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Abstract

The propagation speed of an auto-ignitive dimethyl-ether (DME) /air mixture
at elevated pressures and subjected to monochromatic temperature oscilla-
tions is numerically evaluated in a one-dimensional configuration using fully
resolved numerical simulations with reduced kinetics and transport. Two
sets of conditions with temperatures within and slightly above the negative
temperature coefficient (NTC) regime are simulated to investigate the funda-
mental aspects of auto-ignition and flame propagation along with the tran-

sition from auto-ignitive deflagration to spontaneous propagation regimes
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under thermal stratification. Contrary to the standard laminar flame speed,
the steady propagation speed of an auto-ignitive front is observed to scale
proportionally to its level of upstream reactivity. It is shown that this inter-
dependence is primarily influenced by the characteristic residence time and
the homogeneous auto-ignition delay. Furthermore, the unsteady reaction
front in either of the two cases responds distinctly to the imposed stratifi-
cation. Specifically, the results in both cases show that the dynamic flame
response depends on the mean temperature at the flamebase T} and the
time-scale of thermal stratification. It is also found that, based on T} and
the propensity of the mixture to two-stage chemistry, the instantaneous peak
propagation speed and the overall time taken to achieve that speed differs
considerably. A displacement speed analysis is carried out to elucidate the
underlying combustion modes that are responsible for such a variation in
flame response.

Keywords: Flame speed, Flame dynamics, Deflagration, Spontaneous

propagation, Thermal stratification

1. Introduction

Advanced strategies of internal combustion (IC) engines employ down-
sized and boosted operations in favor of higher efficiency. As such, these
engines encompass mixed modes of combustion, in which flames and auto-
ignition processes are simultaneously contributing to combustion and heat
release due to the presence of a highly reactive premixed charge, thereby
posing engineering challenges in precise control of combustion phasing. To

improve upon this control issue, concepts utilizing multiple premixed com-
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bustion modes such as spark assisted compression ignition (SACI) [1] and
flame-induced auto-ignition (FIAI) [2] have been introduced. In SACI, a
spark is used to increase the robustness of the ignition control although
combustion can be realized without the spark, whereas FIAI involves spark-
triggered flame propagation that causes auto-ignition without engine knock
and misfire. Concurrently, various experimental [3-5] and simulation works
( [6] and references therein) have demonstrated that high preheat, ultra-
dilute mixtures characteristic of modern engines are capable of supporting
reaction fronts propagating at subsonic speeds ranging from 0.5 m/s to 160
m/s, without any high frequency oscillations in the cylinder pressure. This
wide range of propagation speeds suggests that the fronts arising under such
conditions have controlling mechanisms that may be distinct from typical de-
flagration fronts. As such, the precise nature of combustion and the relevant
propagation speed becomes difficult to characterize.

The deflagrative flame speed is an eigenvalue for a planar front in an in-
finite domain [7], wherein the mixture is assumed to be non-reactive at far
upstream until thermal diffusion from the propagating front makes it reactive
via temperature rise and radical diffusion. The reference, freely propagating,
laminar flame speed is independent of the domain size or the location. In
contrast, preheated auto-igniting mixtures with inhomogeneous temperature
and composition fields exhibit a front speed that is no longer independent of
the flame position or boundary conditions, since the reactivity upstream from
the front is indeed not negligible. This sensitivity of the laminar flame solu-
tions to the domain size has been observed in previous studies such as Pan et

