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Abstract

The impact of chemical reactions at low-temperature (i.e., low-temperature chemistry, LTC) and LTC-
induced cool flames on autoignition and premixed flame propagation has been investigated extensively. How-
ever, much less analysis is made to explore the role of LTC in forced ignition of non-premixed fuel/oxidizer
systems. The objective of this work is to assess and interpret the effects of LTC on ignition kernel development
and subsequent flame transition in a quiescent DME-air mixing layer. A series of two-dimensional simula-
tions are conducted for forced ignition by a hot spot. It is found that under elevated initial temperatures and
pressures, a cool flame or a warm flame can be directly ignited depending on the hot spot temperature T,.
When T, is relatively low, a three-staged ignition process is observed where the cool, warm and hot flames are
initiated sequentially. A novel penta-brachial flame structure is identified consisting of a trailing warm flame
and a trailing cool flame attached to the hot triple flame. A parametric study is conducted to examine the
effects of mixture layer thickness and hot spot size and location on ignition kernel development. It is found
that the mixture layer thickness has little influence on the cool flame initiation but it substantially affects the
subsequent warm flame or hot flame initiation. It is demonstrated that the mixture fraction range covered
by the hot spot has a strong impact on subsequent flame initiation. Moreover, different ignition modes (e.g.,
ignition failure, only hot flame initiation and only cool flame initiation) can be achieved via changing the hot
spot configuration. Furthermore, the analysis of cool flame displacement speed indicates that the cool flame
initiated by the hot spot is a self-sustained partially premixed flame. Its density-weighted displacement speed
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changes linearly with flame stretch. These results provide useful insights into how LTC affects non-premixed

ignition.

© 2022 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

For large hydrocarbon fuels, chemical reactions
at low-temperature (i.e., low-temperature chem-
istry, LTC) and LTC-induced cool flames have
great impact on ignition control in high-efficiency,
low-emission engines, such as homogeneous charge
compression ignition (HCCI) engines, spark assis-
tant compression ignition (SACI) engines and gas
turbines [1]. Besides, cool flame properties can serve
as important targets to validate the LTC in kinetic
models. In this context, considerable effort has been
devoted to understanding the effects of LTC on ig-
nition and flame propagation under autoignition
conditions where a cold fuel mixes with a hot ox-
idizer [2-6].

However, there are only a few studies investigat-
ing the role of LTC in forced ignition of premixed
or non-premixed flames. It was found that a cool
flame can be directly initiated in a dimethyl ether
(DME)/air mixture by a hot spot [7] or a hot par-
ticle [8] at a proper temperature that only triggers
LTC. These studies showed that the premixed cool
flame can substantially accelerate the subsequent
hot flame initiation and propagation, leading to
a double-flame structure with coexisting premixed
cool and hot flames. Yang and Zhao [9] found that
at elevated temperatures, the minimum ignition en-
ergy (MIE) for premixed cool flames is much lower
than that for hot flames. These studies [7-9] consid-
ered premixed reactants and clearly demonstrated
that LTC has a large impact on forced ignition of
premixed flames. However, the effects of LTC on
forced ignition of non-premixed mixtures receive
little attention and are still not well understood.
This motivates the current work.

The forced ignition of non-premixed
fuel/oxidizer systems is a fundamental research
topic and has broad applications [10]. Due to
the inhomogeneity in mixture composition, the
ignition outcome is very sensitive to the position
of the spark/hot spot [11-15]. Successful igni-
tion in a mixing layer between fuel and oxidizer
can generate triple flames propagating along the
stoichiometric mixture fraction surface [16]. The
dynamics of triple flames is closely related to
the stabilization of turbulent diffusion flames
and thereby has received considerable attention.
Im and Chen [17] numerically investigated the
transient evolution of a hydrogen triple flame
and its interaction with a vortex. Owston and

Abraham [18,19] assessed the effects of ignition
position and mixing layer thickness on the initia-
tion of hydrogen triple flames. The above studies
mainly focused on the initiation of triple flames
while the minimum ignition energy (MIE) was
not investigated. Pearce and Daou [20] quantified
the MIE for triple flame ignition in a quiescent
mixing layer. More recently, Xie et al. [21] assessed
the effects of strain rate and Lewis number on
the ignition kernel development and MIE for
forced ignition of laminar counterflow diffusion
flames. In all studies mentioned above [10-21],
either one-step chemical reactions or simple fuels
such as hydrogen and methane were considered;
only few studies considered large hydrocarbon
fuels, e.g. propane [22] and n-heptane [23]. To our
knowledge, currently there is no study on how
LTC and cool flames affect the forced ignition of
non-premixed mixtures.

