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Abstract

Fuel-stratified combustion has broad application due to its promising advantages in extension of lean
flammability limit, improvement of flame stabilization, enhancement of lean combustion, etc. In the litera-
ture, there are many studies on flame propagation in fuel-stratified mixtures. However, there is little attention
on ignition in fuel-stratified mixtures. In this study, one-dimensional numerical simulation is conducted to
investigate the ignition and spherical flame kernel propagation in fuel-stratified n-decane/air mixtures. The
emphasis is placed on assessing the effects of fuel stratification on the ignition kernel propagation and criti-
cal ignition condition. First, ignition and flame kernel propagation in homogeneous n-decane/air mixture are
studied and different flame regimes are identified. The minimum ignition energy (MIE) of the homogeneous
n-decane/air mixture is obtained and it is found to be very sensitive to the equivalence ratio under fuel-lean
conditions. Then, ignition and flame kernel propagation in fuel-stratified n-decane/air mixture are investi-
gated. The inner equivalence ratio and stratification radius are found to have great impact on ignition kernel
propagation. The MIEs at different fuel-stratification conditions are calculated. The results indicate that for
fuel-lean n-decane/air mixture, fuel stratification can greatly promote ignition and reduce the MIE. Six dis-
tinct flame regimes are observed for successful ignition in fuel-stratified mixture. It is shown that the ignition
kernel propagation can be induced by not only the ignition energy deposition but also the fuel-stratification.
Moreover, it is found that to achieve effective ignition enhancement though fuel stratification, one needs
properly choose the values of stratification radius and inner equivalence ratio.
© 2018 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

Fuel-stratified combustion occurs in many prac-

. tical combustion facilities such as internal com-
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mixing of the reactants cannot be achieved and
non-uniform spatial distribution of equivalence ra-
tio always exists. Compared to homogeneous pre-
mixed combustion, fuel-stratified combustion has
several advantages. For examples, fuel-stratified
combustion can improve flame stability and en-
hance combustion under very fuel lean condi-
tions [1]; fuel stratification in direct-injection spark-
ignition (DISI) engines helps to extend the lean
limit of engine operation [2]; and fuel stratifica-
tion can be used to control combustion phasing in
HCCI engines [3] and to prevent knocking in DISI
engines [4]. Despite its wide application, fundamen-
tal understanding of stratified combustion is still
incomplete compared to homogeneous premixed
combustion.

In the literature, there are many studies on
premixed flame propagation in fuel-stratified mix-
tures (e.g., [5-13]). For examples, Ra [5] mea-
sured and simulated spherical flame propagation
in a rich-to-lean stratified methane/air mixture and
found that stratified flame has a memory of pre-
vious flame history. Da Cruz et al. [6] demon-
strated the memory effects of stratified combus-
tion. Kang and Kyritsis [7] designed a burner
to study flame propagation speed in composi-
tionally stratified methane/air mixture. They ob-
served that flame speed increase in the vicinity
of the flammability limits and for high equiva-
lence ratio gradients. They [8] also conducted the-
oretical analysis on this observation. Zhou and
Hochgreb [9] found that stratification has stronger
influence on counterflow flame behavior at higher
strain rate. Balusamy et al. [10] used simultane-
ous PIV-PLIF techniques to measure the flame
propagation initiated from a richer mixture and
propagating into a lean homogeneous mixture.
Zhang and Abraham [11] assessed the effects of
species diffusion on stratified flame speed. Patel
and Chakraborty [12,13] conducted 3D DNS with
one-step chemistry for the forced ignition in strat-
ified mixtures and found that the initial equiva-
lence ratio distribution greatly affects the combus-
tion process. All these studies indicated that flame
propagation in fuel-stratified mixture has different
characteristics compared to that in homogeneous
mixture.

