parallelly consume
Z,,. A few sample points are located near k ~ —1; these are due to HTC
fronts that traverse Z, and then consume it from the lean side in a
direction opposed to 7i,. For PRF70, a significant number of edge flame
fronts exhibit a low level of alignment (|k| < 0.6). This is consistent
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> Zne and Z! , respectively. (For interpretation of the references to colour in this

with Fig. 5 which shows that ignition kernels near Z lead to edge-
flame propagation along Z . Merging of flames originating from rich
and lean regions also leads to edge flame fronts with low alignment
between 7 and 7. For PRF90, k mostly distributes near —1, due to the
HTC fronts coming from the lean side. Some marginal samples locate
near k ~ —0.5, caused by the edge-flame propagation as observed in
Fig. 5.

Several features are observed for S — y correlation. First, the ob-
served S is in the order of 1-10 m/s, which is consistent with previous
reported edge flame speed near the flame base at diesel conditions [38].
Second, increasing y leads to higher S at regions with high |k| for
all three PRF cases. This can be explained by the positive |k| — x
correlation due to the compressive straining which tends to align scalar
gradients, as noted in early studies of passive scalar mixing by [68]
and also observed in DNS studies on turbulent premixed [69] and
nonpremixed [46] flames. As |k| — 1, the value of S is increased via
the coefficient 1/4/1 — k2. The high |k| value indicates the occurrence of
parallel consumption, which results from ignition kernels that initiate
at some distance to Z, expand and engulf Z, or from the scenario
wherein unburned and burned Z isosurfaces are brought together
by turbulence, similar the flame folding mechanism in [44]. Third,
although edge-flame propagation were observed for PRF70 and PRF90,
a negative Sy — y correlation that was previously observed in [38,43]
is not observed in the present cases. For PRF70, .S slightly decreases
with y in regions with low alignment (|k| < 0.5, y < 10!), suggesting
edge-flame propagation. The weak negative dependence of S on y
suggests that the edge flames are far from a quenching limit, similar to
the findings in [27]. For PRF90, S overall increases with y, indicating
that edge-flame propagation is less significant compared to parallel
consumption.

For modelling purposes, it is also valuable to differentiate between
the parallel consumption and edge-flame propagation modes. This task
is challenging based on the statistically averaged results like Fig. 13
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since different modes are mixed together. An alternative is to use the
alignment between the flame and Z; isosurface but the identification
may depend on the specific choice of threshold value for |k|. Here
we examine the contribution of different diffusion components to the
flame displacement speed. The rational is that, for parallel consump-
tion mode, the normal-to-Z diffusion is expected to prevail over the
tangential-to-Z diffusion in the vicinity of Z, similar to the assump-
tion adopted by the conventional nonpremixed flamelet concept [64].
While for the edge-flame mode, the propagation of the edge flame front
along Z should be dominantly driven by the tangential-to-Z diffusion.
To examine the relative importance of normal- and tangential-to-Z
diffusion, an algorithm is proposed to track each edge flame front
separately and the evolution of local diffusion components, Sé’ 4 and

Sg 4 are compared. More specifically, the evolution of each edge flame
front is labelled with a unique index and tracked from its inception,
i.e., when an HTC reaction front first intersects the Z isosurface, to
its termination when it merges with another edge flame front.

Fig. 14 shows the example of the edge flame fronts that appear
within a fixed window in the PRF70 case. As an example of the
evolution of the edge flame fronts, consider fronts #18 and #19. By 1* ~
1.05, these two fronts have formed after the HTC reaction front arrives
at the Z, isosurface. The portion of the Z isosurface encompassed
by the HTC reaction front is highlighted to demarcate the burned
(cyan line) and unburned (black line) regions. As the HTC reaction
front expands, the edge flame fronts #18 and #19 propagate into the
unburned premixture (r* ~ 1.05-1.07) along the Z; isosurface. The edge
flame front #19 terminates after merging with #39 (+* ~ 1.09), and #18
terminates after merging with #57 (+* ~ 1.11). Other interesting edge
flame fronts include #70 and #73, which form close to Z and exhibit
features of edge-flame mode. The samples of edge flame fronts shown
here are representative of the entire domain.
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Figs. 15 and 16 illustrate the changes of Sg, , and Sé, , as an edge
flame front transitions between the parallel consumption and edge-
flame propagation modes. Three examples, namely PRFO-#2, PRF70-#3
and PRF90-#38 are chosen from the three PRF cases to demonstrate the
generality. Fig. 15 shows the local fields of HRR and C that surround
the selected edge flame fronts. The view range is temporally adjusted to
locate the edge flame front at the centre of the image. Six time instants
(17%) are chosen to be evenly distributed over the period starting from
the formation (tS’*) to the termination (tg’*) of each edge flame front.
Thus the values of #™ differ for each flame. Fig. 16 plots the temporal
evolution of Sg, & Sé, ., and the alignment factor k extracted at each
edge flame front shown in Fig. 15. The time instants in Figs. 15 and 16
correspond and the two figures are discussed together.