Based on the above-mentioned considerations,
the objective of this study is to investigate how LTC
influences the forced ignition in a mixing layer be-
tween dimethyl ether (DME) and air. Specifically,
the following three questions shall be answered: (1)
what are the conditions under which a cool flame
can be directly ignited in a mixing layer? (2) how is
the cool flame transformed into the canonical hot
flame? and (3) what are the cool flame characteris-
tics? To answers these questions, we conduct a series
of two-dimensional simulations for forced ignition
in a quiescent DME-air mixing layer. This idealized
configuration without complicated flow conditions
(e.g., turbulence) is employed in order to isolate and
quantify the impact of LTC. DME is considered in
this work since it is a promising alternative fuel and
has well-established, compact kinetic mechanism.

2. Model and numerical methods

Two-dimensional simulations are conducted for
the transient ignition processes occurring in a qui-
escent DME-air mixing layer. The configuration is
axisymmetric and thereby is studied in a cylindrical
coordinate system as shown in Fig. 1.

Figure 1 shows that the mixing layer is horizon-
tally centered at z=0 mm, with pure DME and air
on the top and bottom sides, respectively. The ini-
tial distribution of mixture fraction Z is given by:

Z =1 —erf(4z/8)]/2, Q)
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where erf is the error function and § character-
izes the mixing layer thickness. The distribution of
species mass fraction Y; along the z direction is
given as:

)]k:Z*Y/c,F"'(l _Z)* IIr’\’,Ov (2)

where Y r and Y o are the mass fractions of kth
species on the DME and air sides. Note that ¥, =
0 for all other species except DME, O, and N,.The
gas in the domain is initially quiescent at tempera-
ture, Ty, and pressure, Py, to be specified later.

A spherical hot spot with the radius of r;, and
temperature of T, is placed on the symmetry axis.
Previous studies showed that cool flame initiation
relies on the hot spot temperature [7,8] or en-
ergy [9]. Therefore, the hot spot temperature, 7,
is varied ranging from 800 K to 3200 K in or-
der to identify multiple ignition modes. The mix-
ing layer thickness, =2 mm, and hot spot radius,
rix=0.5 mm, are used as a baseline case unless oth-
erwise specified.

The transient ignition process is simulated us-
ing the in-house solver developed based on Open-
FOAM [24,25]. Tt solves the compressible balance
equations for multi-component reactive flows using
the finite volume method. The mixture-averaged
transport model is adopted. The oxidation of DME
is modeled by a skeletal mechanism [26] which
includes both LTC and high-temperature chem-
istry (HTC). This mechanism was validated and
widely used in previous studies [7-9]. The LTC for
DME was discussed in details in previous studies
[1,8]. The reaction rates, diffusion coefficients and
thermo-physical properties are calculated by Can-
tera [27]. Detailed descriptions of the governing
equations and numerical methods can be found in
[25]. The computational domain, which is a wedge
with 1 ° opening angle, and boundary conditions
are depicted in Fig. 1. A uniform mesh with the cell
size of Ar = Az=33 pm is used and grid conver-
gence is ensured (see section S1 in Supplementary
Material). Buoyancy is not considered because the
focus lies on identifying the effect of LTC.

Fig. 2. Temporal evolution of maximum temperature
Thmax for different hot spot temperatures, Tj,: (a)
To=300 K, Py=1 atm and (b) Tp=450 K, Py=>5 atm. The
dashed line represents the results when the LTC is ex-
cluded.