Ignition and flame propagation are two fun-
damental combustion processes. Most of previous
studies on fuel-stratified combustion [5-13] focused
on flame propagation, while there is little atten-
tion on ignition. The characteristics of ignition ker-
nel propagation in fuel-stratified mixtures are not
well understood. This motivates the present work,
which investigates the ignition and flame kernel
propagation in fuel-stratified mixtures. To the au-
thors” knowledge, the only work on ignition ker-
nel development in fuel-stratified mixture was con-
ducted by Ra [5], Balusamy et al. [10], and Patel and
Chakraborty [12,13] as mentioned above. However,
these studies [5,10,12,13] did not investigate the in-
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Fig. 1. Schematic of the initial and boundary conditions
used in the simulation of ignition and spherical flame ker-
nel propagation in fuel-stratified n-decane/air mixture.

fluence of fuel stratification on the critical ignition
condition and small ignition kernel evolution,
which shall be assessed in the present work.

It is well known that successful ignition can be
achieved only when the ignition energy is higher
than the so-called minimum ignition energy (MIE)
[14]. For ignition in fuel-lean mixtures, fuel supple-
ment to the reaction zone through mass diffusion
determines the ignition kernel propagation [15,16].
Therefore for fuel-lean mixture, fuel stratification
with higher equivalence ratio at the ignition ker-
nel than that in the surroundings is expected to en-
hance ignition kernel propagation and thereby pro-
mote ignition.

In this study, one-dimensional numerical simu-
lation considering detailed chemistry and transport
is conducted to investigate ignition in n-decane/air
mixtures. The objective is to assess the effects of
fuel stratification on the ignition kernel propaga-
tion and on the MIE. Since n-decane is one of the
main components of surrogate jet fuel and it is dif-
ficult to ignite fuel-lean n-decane/air mixture, espe-
cially high altitude conditions, n-decane is chosen
for the current study.

2. Numerical model and methods

We consider spherical ignition kernel propaga-
tion in fuel-stratified n-decane/air mixture. Strati-
fied mixture is ignited in the center and the result-
ing spherical flame kernel propagates outwardly.
Spherical symmetry is assumed and thereby one-
dimensional simulation is conducted. The initial
and boundary conditions are sketched in Fig. 1.
Fuel stratification is introduced by specifying a
gradual change in the initial equivalence ratio pro-
file using the hyperbolic tangent function:
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where ¢;, and ¢,,, are respectively the inner and
outer equivalence ratio; Ry is the stratification ra-
dius; and § represents the mixing layer thickness.
The initial mixture is homogeneous if @, = Pour. As
shown in the Supplementary Document, the value
3 has little influence on flame propagation speed.
Therefore, in all simulations we fix § =0.04 mm.
Fuel stratification is characterized only by three
parameters, ¢, dor and Rg. As shown in Fig. 1,
the initial temperature of T, =400K, pressure
of Py=1 atm, and flow velocity of uy=0cm/s
are uniformly distributed in the whole compu-
tational domain of 0<r<Ry. The initial tem-
perature of 400 K was chosen only to ensure n-
decane is gaseous. The chamber radius is fixed to be
Ry =20cm and only flames with radii below 2 cm
are considered.

The ignition kernel propagation is simulated
using the in-house code A-SURF [17-19]. The
CHEMKIN packages are included in A-SURF
to calculate chemical reaction rates. The chemi-
cal mechanism for n-decane oxidation includes 54
species and 382 elementary reactions. It was devel-
oped by Dryer and coworkers [20,21] and was used
by Kim et al. [22]. We did not try one-step chem-
istry model since previous work [22] showed that
the chemistry model has strong impact on the pre-
diction of the ignition kernel development. Adap-
tive mesh is used and the propagating reaction front
is always fully covered by the finest mesh with the
size of 7.8 um. As shown in the Supplementary
Document, grid convergence has been ensured. A-
SURF has been successfully used in previous stud-
ies on ignition and flame propagation [17-19,22
24]. Details on governing equations and numerical
schemes of A-SURF are in Refs. [17-19].

