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a b s t r a c t

A transient, one dimensional premixed laminar reaction front is used as a model problem to further
understand the physical processes influencing reaction front propagation during the various stages of
spark-assisted compression ignition (SACI) combustion for both constant and variable domain pressures.
This approach is consistent with the wrinkled laminar flame representation of turbulent, spark ignited
engine combustion. With the proper choice of timescales and pressure rise rate, it applies to the interac-
tion of the flame with auto-igniting end-gas in a typical automotive engine. Under the conditions simu-
lated by a transient flame code, the reaction front begins as a deflagration, propagating into an end-gas
with an initially negligible level of reaction progress. The diffusive–reactive nature of the front is main-
tained until significant levels of end-gas reaction progress, where the burning velocity depends upon the
degree of pre-reaction. At the time of the end-gas maximum chemical power, the maximum temperature
gradient and peak rate of heat conduction within the front diminish to the point where combustion
becomes chemically controlled. Although significant increases in burning velocity are observed at the
onset of chemically controlled combustion within the front, the end-gas is within one front time from
the completion of combustion. As a result, no more than one front thickness is consumed by the apparent
propagation of the spontaneous ignition front.

� 2012 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
1. Introduction

While engine systems operating with homogeneous charge
compression ignition (HCCI) combustion are capable of elevated
thermal efficiency and low emissions, the implementation of HCCI
remains challenging because it lacks a direct control mechanism
for the phasing of combustion [1]. Recent studies on spark-assisted
compression ignition (SACI) combustion have demonstrated some
success in addressing this issue [2–7]. Optical engine images of the
SACI combustion process show organized reaction fronts propagat-
ing away from the spark ignition source [2–4,7] during the initial
front propagation phase of the process [4], with expansion speeds
ranging from approximately 0.5 to 10 m/s [3,7]. This front propaga-
tion phase eventually transitions to a combustion process domi-
nated by end-gas auto-ignition. The deflagrative behavior of the
initial front is supported through experimental heat release rate
analysis, which has shown the transition from the low to moderate
initial heat release rates characteristic of flames to the rapid com-
bustion rates characteristic of auto-ignition [3,4,8]. In addition,
premixed laminar flame simulations have shown that the high pre-
heat, ultra-dilute mixtures characteristic of those used in HCCI and
ion Institute. Published by Elsevier
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SACI engines are capable of supporting laminar reaction fronts
[8–10]. The magnitudes of the experimental SACI front expansion
speeds are similar to those at both the main flame front and at
the reaction fronts originating from end-gas ignition kernels in a
spark-ignited engine undergoing mild to moderate knock [11]
and are on the same order as the apparent expansion speeds of
fronts originating from ignition kernels during the later portion
of HCCI combustion [12].

The wide range of front speeds observed within the above stud-
ies suggests the potential for a variety of subsonic premixed com-
bustion regimes within SI, SACI, and HCCI combustion, including
the normal deflagration and spontaneous ignition front regimes
[13]. The former regime is typical premixed flame propagation,
governed by the diffusive–reactive balance within the reaction
zone of the front, while the latter regime is a chemically controlled
cascade of ignition events, also within a temperature gradient but
with apparent propagation rates in excess of the laminar burning
velocity.

A variety of computational studies have examined reaction
front propagation into auto-igniting end-gasses. Early work by Pitz
and Westbrook [14] examined the transient behavior of a laminar
flame propagating into an auto-igniting end-gas. Significant reac-
tion front acceleration was observed during the end-gas ignition;
however, the study concentrated on the wall region and did not di-
rectly apply to the bulk gas combustion in HCCI engines. Various
Inc. All rights reserved.
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computational studies have proposed methods of classifying the
regime of the ignition front propagation during end-gas ignition,
based on the temperature gradient [15], the front speed relative
to the laminar flame speed [16,17], a characteristic Damköhler
number [18], or the important index generated by the computa-
tional singular perturbation [19]. Unfortunately, these criteria rely
upon detailed spatial and temporal information about the front
which is not currently available within engine level simulations.

Recently, the authors used steady flow reactor simulations
(PREMIX) to characterize the reaction front’s combustion regime
based on the upstream conditions at the front base [20]. These sim-
ulations showed that the burning velocity and front thickness in-
creased with upstream reaction progress and temperature. A
similar study was mentioned in a CFD-based modeling work of
SACI combustion [21], where a one dimensional flame code was
used to build a flamelet library of reaction fronts of various compo-
sitions and with unburned gas temperatures up to 1100 K. The
one-dimensional flame results were combined with a G-equation
model of turbulent combustion and used to simulate SACI engine
experiments. Although the results were favorable, the apparent
use of steady state laminar flame simulations as the basis of the
flame model raises questions about the application to auto ignition
situations, especially at times close to the auto ignition event.