3. Results and discussions
3.1. Cool flame ignition in a mixing layer

We first study the conditions under which a cool
flame can be directly ignited. Different initial tem-
peratures and pressures, 7o and Py, and different
hot spot temperatures, T, are tried to ignite cool,
warm and hot flames. The typical results are shown
in Fig. 2, which plots the temporal evolution of
maximum temperature within the whole domain,
Thax- At normal temperature and pressure (NTP)
with Ty = 300 K and P, = 1 atm, a hot flame can
be successfully ignited for 7;, = 2000 K, while igni-
tion fails for Tj, < 1800 K. Therefore, there exists
a critical hot spot temperature, T, between 1800 K
and 2000 K, above which successful ignition can be
achieved. This is similar to the concept of MIE for
non-premixed ignition studied in [20,21] where the
LTC is not considered. Moreover, Fig. 2a demon-
strates that cool flame cannot be initiated under
NTP.

However, at elevated temperature and pressure
of Ty = 450 K and Py = 5 atm, different types of
flames can be ignitied by changing Tj,, as shown in
Fig. 2b. For T;, = 1400 K, a hot flame is initiated
directly. For T;; = 1200 K, the ignition kernel can-
not develop into a hot flame, but finally maintains
a temperature of 1300-1400 K, indicating the for-
mation of a warm flame characterized by the inter-
mediate flame temperature around 1400 K (details
on warm flames can be found in [1]). For lower hot
spot temperature of T;, = 1000 K or 800 K, a warm
flame cannot be ignited, while a cool flame is suc-
cessfully initiated and Tj,.x reaches a steady value at
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Fig. 3. Temporal evolution of (a) Tax and HRR,x and
(b) S, max and Z ¢, may for T;,=800 K, Tp=450 K and Py=5
atm.

around 900 K. When the LTC is excluded from the
kinetic model, ignition fails for T}, = 800 K (see the
dashed line in Fig. 2b). This further demonstrates
that the cool flame with T, being around 900 K
is caused by LTC.

The above results suggest that under elevated
temperature and pressure conditions, a cool flame
or a warm flame can be directly initiated in the
DME-air mixing layer when the hot spot tempera-
ture is within a certain range. Note that we also use
an energy source term to model the “hot spot” and
similar results are obtained (see section S2 in Sup-
plementary Material). The flame structures will be
further examined in the following subsections.

3.2. Transition among cool, warm and hot flames

After the LTC-controlled cool flame is ignited,
HTC takes place in the burnt gas of the cool flame
and eventually a hot flame is ignited. The transition
process from a cool flame to a hot flame is investi-
gated in this subsection. Figure 3a shows the evolu-
tion of the maximum temperature, Tp.x, and max-
imum heat release rate, HRR,,.x, during the tran-
sient ignition process for T}, = 800 K, Tp = 450 K
and Py = 5 atm. A three-staged ignition process is
clearly observed, which is identified by three peaks
of HRR,,,x as well as three sharp increments in
Thax (see dashed lines in Fig. 3a). Figure 4 plots the
contours of HRR, temperature and mass fractions
of CH3;0CH,0; (RO,) and CH,O at =20 ms.
The cool flame front is represented by the iso-
line of T'=750 K, which is seen to fall within the
high HRR and Ygo, regions (see black dashed
lines in Fig. 4a and c). These results demonstrate
that the cool flame features small HRR, low flame
temperature, RO, radical pool and accumulation
of CH,O. This is consistent with previous stud-
ies [1,7]. Moreover, it is observed that the cool flame
shows a quasi-ellipsoid shape without a diffusion

The black dashed lines are the iso-lines of 77=750 K.
These dashed lines are also plotted in the following con-
tour plots.

flame branch and is located fully above the stoichio-
metric plane (Z;=0.1, denoted by the white dash-
dotted line in Fig. 4), which is intrinsically different
from the canonical hot triple flame. In addition, the
HRR in the flame tip is much higher than that in the
two wings, indicating the cool flame mainly propa-
gates in the horizontal direction through the mixing
layer.

To quantify the cool flame propagation, the
analysis on displacement speed S; based on tem-
perature field is applied. Equation (3) is the conser-
vation equation for temperature:
pcp%=w;+%i+v-(wn ;
—(p P CMY,{V,{) VT, 3)
where p is density, C, the heat capacity of the mix-
ture at constant pressure, p the pressure, /. the heat
release rate, A the thermal conductivity, C,; heat
capacity of the species k at constant pressure, Y the

mass fraction of species k, I_//)( the diffusion speed of
species k and N the number of species. D represents
the material derivative. Note that the stress tensor
term is not shown here.