To mimic the practical spark ignition process in
which energy is deposited around the center dur-
ing a short period, the following source term is in-
cluded in the energy equation [24]:
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where E is the total ignition energy deposited into
the mixture; 7, the duration of energy deposition;
and r;, the ignition kernel radius. The MIE is cal-
culated by trial-and-error with relative error below
2%. It is noted that the MIE is affected by both
rig and T, [14,25]. Since the objective of this study
is to assess the effects of fuel-stratification on ig-
nition and flame kernel propagation, the duration
of ignition energy deposition and the ignition ker-
nel radius are both kept constant with 7,, =0.5ms
and r,; =0.5mm, respectively. The main conclu-
sions are independent of the values of 7, and r;.
The 7;,=0.5ms was chosen to ensure that lean
mixture with ¢= 0.7 can be successfully ignited. We

used the same r;; = 0.5 mm for all cases so that we
can compare the MIEs of different stratification.
In addition, the simulations with different values
of t,, and r;, are also performed and shown in the
Supplementary Document.

It is noted that the simplified ignition model
used in our simulation is different from practi-
cal spark ignition in engines. Therefore, quantita-
tive comparisons of MIEs between simulations and
experiments are difficult. However, the simplified
model helps to get fundamental understanding of
forced ignition in fuel-stratified mixture. This study
constitutes a first step towards understanding strat-
ified forced ignition in practice.

3. Results and discussion
3.1. Homogeneous mixture

We first consider ignition and spherical flame
kernel propagation in homogeneous mixture (i.e.,
¢m = ¢0u1)~

Figure 2 shows the effects of ignition energy,
E, on the evolution of flame propagation speed,
Sy, for lean (¢=0.8) nCyHsy/air. In simulation, the
flame radius, Ry, is defined as the position of max-
imum heat release rate; and S, = dR//dt. The MIE
for this mixture is E,,;, = 1.8 mJ. Flame initiation
fails for E=1.75ml < E,;;; (line #1 in Fig. 2). Only
for E > E,;, can a self-sustained propagating spher-
ical flame be successfully initiated (lines #2-4 in
Fig. 2). Similar to previous studies [22,26], Fig. 2 in-
dicates that there exist four distinct flame regimes
for E=1.85 mJ (line #2 in Fig. 2): the ignition
energy induced flame kernel propagation regime
(D), the unsteady flame transition regime (II), the
overdriven flame propagation regime (I11), and the
normal flame propagation regime (IV). Regimes
I to IV corresponds to AB, BC, CD and DE in
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Fig. 2. Change of the flame propagation speed with flame
radius for homogeneous nCjoHj,/air with ¢= 0.8 and dif-
ferent ignition energies.
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Fig. 3. Change of the flame propagation speed with
stretch rate for homogeneous nCjoHjy/air with ¢=0.8
and E=1.85mJ (same as line #2 in Fig. 2). The arrow in-
dicates flame propagation direction (i.e., increase in flame
radius).

Fig. 2, respectively. These four regimes are more
clearly demonstrated in Fig. 3, which plots S, as
a function of stretch rate, K, which is defined as
K=28,/R;.

In regime I, the ignition kernel propagation is
mainly driven by ignition energy deposited around
the center. Therefore, the ignition kernel propaga-
tion speed decreases quickly along AB in Fig. 2.
Before the ignition kernel reaches point A, it has
very high speed due to the excess enthalpy from
the initial external energy addition. At point B
with Ry =0.25cm, the ignition kernel has the low-
est propagation speed. This corresponds to the crit-
ical flame initiation radius reported in previous
theory [16] and experiments [27]. Successful igni-
tion is achieved only when the ignition kernel can
reach and propagate beyond the critical flame ini-
tiation radius [16,27]. In regime I, both S, and
K decrease as the ignition kernel propagates out-
wardly. Regimes II and III are the transition be-
tween ignition kernel propagation (regime I) and
normal flame propagation (regime IV) [22.26]. In
regime II, flame propagation is mainly driven by
chemical reaction and transport rather than ig-
nition energy deposited at the center. In regime
I, Sj increases monotonically with R;. The flame
acceleration stops at point C, which corresponds
to an overdriven flame with relatively high propa-
gation speed. In regime III, the overdriven flame
slows down and S, decreases monotonically with
R, along curve CD. The existence of overdriven
flame speed is very sensitive to the ignition energy.
Increase in ignition energy from 1.85 mJ to 2.78 mJ
(i.e., line #2-#4 in Fig. 2), the overdriven flame of
regime III disappears. Regime IV corresponds to
the normal flame propagation, during which the
flame propagation speed is only affected by stretch
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Fig. 4. Change of the heat release rate with normalized
temperature for homogeneous nCjoHy,/air with ¢=0.8
and £ = 1.85 mlJ. The dashed line corresponds to the PRE-
MIX results for adiabatic planar flame. Points A-E corre-
spond to those in Figs. 2 and 3.