al [8], but the subject has not been extensively investigated. In a pioneering
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study, Zeldovich [9] identified the regimes of a reaction front propagating
through a non-uniform reactive mixture. Of particular relevance to modern
IC engines utilizing mixed modes of combustion are: (i) spontaneous propa-
gation, in which gradients of ignition delay time drive the propagation and
(ii) premixed deflagration, in which conduction and diffusion play a major
role in propagation. Subsequently, a number of studies attempted to provide
a practical and meticulous way to identify the front regimes. Gu et al. [10]
considered the ratio of characteristic temperature gradients. Studies based
on direct numerical simulation identified the regimes based on the ratio of
deflagration speed to the ignition delay gradients [11]. Another criterion
based on the Damkohler number along the front norm has been suggested
by Bansal and Im [12]. More automated ways to characterize the nature of
the fronts have also been attempted using computational singular perturba-
tion [13]. A regime diagram has also been proposed based on the sensitivity
of the flame location and the characteristic flame time to the inlet veloc-
ity [14]. Identifying the effects of these two regimes as well as the transition
between the two on the originating front propagation is of fundamental in-
terest for high-fidelity modeling of modern IC engines utilizing mixed-mode
combustion.

While there has been a significant amount of studies on the transition
from ignition to deflagration [15] as well as from deflagration to end-gas
auto-ignition and detonation [10, 16, 17|, few studies are found on the transi-
tion from deflagration to spontaneous propagation and its subsequent effect
on the propagation speed of the emerging fronts. A recent study by Deng

et al. [18] investigated the flame dynamics at auto-ignitive conditions under
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the influence of oscillating inlet velocities. It was observed that transition
between a multibrachial autoignition front and a tribrachial flame occurs pe-
riodically albeit with hysteresis, due to the finite induction time for autoigni-
tion. However, the effect of thermal stratification which is always observed
to occur in IC engines [19] was not considered in their study. Heat trans-
fer through cylinder walls and imperfect mixing with the residuals results in
pockets of stratified temperature fields within the combustion chamber. It
still remains unclear how the different length scales of such pockets would
affect a transition in the combustion mode of the originating flame fronts.
Meanwhile, many practical fuels at typical engine conditions exhibit either a
coupled low temperature and high temperature double flame or a single high
temperature flame. Such contrasting flame structures merit further investi-
gation into their individual response to the inherent thermal stratification
present in such engines. A large class of hydrocarbon fuels also exhibit a
negative temperature coefficient (NTC) behavior where the ignition delay
time is a non-monotonic function of temperature. In this situation, it is not
clear what effect thermal stratification will have on the propagation speed of
such fronts.

Based on the above discussion, the objective of the present study is: 1) to
explain the dependence of propagation speed of a steady, auto-ignitive front
on its level of upstream reactivity and 2) to provide a parametric mapping of
unsteady deflagration speed of an auto-ignitive front which has contributions
from multiple combustion modes under monochromatic thermal stratification
at various time-scales. In the second part of the study, the temporal fluctua-

tions imposed on a stationary front corresponds to an IC engine combustion
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condition in which the reaction front propagates into a pocket of stratified
temperature field of a given size. Dimethyl ether (DME) is chosen as the
fuel for the present study since it is one of the simplest fuel molecules that
exhibits two-stage ignition and N'TC behaviour. One-dimensional parametric

simulations are conducted and the results are systematically analyzed.

2. Numerical procedure and initial conditions

Fully resolved numerical simulations are conducted using KARFS (KAUST
Adaptive Reacting Flow Solver), that solves the compressible Navier-Stokes,
continuity, species and energy equations. "Adaptive" here refers to the code’s
adaptability to different CPU/GPU hybrid architecture. More details on the
code can be found in Ref. [20]. Spatial derivatives are approximated with an
eighth-order finite difference operator along with a tenth-order explicit filter,
and solution is advanced in time with a six-stage fourth-order Runge-Kutta
method. A reduced DME chemical mechanism [21] consisting of 30 species
and 175 reactions with 9 species identified as global quasi-steady state species
is employed.