From the LHS of Eq. (3), S; determined on the
iso-line of T=750 K is defined as:

I DT 1 8T - VT

= ———= — - —_ 4
NTI D vT ot YT @

d

where u is the flow velocity. Figure 3b shows the
temporal evolutions of S; and Z at the location
of maximum Sy, i.e. Symax and Zy max. It is seen
that similar to Tiax and HRR pax, Sy max and Zy max
also exhibit a three-staged evolution. In the cool
flame stage (2< ¢t <28 ms), both Sy max and Zs max
reach a quasi-steady state after a short duration.
The cool flame sustainably propagates at a very
low speed along the iso-contours of Z=0.3 (de-
noted by the white dashed line in all contours).
Note that Z=0.3 is approximately the most reac-
tive mixture fraction where the first-stage ignition
delay time is the shortest for DME-air mixtures at
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To=800 K and Py=5 atm. Once the warm flame is
initiated at 28< ¢ <30 ms, Sy max jumps to a higher
value while an opposite trend is observed for Z /, ax.
Figure 3b shows that the warm flame evolves into
a hot flame in a very short time, and that Sy nax
further increases and finally reaches a large value
around of 0.7 m/s. Meanwhile, Z; ,.x decreases to
the stoichiometric mixture fraction (i.e., Z,;=0.1)
as expected.

To understand the evolution of the warm flame,
the contours of HRR, 7" and mass fractions of
H,0, during the warm flame initiation are plot-
ted in Fig. 5. At =28 ms, a local peak of HRR
is first initiated at the center of the burned prod-
ucts of the cool flame, where the maximum 7" and
Yn,0, appear. Large amount of H,0, is prefer-
ably formed by intermediate-temperature chemi-
cal reactions (ITC) [1] and thus contributes to the
generation of warm flame. Figure 5b shows that
at t=30 ms, a quasi-spherical warm flame is fully
initiated and it propagates outwardly, leading to
a double-flame structure of both cool and warm
flames. During this process, the accumulated H,O,
is consumed by the warm flame (see Fig. 5f) and
the burnt gas temperature is increased to 1400 K
(see Fig. 5d).

The warm flame has very short duration and
it quickly evolves into a hot flame. This process is
shown in Fig. 6. At t=30.4 ms, the lower branch of
warm flame first reaches the stoichiometric plane,
which is favored by HTC. Therefore, a hot flame
is ignited immediately at the intersection between
the warm flame front and the stoichiometric plane,
and then a typical triple flame structure is formed at
t=30.8 ms. A large amount of CO; is produced by
the hot diffusion flame branch. The whole hot triple
flame propagates along the stoichiometric plane

33 ms

t=30.4ms 30.8 ms

Or [mm]30r [mm]30 7 [mm)] 6
Fig. 6. Contours of HRR, T and mass fraction of CO,
during hot flame initiation and propagation.

(Z,,=0.1, the dash-dotted lines in Fig. 6) at a much
faster speed than the warm and cool flames. Finally,
the rich premixed hot flame branch catches up and
merges with the leading warm and cool flames.
However, due to the wider flammability of cool and
warm flames, they are only partially engulfed by
the rich premixed hot flame branch, resulting in a
trailing warm flame and a trailing cool flame at-
tached to the rich premixed hot flame branch in
the very rich region at =33 ms. To the best of
our knowledge, such penta-brachial flame structure
is observed for the first time. Note that the warm
flame branch is smoothly connected with the rich
premixed hot flame branch. In addition, as shown
in Fig. 7, the trailing warm and cool flames can still
be observed even for T;,=1400 K (see Fig. 7a), at
which the hot flame is directly ignited (see Fig. 2b).
In contrast, when LTC is not included, the top trail-
ing cool flame branch disappears (see Fig. 7b). This
indicates that the penta-brachial flame structure is
an essential characteristic induced by LTC and ITC
and is independent of the properties of the hot
spot. On the other hand, it can be seen from our
simulations (e.g., Fig. 3) that once the penta-branch
flame structure is fully developed, the flame propa-
gates without any noticeable change in flame speed
or flame morphology, indicating that this penta-
branch flame has reached a quasi-steady state.