rate. Figure 3 shows that in regime 1V, S, changes
almost linearly with K. Therefore, regime I'V is pop-
ular used to measure the unstretched laminar flame
speed and Markstein length [23].

Unlike previous studies [22,26] in which only
three regimes (corresponding to regimes I, II and
IV here) were found, in this study the overdriven
flame propagation regime (III) is identified for the
first time. Though caused by different mechanisms,
this overdriven flame propagation is similar to the
overdriven detonation observed in direct detona-
tion initiation [28]. Figure 2 shows that the over-
driven flame regime disappears when the ignition
energy is much larger than the MIE (i.e., E=2.78
mJ, line #4 in Fig. 2b). Therefore, only three flame
regimes, I, I and IV, appear when the ignition en-
ergy is not very close to the MIE. This could be
the reason that only three regimes were found in
[22,26].

Figure 4 shows the change of the heat release
rate, Q, with the normalized temperature, 6. Here
0 =(T— Ty)T,qs— Ty) with Ty and T,, being the
unburned and adiabatic temperatures, respectively.
0 can be used as the reaction progress variable
for premixed flame. The CHEMIKIN-PREMIX
results for unstretched adiabatic planar flame are
shown together for comparison. Figure 4 indicates
that in the overdriven flame propagation regime
(ITI) and the normal flame propagation regime
(IV), the profile of Q(6) is nearly unaffected by
stretch and very close to that of unstretched adi-
abatic planar flame. This fact helps to simplify
flamelet modelling of certain type of turbulent pre-
mixed combustion [29]. However, Fig. 4 also indi-
cates that in the ignition kernel propagation regime
(I) and the unsteady flame transition regime (I1),
the Q(0) profile changes significantly and is greatly
different from that of unstretched adiabatic planar
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Fig. 5. Change of the minimum ignition energy with
equivalence ratio for homogeneous nCjoHj,/air mixtures.

flame. Therefore, special attention is required for
flamelet modelling of turbulent combustion with
ignition kernel development.

The above results are for homogeneous
nCjoHy/air with ¢=0.8. Similar results are
obtained for other values of equivalence ratio.
Figure 5 summarizes the MIE for homogeneous
nCioH»y/air mixtures. With the increase of the
equivalence ratio, the MIE first decreases rapidly
from E,;;=7.9 mJ for $=0.7 to E,;,=0.81mJ
for¢=0.9; and then it approaches to a constant
value for 0.9 < ¢ < 3.5. For lean nCyoHy/air mix-
ture, the effective Lewis number is above unity
and it increases as the equivalence ratio decreases.
Since the MIE increases greatly with the increase of
Lewis number [16], leaner nC,oHy/air mixture has
much larger MIE. Figure 5 indicates that for fuel-
lean n-decane/air mixture, the MIE is very sensitive
to the equivalence ratio and that slight increase in
¢ can greatly reduce the MIE. Therefore, fuel strat-
ification is expected to enhance ignition and reduce
the MIE for fuel-lean n-decane/air mixture. This is
investigated in the next subsection. For very rich
nCioHy/air mixture, the effective Lewis number
is below unity and it decreases as the equivalence
ratio increases. Thereby the traditional U-shaped
curve is obtained, which agrees qualitatively with
experimental results [14,16,20,25]. However, it
is difficult to achieve quantitative agreement in
MIEs from simulation and experiments due to the
simplified model used in simulation.