One-dimensional simulations are conducted for two canonical cases: T800
and T1060 with different mean unburnt mixture temperatures, T(=800 K
and Ty=1060 K. These two temperatures are within and slightly above the
NTC regime respectively (see Fig.S1 in the Supplementary Document). In
each case, the mixture equivalence ratio ¢=0.4 and the pressure Py=20 atm.
To avoid large pressure waves within the domain, non-reflective boundary
conditions are imposed at the inlet and the outlet as described in [22|. Due
to open boundaries, the thermodynamic pressure remains constant, thereby

allowing a statistically stationary limit cycle behaviour to be produced for the
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Fig. 1: Initial temporal and spatial temperature profiles for the two cases
unsteady cases. The various physical and numerical parameters used in the
present study are listed in Table 1. Here, S is the global steady propagation
speed, L is the domain length and Ax is the uniform grid resolution. In
each case, Ax corresponds to a minimum of 8 grid points across the thinnest
radical and reaction rate layers in the combustion front. The grid convergence
test is fully performed to ensure the numerical accuracy of the solutions (see
Fig. S2 and S3 in the Supplementary Document). As shown in Fig. 1, the two
homogeneous ignition delay times, 7y and 75, corresponding to the first and
second stage ignition have been measured at the point of peak heat release
for that respective stage. Similarly, the spatial location from the inlet at
which the cool flame and the main flame get anchored are denoted by A; and
Ay respectively. The overall rise in temperature in each case is around 950
K.

For each case, a series of steady solutions are computed by varying As, for

which the correct inflow velocity i.e. S is determined as an eigenvalue using
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Case | 7 (ms) | 72 (ms) | Ay (mm) | A2 (mm) | S (m/s) | L (mm) | Ax (pm)
T800 0.48 3.06 1.51 13.47 3.72 40 18
T1060 - 1.63 - 10.45 6.35 20 6

Table 1: Physical and numerical parameters used in the two cases
Cantera [23|. Selected steady solutions obtained from Cantera with a fixed
inflow velocity are then used to initialize the unsteady simulations where
the inlet temperature is varied in time as: Tyt (t) = To + A sin(zT—’;t), where
To is the time period and A is the amplitude. For case T800, calculations
are carried out with thermal stratification at six different time-scales i.e.
5,71, 271, 5, T2, 272. For case T1060, calculations are carried out with

5, T2, 272, The

To =
thermal stratification at three different time-scales i.e. 75 =
resulting stratification length scales are of the same order as recently observed
in an optical IC engine |24]. For the majority of 7y in each case, A is chosen
so as to obtain a temperature variation of around 100 K at the flame base,
which has been defined in Section 4. However, to ensure numerical stability
and avoid flame blow-off, A is set at a lower value for 79 > 271 in case T800
which resulted in a temperature variation of around 40 K at the flame base.
Yet, the resulting root-mean-square temperature fluctuations at the flame
base are comparable to typical values reported in IC engines [25]. Although
both temperature and composition fluctuations play an important role in IC
engine combustion, only the effects of temperature fluctuations are considered
here because, if the initial temperature of the mixture is near or above the
NTC regime, large composition fluctuations have been found to be equivalent

to large temperature fluctuations [26].
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Fig. 2: Dependence of S on A,
3. The Steady Flame Behavior

The dependence of steady propagation speed of an auto-ignitive deflagra-
tion front on its level of upstream reactivity is shown in Fig. 2. In each case,
for a given )y, S is computed as an eigen value in Cantera [23]. S at points F1
and F3 respectively represents the lowest propagation speed in each case for
which a stable steady solution is computed without any numerical artifacts
arising from the inflow boundary conditions. As the respective front position
is moved further downstream, at F2 and F4, S rises linearly due to the in-
creased chemical activity in the upstream reactant mixture before it enters
the front. Quantitatively, S rises at a faster rate in case T1060. A smaller 7,
in case T1060 results in a smaller s, the characteristic residence time. Here,
o= fo/\ ﬁdx, where u(x) is the local flow velocity. As a result, the front at
F'3 takes considerably less time to enter the spontaneous propagation regime
compared to that at F1, thereby leading to a faster rise in S with A\ in case

T1060. For distinguishing the combustion modes of reaction fronts at F1
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Fig. 3: Transport budget analysis in terms of Oy at the respective points. Y-axis on the
left shows the magnitude of diffusion (solid line) while the one on the right shows the

magnitude of reaction (dotted line)