The above results indicate that after the cool
flame is ignited, the warm and hot flames can be
subsequently triggered by ITC and HTC, respec-
tively. Due to the difference in their propagation
speeds, transition among these flames is observed.
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Fig. 8. The temporal evolution of Ty« for different § at
T;¢=800 K, Tp=450 K and Py=5 atm. The result for 0D
homogeneous ignition with ¢=3.82 is also shown.

3.3. Parametric study on ignition process

A parametric study is conducted here to exam-
ine whether the above results are sensitive to the
mixing layer thickness &, hot spot radius r;, and
its location. These parameters are of practical rel-
evance and were shown to affect non-premixed ig-
nition [11,13,18].

The effects of § on the ignition process are
shown in Fig. 8, which compares the results for
three mixing layer thicknesses of §=1, 2 and 4 mm.
Here we fix T;,;=800 K since we are interested in
the response of the three-staged ignition process
to mixing layer thickness. A thinner mixing layer
leads to a larger scalar dissipation rate and thus is
expected to prohibit the ignition process. However,
Fig. 8 shows that the cool flame ignition is not af-
fected by 8, and that only the subsequent warm and
hot flame ignition is longer delayed by decreasing
8. This is because the cool flame is directly ignited
by the hot spot in a very short time and thereby
it is not sensitive to the dissipation rate. As shown

Fig. 9. Temporal evolution of Tpax for different hot
spot temperatures, Tj,, and fixed rjg=0.25 mm, §=2 mm,
Ty=450 K and Py=5 atm.

in the enlarged insert in Fig. 8, the Tp.. histories
for cool flames ignited in mixing layers with dif-
ferent § agree well with that from the 0D homo-
geneous ignition with ¢=3.82 (i.e., Z=0.3). This
further indicates that the cool flame ignition in the
mixing layer is analogous to the ignition in the ho-
mogeneous system. In contrast, the warm flame is
initiated through the auto-ignition of the products
of the cool flame after a relatively long period of
time (>20 ms). Consequently, the accumulation of
heat and radicals for ITC is greatly influenced by
the dissipation rate. Nevertheless, Fig. 8 shows that
the duration between warm flame ignition and hot
flame ignition is not sensitive to §. This is because
this duration is mainly determined by the propa-
gation of the warm flame and the time it takes to
reach the stoichiometric plane.

To assess the effects of hot spot radius (also
termed as spark gap distance in [13,18]), the default
value r,;=0.5 mm is halved to r,;=0.25 mm here.
The resulting temporal evolutions of 7y, are plot-
ted in Fig. 9 for different T,. It is found that no hot
flame can be directly initiated even at 7;,=2800 K.
Instead, there exists a critical hot spot temperature
T. between 1600 K and 1700 K for cool flame ig-
nition. When T, > T, a cool flame is ignited and
subsequently warm and hot flames are developed
after a period of time as shown in the insert in
Fig. 9. This phenomenon can be explained through
the mixture fraction region covered by the hot spot.
In the previous simulations where r;,;=0.5 mm is
used, the hot spot spans over a wide range in mix-
ture fraction space with 0.08< Z <0.92 which cov-
ers both the most reactive mixture fraction (Z=0.3)
and the stoichiometric mixture fraction (Z,=0.1),
and thus a hot or a cool flame can be directly ignited
depending on T}, as shown in Fig. 2b. However, for
7:z=0.25 mm, the mixture fraction range covered by
the hot spotis 0.24< Z <0.76 which only covers the
most reactive mixture fraction but not the stoichio-
metric mixture fraction. Consequently, only a cool
flame is directly ignited.

The above results indicate that the mixture frac-
tion range covered by the hot spot has a strong
impact on subsequent flame initiation. The mix-
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0.5 mm above (a) and below (b) the central horizontal line.

ture fraction range within the hot spot can also be
changed by changing the hot spot position. The re-
sults for different hot spot positions are shown in
Fig. 10. Figure 10a shows that placing the hot spot
0.5 mm above the central horizontal line covering
neither the Z=0.3 plane nor Z,=0.1 plane, T;,,x de-
creases with time in all cases and no flame can be
ignited. In contrast, Fig. 10b shows that placing the
hot spot 0.5 mm below the central horizontal line
covering the Z;,=0.1 plane, only the hot flame can
be ignited.