While charge dilution with exhaust products has been favored
by many pragmatic applications of SACI, a variety of fundamental
SACI studies have chosen to use preheated air as the diluent
[7,22–24]. Following these studies, air has been selected as the dil-
uent in the present work. In addition, while gasoline is currently
the primary fuel of passenger vehicles, its kinetic, thermophysical
and transport properties remain variable and ill defined [25]. In
this work, isooctane is used as a gasoline surrogate, given the com-
parable laminar burning velocities [26] and ignition delays [27] of
the two fuels.

In the current study, a fully transient simulation is applied to a
premixed, one-dimensional laminar reaction front propagating
into an auto-igniting end-gas of an isooctane air mixture under
the thermodynamic conditions of SACI combustion with both con-
stant and variable domain pressures. This scenario is representa-
tive of a single reaction front within the turbulent flame brush
[28] propagating into an auto-igniting upstream mixture as ob-
served during SACI combustion [2–4,7,23]. While this one-dimen-
sional simulation does not directly take turbulence into account,
with the proper choice of timescales and pressure rise rates, it is
useful as a model problem for understanding the thermodynamic
Table 1
The conditions examined within the current work and key simulation results.

Case U p (bar) Tu (K) Tad (K) t99 (ms) SL,ste

1 0.45 20 1000 2007 3.8 66.2
2 0.80 20 373 2120 NA 14.4
3 0.30 20 1000 1703 5.4 26.7
4 0.35 20 1000 1808 4.7 37.5
5 0.40 20 1000 1909 4.2 50.9
6 0.45 30 1000 2007 2.7 55.1
7 0.45 40 1000 2007 2.1 48.5
8 0.45 50 1000 2008 1.8 44.0
9 0.45 20 900 1917 21.1 39.9

10 0.45 20 925 1940 13.4 45.4
11 0.45 20 950 1962 8.7 51.6
12 0.45 20 975 1984 5.7 58.5
13 0.45 20 1025 2030 2.6 74.7
14 0.45 20 1050 2052 1.8 84.2
15 0.45 201 1000a NA NA NA

a Initial conditions for the variable pressure case.
b HRR Ratio: The ratio of the peak heat release rate within the front relative to that o
c Cond. Ratio: The ratio of the peak heat conduction rate within the front, at tqmax relat

heat conduction rate within the front at tqmax relative to the maximum observed va
behavior of turbulent flames, the underlying structure of which
has been shown to be composed of wrinkled laminar flames in di-
rect simulation [29,30]. Detailed analysis of the transient evolution
of the front’s burning velocity, maximum temperature gradient,
thickness and structure can provide useful insight into the physical
mechanisms present during the SACI combustion process. Addi-
tional studies on the sensitivity of the front’s burning velocity to
transport and a dynamic timescale analysis can be used to examine
the combustion regime transition within the reaction front during
end-gas auto-ignition.

2. Numerical method and simulation conditions

Reaction front simulations are performed with HCT [31], which
solves the transient, one dimensional momentum, species and en-
ergy transport equations. An adaptive mesh refinement algorithm
is employed to provide sufficient grid resolution within the reac-
tion front; the computational mesh is composed of 75 cells, 30 of
which are adaptive. Detailed chemistry is performed with the skel-
etal 215 species isooctane mechanism of Tham et al. [32], while
TRANSPORT [33] is used to determine the mixture-averaged ther-
mal conductivity and species diffusivities. Consistent with previ-
ous work [10], the mixture thermal conductivity is scaled by a
factor of 0.8 in order to match the laminar burning velocities of
experimental isooctane-air flames at atmospheric condi-
tions [34,35]. In this previous work, the simulation was validated
against high pressure ignition delay and stretch-corrected laminar
burning velocity data.

The adopted model problem configuration is similar to that of
Pitz and Westbrook [14], where the domain may be visualized as
a one dimensional tube. At the initial simulation time t0, the com-
position of the end-gas is fuel and air with zero reaction progress,
while the thermal and compositional jump across the front are ob-
tained from constant pressure equilibrium calculations. The reac-
tion front propagates from the right to the left of the tube, where
the left domain boundary, located at x = 0 cm, is adiabatic and
impermeable, while the right boundary, located at xmax, is open
and set to the domain pressure for the constant pressure cases.
For the variable pressure case, the right boundary is configured
to be adiabatic and impermeable, resulting in a closed-chamber
simulation.