(or F3) and F2 (or F4), a transport budget analysis [27] in terms of Oy is
performed as shown in Fig. 3. At each point, it is seen that the reaction term
is significantly higher than the diffusion term. This is because the mixture
upstream of the front is highly preheated and hence already immensely reac-
tive. Nonetheless, in each case, the diffusion term is not negligible at either
of the points but is rather found to gradually decrease from F1 (or F3) to
F2 (or F4). Hence, it can be deduced that diffusive transport plays a role
in accelerating the combustion front even when the mode of propagation is
nearly spontaneous. This deviation between the relative magnitudes of re-
action and diffusion terms under the diffusive limit was also observed in [28§|
wherein the absolute value of reaction term was found to be 5 times that of
the diffusion term. It is also consistent with the observations in [14] where it

was found that the transition from deflagration to spontaneous propagation

10
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Fig. 4: Variation in characteristic residence times as a function of Ay

By definition, the spontaneous front propagation is a sequential auto-
ignition independent of transport. Therefore, another indication that the
spontaneous propagation mode has been reached is that the characteristic
residence time is constant across different propagation speeds, irrespective
of length scales, g—%‘ = 0. Fig. 4 shows the behavior of i—g as a function of
Ay for the two cases. In each case, oy and ap approach a constant value as
Ao increases. This further confirms that the fronts at either F1 or F3 have
not yet entirely transitioned to the spontaneous propagation regime. It also
demonstrates that the rise in S with Ay are caused by the increasing effect of
spontaneous ignition in the upstream mixture. Based on the regime diagram
presented in [14], the fronts at F1 and F3 can be considered to be in the
auto-ignition assisted deflagration regime where diffusion has non-negligible

do

contribution to the overall front propagation. The variation in §5 with Ay

11
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presented in Fig. 4 also resembles the observed change in dd—’\SZ with S when a

front was in this regime in [14].
4. Response to Unsteady Temperature Fluctuations

In this section, the flame response to oscillatory temperature fluctuations
is presented. Here, the reaction fronts at F1 and F3 whose initial temporal
and spatial temperature profiles are depicted in Fig. 1 have been used as an
initial condition for the respective cases. Since the investigation of flame re-
sponse to the very near upstream conditions is of more practical importance,
the instantaneous temperature at the flame base T}, defined as the spatial
location where 5% of the initial fuel mass has been consumed, is reported
for analysis. For the fronts at F1 and F3, T} is computed to be 830 K and
1097 K respectively. The spatial location of flame base, X, at F1 and F3
is evaluated to be 1.6 mm and 8.27 mm respectively. Since the limit cycle
behavior of Ty, to Tuet is sinusoidal, the presentation of flame response to

Ty, is consistent with its response to Tiyet.
Fig. 5 presents the unsteady global consumption speed, S. as a function
of T}, for case T800, after a limit cycle is reached. Here, S, is defined based
L .
_pu(ygj_y(gQ) fo wo, dx, where p,
u

is the unburnt gas density, Y¢, and YgQ is the mass fraction of oxygen in

on the consumption of oxygen as: S, =

the unburnt and burnt gas respectively and wo, is the oxygen reaction rate.
The left and right figures show the responses to fast and slow oscillations,
respectively. For each case, numbers denote the temporal progression dur-
ing the oscillatory cycle. The flame is clearly found to be responsive to all
the imposed time-scales, showing an overall elliptical shape of the dynamical

response. Moreover, the dynamic response is not harmonic but rather hys-

12
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Fig. 5: S¢ as a function of T}, for case T800

teretic as has been previously observed in [18, 29]. As notable exceptions,
though, the flame response at 7; and 27y deviates from an elliptical path to
show a complex behavior with a sharp peak. With a further increase in 7,
the flame is observed to revert to an elliptical path. A similar analysis is also
conducted for case T1060 and the results are shown in Fig. 6. As before,
numbers denote the temporal progression of each limit cycle. Analogous to
the previous case, the flame is found to respond to all the imposed time-scales
with hysteresis. For a comparable magnitude variation in T}, the limit cycle
again exhibits an intricate shape with peaks and then recovers the elliptical
shape as 7y is increased. The main difference with respect to case T800 is a
very high peak value of instantaneous S, as has been observed at % and 7,
respectively.