Therefore, different ignition modes (e.g., no
flame initiation, only hot flame initiation and only
cool flame initiation) can be achieved via changing
the temperature, size and position of the hot spot.
The hot spot configuration has a significant impact
on forced ignition in non-premixed reactants. In
this context, it is expected that in turbulent flows
different ignition modes could be augmented when
LTC is considered.

3.4. Cool flame dynamics in the mixing layer

Figure 3 indicates the duration of the cool flame
for more than 20 ms before it is merged by the warm
flame. Besides, the cool flame has reached a quasi-
steady state as it propagates along the Z=0.3 iso-
line with quasi-constant 7j,,,x and Sy max. Therefore,
we can study the propagation properties of cool
flames in the mixing layer.

The propagation mode of the cool flame can be
identified by comparing the contributions of the re-
action term and diffusion term in the energy bal-
ance equation. To this end, the displacement speed,
S4, 1s decomposed into two components, S, .. and

nents and (b) [Sy gis,»| and |Sy 4if,/| as well as their ratio
[Sa.dif,|/1Sa.aif.n| In Z space for t=20 ms, T;;=800 K,
Ty=450 K and Py=5 atm. The dashed line denotes the
position where the flame curvature is maximum.

Sa.air» Which correspond to the contributions of
chemical reactions and thermal diffusion, respec-
tively. From the RHS of Eq. (3), S4 e and Sy i
can be extracted as:
(b/

T

S, [ o ——— 5

e = o )
V.-(AVT)

Spdif = ——, 6

daif = 0 VT (6)

The propagation mode can be characterized by the
ratio between Sy .. and Sy 4is. It is a self-sustained
deflagration wave (diffusion-driven) if Sy 4 is in
the same order of magnitude as Sy, while it is
a spontaneous ignition front (reaction driven) if
Sy rec 18 dominant over Sy 4 [4]. Figure 11a plots
the distributions of Sy .. and Sy 4y as well as Sy
along the cool flame front as a function of mixture
fraction at the same time and conditions as those
in Fig. 4. It is seen that Sy 4ir is opposite in sign
but comparable in magnitude with Sy .., indicat-
ing that the cool flame observed in Fig. 4 is a self-
sustained flame front that is driven by the balance
between ignition and diffusion processes.

On the other hand, from the point view of flame
modeling, it is of interest to quantitatively compare
the contributions of normal diffusion and tangen-
tial diffusion to the total diffusion term [28]. For
this purpose, Sy qis is further decomposed into two
components as Sy, qir= Sa.dif,n + Sa.ais,: as follows:

ii-V(.ii-VT)

Sy gir, = , 7

d.dif.n pC,,lVT| ( )
Ak

St dift = — 5 8

1,dif 1 oG, 3

where « =V .7 is flame curvature and

n=-VT/|VT| is unit vector of a tempera-

ture iso-surface. Equations (7) and (8) correspond
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Fig. 12. The correlation of S} with K for different mixing
layer thickness, 8. T;,=800 K, Tp=450 K and Py=5 atm.
The symbols denote simulation results. The dashed lines
stand for linear fitting.

to the contributions from normal diffusion and
tangential diffusion, respectively. Figure 11b plots
the distributions of the absolute values of Sy 4isx
and Sy 4is, as well as the ratio between Sy ;7 to
S4.4ir,n in mixture fraction space. In general, Sy 47,/
is smaller than Sy 4y, and thus the ratio is less
than 1. Nevertheless, the tangential diffusion could
play a significant role, as the ratio has a minimum
of 0.3 at two flame wings and has a maximum
of 0.8 at flame tip where the flame curvature is
maximum. Overall, Fig. 11 demonstrates that the
cool flame ignited by the hot spot in the mixing
layer is a self-sustained partially premixed flame
and the 1D premixed or non-premixed flamelet
model probably is not sufficient to characterize the
multi-regime cool flame structure observed here.
Furthermore, the dependence of the cool flame
propagation speed on flame stretch K is shown in
Fig. 12. Here the flame stretch K is computed as
K =V, -i; + Syx where V, represents the gradient
along the tangential direction. Note that we use the
density weighted displacement speed, S = Sy max *
p/pu, Where p is the local density at the location
where S, max 1s evaluated and p, is the unburnt gas
density of the DME-air mixture at ¢$=3.82 (i.e.,
Z=0.3). Since the cool flame observed in this study
propagates mainly along the Z=0.3 surface in all
cases (see section S3 in Supplementary Material),
the same value of ¢=3.82 is used to compute p,
in all cases. Interestingly, a very good linear rela-
tionship between S% and K is observed, which is
consistent with previous studies for premixed cool
flames [9] and for conventional triple flames [16].
Therefore, the unstretched density weighted dis-
placement speed S, can be obtained from the lin-
ear extrapolation, in which the lower limit stretch
rate corresponds to the instant that is about 1 ms
before the occurrence of warm flame while the up-
per limit stretch rate was chosen so that the data
as much as possible was used. Specifically, the up-
per limits with K=170, 160 and 140 s~! were used
for =1, 2 and 4 mm in Fig. 12. Overall, these lin-