The edge flame fronts PRFO-#2 and PRF70-#3 form as an HTC
reaction front intersects a Z isosurface. At 7;", the HTC reaction
front and Z; isosurface are highly aligned (¢ — 1), as shown by
the normal vectors of isosurfaces in C contours as well as the align-
ment factor k. The magnitude of normal diffusion |Sé, 4| is larger than
the tangential component |Sé’ 4|- During 10"~ both PRFO—#2 and
PRF70—#3 develop into a tribrachial edge-flame structure, with two
premixed branches and a diffusion branch merging at the leading triple
point. Meanwhile, |S£, 4| gradually increases and becomes larger than
|Sé, 4| after 17, The two edge flame fronts continue to propagate along
Z during 17*—Z" and |Sg’ 4| keeps larger than |Sé, 4| Both PRFO—#2
and PRF70—#3 merge with another front originating from the opposite
direction after tg* The PRF90-#38 edge flame front shows similar
progress compared to PRFO-#2 and PRF70-#3. It forms as an HTC front
arrives at Z; from the fuel-lean side with the two isosurfaces highly
aligned (r;") and then develops into a tribrachial edge-flame structure
(t‘i”*—t;’*). At around tg’*, the PRF90-#38 enters a region where the Z
isosurface is wrinkled into a corner shape, and one of the premixed
branches merges with the diffusion branch. Meanwhile k increases and
the magnitude of normal diffusion component |Sé, 4| is larger than the

normal |S£’ 4> featuring the parallel consumption mode. After ti’* the
edge flame front recovers to a triple branch structure with |Sg a >
|Sé, 4|- Based on these observations, the edge-flame propagation mode
is numerically identified as |Sg’ a > |Sé’ 4| and is marked by the grey
colour in Fig. 16. As expected, |S(Ji J and |S£, 4| are positively and
negatively correlated with |k|, respectively.

4. Conclusion

With a view to improving understanding of ignitions in GCI engines,
DNS of the igniting double mixing layers subject to 2D turbulence
were considered. Three cases with PRFO, PRF70 and PRF90 were
reported. The analysis focussed on structural comparisons in physi-
cal space and mixture-fraction space, the propagation dynamics and
displacement speed, supported by statistics of edge flame fronts to
understand the mode of consumption of the stoichiometric isocontours.
In the following we list the main findings.

« All three PRF blends exhibited two-stage ignition in rich mixtures
over a range of mixture fractions. In all cases cool flames were
observed that propagated via diffusive support towards the rich
side at a rate that exceeded expectations from homogeneous igni-
tion delays. The present study therefore provides further evidence
that diffusively supported propagating cool flames are a general
feature of nonpremixed ignitions in the 2-stage ignition regime.

HTC ignition proceeded first in rich mixtures for PRFO0, and first
in lean mixtures for PRF90. PRF70 exhibited an intermediate
behaviour with distinct HTC ignition kernels occurring in both
rich and lean mixtures, with the rich ignitions being dominant.
These behaviours agreed well with the prediction by homoge-
neous reactors. The process of HTC progression from ignition
kernels towards surrounding mixtures was also demonstrated to
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Fig. 14. Example of the edge flame fronts extracted from the PRF70 case. The intersections of HTC reaction fronts (C = 0.85, ) and Z,; isosurfaces (=====) correspond to
the locations of edge flame fronts, each of which is tracked by labelling with an unique index as shown in the text boxes. Line segments of Z isosurfaces within any enclosed
HTC isostructures are highlighted ( ) to mark the ignited portion. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

be diffusively supported in all three PRF cases as demonstrated by composition in the mixing layer, and (b) the residence time of
the diffusion-reaction transport budget analysis. The scalar dissi- the premixture that the HTC flame passed by. The autoignition
pation rate is found to inhibit the formation of ignition kernels enhances flame propagation by partially reacting the premixture,
while enhancing their transition into deflagration and subsequent particularly when the residence time of the reactant is comparable
propagation in mixture fraction space. to its ignition delay time. Such effect can be quantitatively mea-
» The displacement speed of the HTC front is highly dependent sured by a proposed acceleration factor, which can be obtained
on the (a) the intrinsic 1D deflagrative flame speed of the local from the ratio of 1D flame speeds with various residence times,
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respectively. The burned portion of Z = Z is marked by cyan colour. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

to the intrinsic deflagrative flame speed. Once corrected by the
acceleration factor, the conditional mean displacement speed of
the 2D turbulent flame, conditioned upon mixture fraction, agrees
well with the reference 1D flame speed. This displacement speed
peaks near stoichiometry which leads to a low level of alignment
between the HTC flame and the stoichiometric isosurface.

The mechanism of consumption of the stoichiometric surface
was examined considering displacement speed statistics. Two
main ignition modes of Z isosurfaces are found, namely (1)
a parallel consumption mode, which occurs as the expanding
HTC reaction fronts parallelly consume Z isosurfaces, wherein
normal-to-Z diffusion plays a dominant role, and (2) an edge-
flame mode, wherein the edge flame front is curved and exhibits
a tribrachial or multibrachial (due to autoignition) structure,
wherein the tangential-to-Z diffusion prevails over the normal-
to-Z diffusion. For all three PRF cases the statistical results show
the stoichiometric surface was consumed mainly by the parallel
consumption mode. For PRF70 and 90, discrete ignition kernels
near stoichiometry lead to edge-flame propagation, which played
a secondary role in consuming the stoichiometric surface.

Overall the results further point to the significant complexity of
ignition dynamics in compression ignition engines, and demonstrate
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that it is necessary to consider fuel chemistry in conjunction with
turbulent mixing in order to understand even qualitatively how an
ignition is likely to proceed. For practical GCI engine design, the
result also indicates the importance of autoignition and as a result,
the distribution of residence time should be considered as an important
design parameter due to its significant influence on the flame displace-
ment speed. The idealised 0D reactor simulations and 1D steady-state
flame solutions can be used to estimate the dominant propagation
dynamics, e.g., diffusively-supported, autoigniton-assisted or sequential
autoignition, by comparing the residence time of the reactant at the
flame surface and the corresponding ignition delay time.

Future research could consider the following lines. First, for the
current 2D configuration, the effects of mixing layer thickness could be
evaluated. Second, a 3D jet case with spatially varying residence time,
in contrast to the uniform residence time in the present case, could be
carried out, which would allow to study the effects of residence and
ignition delay time gradients, as well as mixing history on the flame
propagation speed.
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