3.2. Fuel-stratified mixture

In this subsection, ignition and spherical flame
propagation in fuel-stratified n-decane/air mixtures
(i.e., ¢ # dou) are considered. As mentioned be-
fore, fuel stratification is characterized by three pa-
rameters, ¢, ¢, and Rg. In the following, we fix
two of these three parameters and assess the influ-

300
[Rs=2.5mm E=1.0mJ

1 1.5 2
R; (cm)

Fig. 6. Change of the flame propagation speed with flame
radius for fuel-stratified nCyoHp,/air with different val-
ues of ¢, and fixed values of ¢, =0.6, E=1.0 mJ and
Rg=2.5mm.

ence of the third parameter on ignition kernel prop-
agation.

Figure 6 demonstrates the influence of in-
ner equivalence ratio on ignition in fuel-stratified
nCjoHy/air mixture. The results for different val-
ues of ¢;, and fixed values of ¢,,, =0.6, E=1.0mJ
and Rg =2.5mm are presented. For ¢, =0.85 (line
#1 in Fig. 6), flame propagation speed decreases
quickly to zero and ignition fails. This is expected
since the ignition energy of £=1.0 mJ is smaller
than the MIE of E,;,=1.08 mJ for homoge-
neous mixture with ¢=0.85. For ¢;, =0.9 (line #2
in Fig. 60), the ignition kernel can propagate be-
yond the stratification radius Rg since the igni-
tion energy of E=1.0 mJ is larger than the MIE
of E,;;=0.81 mJ for homogeneous mixture with
¢=0.9. However, after the flame reaches the outer
zone with ¢,,; = 0.6, its propagation speed even-
tually decreases to zero and ignition failure hap-
pens. When the inner equivalence ratio is further
increased to ¢, =1.0 and 1.2 (lines #3 and #4 in
Fig. 6), a self-sustained propagating spherical flame
can be successfully initiated. It is noted that the ig-
nition energy of £=1.0 mJ is more than one-order
smaller than the MIE for homogeneous mixture
with ¢=0.6. Therefore, Fig. 6 demonstrates that
fuel stratification can greatly promote ignition for
fuel-lean n-decane/air mixture.

Figure 6 indicates that there exist six distinct
flame regimes for successful ignition with ¢;, =1.0
(i.e., line #3 in Fig. 6): the ignition energy induced
flame kernel propagation regime (I), the first un-
steady flame transition regime (II), the fuel strat-
ification induced flame kernel propagation regime
(III), the second unsteady flame transition regime
(IV), the overdriven flame propagation regime (V),
and the normal flame propagation regime (VI).
Regimes I to VI corresponds to AB, BC, CD, DE,
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Fig. 7. Change of the flame propagation speed with
stretch rate for fuel-stratified nCoHjy/air with ¢;, = 1.0,
Pour =0.6, E=1.0 mJ and Rg =2.5mm (same as line #3
in Fig. 6). The arrow indicates flame propagation direc-
tion (i.e., increase in flame radius).
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Fig. 8. Change of the heat release rate with normalized
temperature for fuel-stratified nCoHy,/air with ¢;, = 1.0,
dour =0.6, E=1.0 mJ and Rg=2.5mm. The dashed line
corresponds to the PREMIX results for adiabatic pla-
nar flame with ¢=0.6. Points A-F correspond to those
in Figs. 6 and 7.

EF and FG in Fig. 6, respectively. These six regimes
are more clearly demonstrated in Fig. 7, which plots
the flame propagation speed as a function of stretch
rate. Regimes I, IV, V and VI are similar to the four
regimes of the homogeneous mixture discussed in
Section 3.1. Regime I and III have the same trend
in both Sy-R; and Sj-K profiles. However, unlike
regime I induced by ignition energy deposition, the
ignition kernel propagation in Regime I11I is caused
by fuel-stratification.