Unlike case T1060, Ty, in case T800 is found to be highly sensitive to 7,
specifically when 79 < 27;. This is due to the presence of low temperature

chemistry (LTC) in case T800 and its distinct response to a given 7y. Fig. 7
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depicts the variation in various flame parameters over a given limit cycle in
case T800. Here, 8 = t/71y represents the fraction of a complete limit cycle.
The observed change in X}, compared to T}, is lower at 71 /2 than at 277. Based
on the values of Xy, and A\ in case T800, it is also found that 5% of the initial
fuel mass consumption occurs during the 15 stage of ignition involving LTC.
As a result, the sensitivity of Ty, and Xy, to 79 in case T800 is directly affected
by the response of LTC to a given 75. The variation in cumulative reaction
rate of LTC radical species CHsOCH,0, [14], Qcm,0cm,0, With 8 shows that
LTC response is dependent on 7y. Here, () = fOL wi dx where wy, is the
reaction rate of species k. Unlike the observation at 27y, there is a sudden
consumption of CH3OCH,0, radical at 71/2 which subsequently leads to a
lower variation in X;. These findings show that unlike [18] wherein LTC
was found to be decoupled from flow dynamics due to significantly smaller
oscillation frequencies employed, it interacts with the flow dynamics and

shows varying response to a given 7y. Furthermore, the sudden rise in S, at

14
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Fig. 7: Change in Xy, Tp, Qcn,0cH,0, and Se with § for a given 7y in case T800
specific 7y in each case is attributed to the increase in cumulative reaction
rate of high temperature chemistry (HTC) radical species OH [14], Qo, as
shown in Fig. 8. It is seen that, in each case, the peak in Qo coincides
with the corresponding peak in S.. Moreover, the variation in Qoy and
hence S, with (3 is relatively abrupt at 27y and 75/2 in cases T800 and T1060
respectively. These findings demonstrate that HTC is mainly responsible for
the sharp rises in S, at specific 7y in each case. Moreover, unlike LTC, HTC
in case T800 becomes increasingly more active with an increase in 75. Due
to a considerably larger amount of OH production at 75/2 in case T1060,
instantaneous S. is significantly higher. It can also be noticed from Fig. 7
and 8 that since S, is out of phase with T}, there is hysteresis in the dynamic

flame response.
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5. Identification of combustion modes

Note that S. has been used in Fig. 5 as a better metric to represent
the net propagation speed of a reaction front having characteristics of auto-
ignition or deflagration. In contrast, density weighted displacement speed,
Sq is more appropriate in analyzing the individual contributions of diffu-
sion and reaction terms on the net propagation, which is not possible with
S.. Hence, a displacement speed budget analysis is performed for quanti-
fying the nature of combustion mode. Sq is defined by the movement of a
scalar iso-surface that corresponds to the reaction front. For a given sur-
face of a species, the density weighted displacement speed is defined as [30]

Sa —w — V- (pDVYy)) where p is the density, wy is the reaction

=1
Pl VY

rate of species k, and D is the thermal diffusivity. The first term on the
right hand side is due to reaction, Sq, while the second term is due to dif-
fusion, Sqq. For the present study, the instantaneous displacement speed

is computed at the spatial location where 90% of the initial oxygen mass
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Fig. 9: Sq budget for case T800. Dotted line indicates the threshold Sq,;/Sq .4, as evaluated
at point F1 in Fig.2. In each sub-figure, Y-axis on the left shows the ratio Sq,/Sa.a (blue

circles) while the one on the right shows total Sq (red stars)