0 100 200 300

Fig. 13. Change of S} with K at (a) different pressures
Py but fixed Tp=450 K and (b) different initial tempera-
tures Tp but fixed Py=5 atm for T;3=800 K, rj=0.5 mm,
8=2 mm. The symbols denote simulation results. The
dashed lines stand for linear fitting.

ear fittings have very good performance with cor-
relation coefficients higher than 0.99. Besides, it is
found that the impact of mixing layer thickness on
the cool flame speed is marginal and we have S | ~
0.05 m/s for all §. This is also consistent with the re-
sults for hydrogen triple flames reported in [19].
Finally, the influence of initial temperature 7;
and pressure Py on the S — K curve is shown in
Fig. 13. It is seen that the linear relationship be-
tween S’ and K is maintained for all cases, imply-
ing that the linear relationship is an intrinsic char-
acteristic for cool flames propagating in the mixing
layer. Moreover, it is found that P, has a significant
impact on the Markstein length (i.e., the slope of
S% — K curve), whereas it has a negligible influence
on §% . As for Tp, it exerts a considerable influence
on both the Markstein length and S} ;: a higher
Ty leads to a lower Markstein length and a larger
8% o- Therefore, the cool flame speed increases with
the initial temperature but is insensitive to pressure
change. Similar trend was also reported in [7].

4. Conclusions

In this study, a series of two-dimensional simu-
lations for forced ignition in a quiescent DME-air
mixing layer are conducted. The emphasis is placed
on assessing the effects of LTC on the evolution of
the ignition kernel in non-premixed mixtures.

The results show that under elevated tempera-
tures and pressures, a cool flame or a warm flame
can be directly ignited depending on the hot spot
temperature. When a relatively low hot spot tem-
perature is applied, a three-staged ignition process
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is observed where the cool, warm and hot flames
are initiated sequentially, leading to a trailing warm
flame and a trailing cool flame attached to a hot
triple flame in the very rich region. To the best of
our knowledge, this penta-brachial flame structure
has not been reported in the literature. Moreover,
it is found that the formation of the penta-brachial
flame structure is attributed to the LTC and ITC.

Furthermore, a parametric study is performed
to understand the impact of the mixing layer thick-
ness § and hot spot configuration (i.e., size and po-
sition) on ignition kernel development. It is found
that, while the cool flame ignition is not sensitive
to the change in 8, the subsequent warm flame
or hot flame initiation can be significantly delayed
by decreasing § due to increased dissipation rate.
Moreover, it is demonstrated that the mixture frac-
tion range covered by the hot spot has a great im-
pact on subsequently flame initiation. Different ig-
nition modes (e.g., no flame initiation, only hot
flame initiation and only cool flame initiation) can
be achieved via changing the temperature, size and
position of the hot spot.

The characteristics of cool flame propagation
are also investigated. The cool flame in the mix-
ing layer is found to be a self-sustained partially
premixed flame. Its density-weighted displacement
speed changes linearly with flame stretch. The un-
stretched cool flame speed increases with the initial
temperature but is not sensitive to pressure change.
The Markstein length of cool flame strongly de-
pends on both the initial temperature and pressure.

The present results open up the possibility of
employing local low-temperature hot spots to fa-
cilitate ignition. This work is a first step towards
a better understanding of how LTC affects non-
premixed ignition and thereby a simple static mix-
ing layer is considered. In future works, it would
be interesting to consider complex flow configura-
tions.
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