Similar to the homogeneous case (see Fig. 4),
Fig. 8 shows the change of the heat release rate,
Q, with the normalized temperature, 6, for igni-
tion in fuel-stratified mixture with ¢, =1.0 and
dour =0.6. The result for point G is not shown
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Fig.9. Change of the flame propagation speed with flame
radius for fuel-stratified nCyHjy,/air with different val-
ues of Ry and fixed values of ¢ =1.0, ¢y =0.7 and
E=1.0ml.

since it nearly overlaps with that for point F. In
the normal flame propagation regime (VI, from F
to G), the Q(0) profile is very close to that of un-
stretched adiabatic planar flame. Therefore, the in-
fluence of stretch and fuel stratification can be ne-
glected. However, for the first five regimes, [~V,
the Q(0) profile changes significantly and is greatly
different from PREMIX results (the dash line in
Fig. 8). This is consistent with the conclusion in
[30] that the change in equivalence ratio can affect
greatly the heat release rate. Therefore, the influence
of unsteady ignition and fuel stratification cannot
be neglected in flamelet modeling of turbulent ig-
nition process. However, it is challenging to deal
with the unsteady ignition and fuel stratification in
flamelet modelling. This deserves further study.

Stratified ignition depends on not only the in-
ner equivalence ratio, ¢;,, but also the stratification
radius, Rg. Figure 9 plots the flame propagation
speed as a function of flame radius for different val-
ues of Ry and fixed values of ¢;, =1.0, ¢, =0.7
and E=1.0 ml. It is noted that Rg=0mm and
R = oo correspond to homogeneous mixtures with
= oy =0.7 and ¢p= ¢;, = 1.0, respectively. As ex-
pected, ignition failure happens to small stratifica-
tion radius (Rs =0 mm and Rg=1mm) while suc-
cessful ignition occurs for large stratification radius
(Rs=2mm and Rg = 00). Therefore, for given val-
ues of ¢, dou, and E, there is a critical stratifi-
cation radius, beyond which successful ignition oc-
curs.

In the present work, only simulations are con-
ducted and there is no experimental validation.
To our knowledge, the only experiment on igni-
tion in stratified mixtures was reported in [5], in
which the early evolution of ignition kernel was
not captured. Therefore, no comparison between
experiments and simulations is made in this work.
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Fig. 10. The MIE as a function of inner equivalence ra-
tio for fuel-stratified nCjoHj,/air mixtures with different
values of Rg and fixed values of ¢4,; =0.7.
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Fig. 11. The MIE as a function of stratification radius
for fuel-stratified nC;oH»,/air mixtures with two different
values of ¢;, and fixed values of ¢, =0.7.

Certainly, experiments on fuel-stratified spark igni-
tion deserve further study.

The above results indicate that fuel-stratification
promotes ignition of lean nCioHp,/air mixture and
that successful ignition can be achieved by increas-
ing the inner equivalence ratio and/or stratifica-
tion radius. To quantify ignition promotion by fuel-
stratification, we investigate the influence of inner
equivalence ratio and stratification radius on the
MIE. The MIEs for 36 sets of (¢, ¢our and Ryg)
are calculated. The results are summarized in Figs.
10 and 11.

Figure 10 depicts the change of the MIE, E,;,,
with inner equivalence ratio, ¢;,. The results for dif-
ferent values of stratification radius are plotted to-
gether for comparison. The case of Rg= 0o corre-
sponds to the homogeneous mixture with ¢= ¢;,.
Consequently, the results for Rg= o0 in Fig. 10 are
the same as those shown in Fig. 5 for homogeneous
nCjoHj/air. The case of Rg=0mm corresponds

to the homogeneous mixture with ¢=¢,, =0.7.
Therefore, the MIE has fixed value of E,,;, =7.9 mJ
for =0.7 and it is independent of ¢;,. The results
in Fig. 10 indicate how fuel-stratification affects the
MIE of fuel-lean (¢=0.7) nC,oHj,/air mixture.