is consumed. The steady and unsteady displacement speed results based on
the chosen iso-surface guarantee that analysis is always performed within the
main heat release zone. As shown in Fig. 9, S4 budget analysis is carried out
for the smaller time-scales (79 = 71,271) in case T800 for understanding the
underlying combustion modes that lead to sharp peaks of S.. The time points
1 to 5 indicated in Fig. 5 are also shown on top of the z-axis. Apart from
the absolute value of Sq4, the values of the ratio Sq,/Sqq at the individual
time points are also depicted. For differentiating deflagration from sponta-
neous propagation, a threshold value of Sq,/Sqq = 70 and 20, as evaluated
at points F1 and F3 in Fig. 2, is used in cases T800 and T1060 respectively.
It is evident that, for each 7, the front undergoes a periodic transition from
deflagration (Sq./S4,4<70) to spontaneous propagation (Sq,/S4,4>70). Un-

like the limit cycle at 277, multiple fronts with distinct S4 are observed to
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co-exist at f = 0.16 and 0.81 respectively. These findings suggest that the
observed rise in instantaneous S, at 71 and 27 is attributed to different phe-
nomena. For all the points from 1 to 5 at 71 and 27y, the temperature at the

spatial location of the chosen iso-surface T ~ 2 Ty. Besides, based on

05,90%
the values of § for the limit cycle at 71, the time taken (/At) by the reaction
front to transition from deflagration at point 4 to spontaneous propagation
at point 5 is ~ 48 us. In contrast, at 27, At between points 2 and 3 is ~
173 ps. This result indicates that there is a sudden increase in S. at 7, and
is attributed to the momentary co-existence of two fronts having different
combustion modes, whereas there is a relatively gradual rise in S, at 27, and
is a consequence of the transition of deflagration to spontaneous propagation
regime. It can therefore be concluded that when the fuel/air mixture with a
two-stage ignition is within the NTC regime and 79 = 71, there is a sudden
increase in the propagation speed wherein a significant amount of reactants
are consumed within a very short time. No such abrupt rise in the front
propagation speed is observed when 79 = 75. This is also partly due to a
lower A. It should be noted that unlike S., Sq is calculated locally. As a
result, the relative difference in magnitudes of S, and Sq is dependent on the
spatial location of the iso-surface used for computing Sq. Moreover, since
multiple fronts with distinct S4q are observed to co-exist at specific 7 in each
case, the limit cycles have not been presented in terms of Sq. A similar Sq
budget analysis has also been performed for the low temperature reaction
front in case T800 (see Fig. S4 in the Supplementary Document).

In order to justify the validity of the chosen iso-surface in accurately

identifying the multiple fronts with distinct combustion modes, the spatial
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Fig. 10: Spatial evolution of temperature for 79 = 7 in case T800. DF = Deflagration

Front, SF = Spontaneous Propagation Front, PI = Pre-ignition

evolution of temperature for the limit cycle at 7 in case T800 is shown in
Fig. 10 as a representative case. At point 1, two separate deflagration fronts
- one arising due to pre-ignition and the other being the initial flame itself,
exist simultaneously. At point 2, the initial flame now enters the spontaneous
regime while the upstream front is still propagating via deflagration. These
two fronts merge at point 3 to form a single deflagration front while the auto-
ignition chemistry in the upstream mixture begins to develop. There is no
change in the combustion mode of the front at point 4 but pre-ignition in the
upstream mixture is on the verge of developing into a separate front. It finally
matures into a spontaneous propagation front ahead of the deflagration front
at point 5. Finally, the spontaneous propagation front at point 5 reverts back
to the deflagration regime at point 1. As a result, two separate deflagration
fronts co-exist at point 1 and the cycle repeats.