For small wvalue of stratification radius,
Rs=0.5mm, the ignition promotion due to
fuel-stratification is not substantial: the largest
reduction in MIE occurs to ¢;,,=1.4 and the
MIE is 6.95 mJ (only 12% lower than 7.9 ml).
When the stratification radius is increased to
Rs=1.0mm, the MIE is greatly reduced. The MIE
decreases almost linearly with ¢;, for Rg=0.5mm
and Rg=1.0mm. When the stratification radius
is further increased to Rg=2mm, the MIE is
shown to decrease rapidly with the increase of
¢, and it approaches to a nearly constant value
for ¢;,>0.9. For Rg=2mm and ¢;, =0.9, the
MIE is E,,;, =0.82 mlJ, which is about one-order
smaller than E,;,,=7.9 mJ for the case without
fuel-stratification and ¢=0.7. Therefore, fuel-
stratification with Rg=2mm can greatly enhance
the ignition and reduce the MIE for fuel-lean
(¢=0.7) nCyoHp/air mixture. It is noticed that
for the case of Rgy=2mm, further increase of
the inner equivalence ratio does not obviously
reduce the MIE once ¢;, > 0.9. This indicates that
for certain value of stratification radius, there is
a minimum value of inner equivalence ratio for
ignition enhancement beyond which there is no
sensitivity. On the other hand, there should exist
an optimum stratification radius for a given inner
equivalence ratio. This fact is demonstrated by Fig.
11.

Figure 11 shows the change of the MIE
with the stratification radius for fuel-stratified
nClonz/air with (¢in = 08, ¢0ul = 07) and
(¢n=1.0, ¢ =0.7). Successful ignition is
achieved for values of E and Rg above the curves
in Fig. 11; otherwise ignition failure happens. With
the increase of the stratification radius, the MIE
decreases rapidly and it approaches to a nearly
constant value at Rg=1.5mm for ¢;,=1.0 and
at Rg=2.5mm for ¢; =0.8. Further increase in
stratification radius does not help to reduce the
MIE. Therefore, there exists an optimum stratifi-
cation radius for a given inner equivalence ratio.
Similar to Fig. 9, Fig. 11 also shows that for given
values of ¢, ¢ou, and E, there is a minimum
value of stratification radius beyond which there
is no sensitivity. Besides, Fig. 11 indicates that
such stratification radius decreases as ¢;, increases.
Therefore, effective ignition enhancement can be
achieved by choosing proper values of stratification
radius and inner equivalence ratio.

4. Conclusions

Ignition and spherical flame kernel propagation
in homogeneous and fuel-stratified n-decane/air
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mixtures are studied by 1D simulation. The effects
of fuel stratification on critical ignition condition
and spherical flame kernel propagation are exam-
ined. The main conclusions are:

1. For fuel lean homogeneous n-decane/air mix-
ture, the MIE is very sensitive to the equiva-
lence ratio and slight increase in ¢ can greatly
reduce the MIE. Therefore, fuel stratification
is expected to enhance ignition and reduce
the MIE for fuel-lean n-decane/air mixture.
Besides, four distinct flame regimes are ob-
served for the ignition kernel propagation,
among which the overdriven flame propaga-
tion regime (I1I) is identified for the first time
and it appears only when the ignition energy
is slightly above the MIE.

2. For fuel-stratified n-decane/air mixture, both
the ignition kernel propagation and the MIE
are strongly affected by the inner equiva-
lence ratio ¢;, and stratification radius Rg.
Six distinct flame regimes are observed for
successful ignition in fuel-stratified mixture.
The ignition kernel propagation can be in-
duced by not only the ignition energy de-
position but also the fuel-stratification. As
shown in Figs. 10 and 11, for fuel-lean n-
decane/ air mixture, fuel-stratification can
greatly promote ignition kernel propagation
and reduce the MIE. Effective ignition en-
hancement through fuel stratification can be
achieved by choosing proper values of in-
ner equivalence ratio and stratification ra-
dius. This indicates that fuel-stratified igni-
tion can be used to achieve reliable ignition
at ultra-lean conditions.

It is noted that the only one fuel, n-decane, is
considered here. Nevertheless, similar results are
obtained also for iso-octane, and the same conclu-
sions are expected to hold for other large hydrocar-
bon fuels. In this study, the pre-mixture is static be-
fore ignition. As an extension of present work, the
influence of flow and fuel-stratification coupling on
ignition deserves further study.
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