Sq budget analysis, identical to case T800, is also performed for case
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Fig. 11: Sq budget for case T1060. Dotted line indicates the threshold Sq./Sq,4, as
evaluated at point F3 in Fig. 2. In each sub-figure, Y-axis on the left shows the ratio

Sd.r/Sda,a (blue circles) while the one on the right shows total Sq (red stars)

T1060. From Fig. 11, it is seen that at %, multiple fronts with distinct com-
bustion modes and Sy co-exist between § = 0.56 and 0.64. On the other
hand, at 79, multiple combustion fronts are not observed at any point on
the limit cycle and the front is observed to undergo a cyclic transition from
deflagration to spontaneous propagation. It can be deduced that for an iden-
tical amplitude of thermal stratification, when the fuel/air mixture with a
single stage ignition is outside the NTC regime, the propensity of pre-ignition
in the upstream mixture to successfully develop into a spontaneous ignition
front ahead of deflagration front diminishes with an increase in 5. For all

the points from 1 to 8 at 75/2 and from 1 to 5 at 7, T ~ 17T, In

05,90%
addition, based on the values of 3, At between points 3 and 4 at % is ~ 88 us
while at 75, /At between points 5 and 1 is &~ 400 us. Hence, compared to case

T800, there is no abrupt rise in the front propagation speed in case T1060,
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even when 79 = 75. Nonetheless, the total duration for which the spontaneous
propagation front exists between points 3 and 8 at % is ~ 216 ps. Within
the same time, multiple combustion fronts are found to co-exist momentarily
between points 5 and 7 for ~ 72 pus. Similarly, the spontaneous propagation
front between points 5 and 3 at 7 exists for ~ 700 ps. This duration of
existence of spontaneous propagation front is considerably longer than that
observed in case T800 at either 74 or 27;. Therefore, it can be concluded
that the relative duration of existence of a spontaneous propagation front in
the presence/absence of an additional reaction front caused by pre-ignition
in the upstream mixture significantly affects the overall front propagation
speed. The present numerical methodology of evaluating the unsteady de-
flagration speed of auto-ignitive mixtures in a statistically stationary config-
uration can be successfully extended to multi-dimensional simulations. This

is the subject of on-going work and will be presented elsewhere.

6. Conclusions

The characteristics of auto-ignition, auto-ignitive deflagration and spon-
taneous propagation in a thermally stratified mixture are studied for a DME /air
mixture using mean temperatures within and slightly above the NTC regime.
Steady solutions for front propagation showed that the propagation speed
scales proportionally to the level of upstream reactivity. As the characteris-
tic residence time approaches the auto-ignition time-scale, the deflagration
front transitions to a spontaneous combustion regime with higher speeds. It
is also found that the rise in propagation speed is faster for mixtures with a
smaller ignition delay.

Results from unsteady simulations with imposed harmonic temperature
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oscillations show that the instantaneous propagation speed S. is highly re-
sponsive to the stratification time-scales representing the 1% and 2"¢ stage
homogeneous auto-ignition delay times. Consequently, there is a cyclic tran-
sition of the reaction front from auto-ignitive deflagration to spontaneous
propagation. In the NTC regime, a sudden increase is observed in the in-
stantaneous S, of a coupled low temperature and high temperature double
flame when the stratification time-scale approaches the 15 stage homoge-
neous auto-ignition delay. It is found that this is caused due to the momen-
tary co-existence of deflagration and spontaneously propagating fronts. No
such rapid rise is observed in the instantaneous S. of a single high tempera-
ture flame outside the NTC regime, even when multiple fronts are found to
co-exist simultaneously. However, the spontaneously propagating front lasts
for a longer duration in this case. As a result, the peak instantaneous S,
of a single high temperature flame outside the NTC regime is found to be
substantially higher. Moreover, in each case, the peaks in instantaneous S.
coincide with the corresponding peaks in the cumulative reaction rate of OH
radical which indicates that HTC is mainly responsible for the observed rise
in instantaneous S.. Additionally, based on the variation in the cumulative
reaction rate of CH3OCH305 radical in the NTC regime, it is found that
unlike [18], LTC responds distinctly to different stratification time scales.
The present study demonstrates that the combustion behavior under
modern IC engine conditions may exhibit intricate interplay between defla-
gration, auto-ignition, and spontaneous propagation modes, and the level of
complexity depends on the length /time-scales of fluctuations in temperature

and composition within the reactant mixture, which affects the time-scales
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of the flame-ignition interaction.
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