The time between spark discharge and the peak rate of heat re-
lease in SACI engine experiments [6,21] ranges from approximately
3 to 5 ms. The initial unburned conditions of the baseline case in
ady (cm/s) HRRb ratio Cond.c ratio xmax (cm) xdisc (cm)

0.98 0.14 0.320 0.289
NA NA 0.101 0.071
1.01 0.09 0.277 0.208
1.00 0.10 0.280 0.231
1.00 0.15 0.297 0.260
1.02 0.14 0.200 0.177
1.01 0.09 0.144 0.125
1.01 0.08 0.112 0.096
1.00 0.11 0.938 0.901
1.02 0.14 0.695 0.660
1.00 0.15 0.525 0.491
0.99 0.14 0.405 0.373
0.97 0.14 0.257 0.228
0.97 0.13 0.210 0.182
0.98 0.22 0.230 0.199

f the end-gas, at tqmax.
ive to that at steady front propagation. For Case 15, this ratio is defined as the peak
lue.
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this work, Case 1 in Table 1, are selected to approximate these
timescales, where the time from t0 to t99, the time of 99 % end-
gas reaction progress (ceg), is 3.8 ms. The Case 1 unburned condi-
tions correspond to a constant pressure, p, of 20 bar, an initial
end-gas temperature, Tu, of 1000 K, and an equivalence ratio, U,
of 0.45, in line with the optical engine experiments of Zigler
et al. [7]. Additional parametric conditions under study are also
summarized in Table 1. Case 2 is performed to provide a compar-
ison with a conventional flame, simulated under the conditions
reported in Jerzembeck et al. [26]. Additional runs are performed,
where U, p, Tu and Tad, the adiabatic flame temperature, are se-
lected to be relevant to SACI combustion. Cases 3–5 sweep through
a range of U for the same p and Tu, Cases 6 through 8 are considered
to investigate the effect of pressure, while Cases 9 through 14 ex-
plore the effect of Tu, where the lowest Tu is selected to produce
combustion timescales comparable to those observed in the ul-
tra-lean rapid compression facility study of reaction front propaga-
tion into an auto-igniting end-gas [24]. Finally, Case 15 is
performed to examine the effect of time varying pressure and tem-
perature on the front propagation process.

For the constant pressure, auto-igniting cases, xmax is selected
through the use of the burning velocity and thickness correlations
from [10], along with constant pressure ignition delay simulations.
The minimum upstream and downstream front/boundary offset is
selected through a grid sensitivity analysis performed on the base
case, where the minimum front/boundary offset ranges from 5 to
30 reaction front thicknesses. Burning velocities were found to be
largely grid-independent, with the largest variations occurring
around the time of the peak burning velocity. Relative to that of
the finest mesh, the differences in the peak burning velocity range
from �2% to +1%. Ultimately, the mesh with a minimum upstream
and downstream offset of 7.5 front widths is selected for the con-
stant pressure cases to provide the best compromise between
numerical accuracy and maximum front/boundary offset.

To ensure that the front remains within the domain during the
initial stages of the simulation, the initial thermal and composi-
tional discontinuity is situated at xdisc, 7.5 front thicknesses up-
stream of the domain’s right boundary. To prevent front/
boundary interaction [36], xmax is sized to accommodate the pre-
dicted front travel plus an additional 7.5 front thicknesses for the
constant pressure cases. In addition, xmax is sufficiently long so that
the front is not displaced out of the domain’s right hand boundary
by end-gas expansion during auto-ignition. The front location and
the domain’s thermal profile are visualized for each run to ensure
the absence of flame boundary interaction.
Fig. 1. (a) Evolution of the temperature profile for Case 1 at Tu = 1000 K, p = 20 bar, U = 0.
ignition. Times are indicated on the figure in milliseconds.
Using the gas and burning velocity at the reaction front position,
uf, and Sb, respectively, the time rate of change of the reaction front
position in the laboratory frame, Sf, can be calculated with
Sf ¼ Sb � uf . For the constant pressure cases, the front position is
specified as the location of the average temperature between the
end-gas and maximum temperature of the domain, Tb. Relative to
the end-gas, the laminar burning velocity, SL, is obtained for quasi-
steady front propagation using the density at the reaction front posi-
tion and the density of the end-gas, qf and qu, where SL ¼ qf Sf =qu .
End-gas properties are obtained from the left most cell of the
domain.

The thermal front thickness, d, is defined for the constant pres-
sure cases as the distance between the beginning and end of the
reaction front, where the front beginning is defined as the location
where the domain temperature is equivalent to Teg, the instanta-
neous end-gas temperature, plus 1% of Tu, while the front end is de-
fined by the location where the domain temperature is 99% of Tb. The
end-gas reaction progress, ceg, is defined with the following
equation:

ceg ¼
Teg � Tu

Tad � Tu
ð1Þ
3. Constant pressure simulation results

The time-dependent evolution of the domain’s temperature
profile for Case 1 is shown in Fig. 1a. The reaction front travels from
the right to the left of the domain, where the increase in end-gas
temperature (Teg) results from end-gas heat release. The burning
velocity of the front remains almost constant during this time,
indicated by the front’s nearly uniform temporal movement. Be-
yond Teg = 1100 K, corresponding to a simulation time of
3.544 ms, the end-gas is rapidly consumed by auto-ignition, and
combustion is nearly completed by a t99 of 3.819 ms. Figure 1b
shows a magnified view of the temperature profile around the
front at five select times during end-gas auto-ignition, beginning
at 3.544 ms. As auto-ignition proceeds, a reduction of the temper-
ature gradient within the front is apparent, while beginning
around 3.784 ms, the front is displaced to the right of the domain
as the rate of end-gas expansion at the front exceeds the front’s
burning velocity. Domain gas velocities remain low throughout
the auto-ignition process, where the peak observed Mach number
is less than 0.01. The slight temperature dip observed upstream of
the reaction front beginning around a Teg of 1500 K is attributed to
numerical errors within the solution.
45. (b) Magnified view of the local temperature profile around the front during auto-
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Around 0.7 ms into the simulation, the Case 1 reaction front at-
tains a steady burning velocity of 66.1 cm/s, where the steady front
thickness and maximum temperature gradient are 1.15 � 10�2 cm
and 3.03 � 105 K/cm, respectively. Once the front attains a steady
SL, these quantities show little change through 3.5 ms of the simu-
lation. Fig. 2a shows the temporal evolution of Teg, the maximum
temperature gradient within the reaction front, dT/dxmax, and the
thermal front thickness, d, from 3.5 to 4.0 ms, while Fig. 2b shows
the end-gas reaction progress, ceg, the rate of end-gas heat release,
ROHReg, and the reaction front burning velocity, SL. Relative to stea-
dy front propagation, a significant decrease in dT/dxmax and an in-
crease in SL are observed at the time of the end-gas maximum
rate of heat release (e.g. chemical power), tqmax, when
Teg = 1641.4 K and ceg = 63.7 %. It is seen that d remains constant
prior to tqmax, after which it decreases rapidly. The burning velocity
peaks at 512.5 cm/s, increasing by 7.8 times from the steady SL,
while dT/dxmax has decreased by a factor of 19.2. The drastic
changes in dT/dxmax and SL suggest a transition to the spontaneous
ignition front regime [13], where the spatial gradients in tempera-
Fig. 2. The transient evolution of the reaction front and end-gas for Case 1 at Tu = 1000 K
(a) Teg, dT/dxmax and d as a function of time and (b) ceg, ROHReg and SL as a function of ti

Fig. 3. Comparison of the temperature profiles and non-dimensionalized rates of sensib
steady reaction fronts with similar adiabatic flame temperatures: (a) the front under SA
conditions (Case 2) at Tu = 373 K, p = 20 bar, U = 0.80.
ture and composition are low, consistent with minimal transport
effects [15]. Considering the insignificant change in d up to this
point in time, the decrease in dT/dxmax is attributed primarily to
the reduction in the difference between Teg and Tb. While moderate
burning velocities are observed late into the end-gas combustion
process, front propagation is complete by 4 ms, when ceg = 100%.
The evolution of Teg, dT/dxmax and SL of the additional constant
pressure cases all show similar trend-wise behavior to that of
Case 1.

The steady burning velocities observed for the constant pres-
sure runs prior to tqmax suggest that the initial fronts are within
the normal deflagration regime; the SL values for these steady
fronts are shown in Table 1. Fig. 3 shows the local rates of sensible
energy change associated with reaction and heat conduction com-
pared between two flames with similar Tad. Case 1 represents a
SACI flame while Case 2 represents a normal SI flame, with rates
non-dimensionalized by the maximum heat release rate of the
steady front in Case 2 at 3.15 � 1012 erg/cm3 -s. Defining the reac-
tion zone thickness to be the distance between the upstream and
, p = 20 bar, U = 0.45, where tqmax is marked on the figure with a square at 3.782 ms:
me.

le energy change associated with reaction and heat conduction in proximity to two
CI conditions (Case 1) at Tu = 1000 K, p = 20 bar, U = 0.45 and (b) the front under SI



Fig. 4. Evolution of the temperature profile and non-dimensionalized rate of sensible energy change due to reaction and heat conduction in proximity to the reaction front
during end-gas auto-ignition for Case 1 at Tu = 1000 K, p = 20 bar, U = 0.45 for Teg of: (a) 1500.4 K (3.775 ms), (b) 1600.5 K (3.780 ms) and (c) 1701.0 K (3.784 ms), where tqmax

occurs at 3.782 ms (1641.4 K).

Fig. 5. The effect of transport on the burning velocity of Case 1 at Tu = 1000 K, p = 20 bar, U = 0.45, where the vertical line marks the time when the transport coefficients are
modified, in this case at a Teg of: (a) 1500 K, (b) 1600 K and (c) 1700 K. The burning velocity’s lack of sensitivity to the transport coefficient magnitudes beyond tqmax of
3.782 ms (1641.4 K) indicates apparent front propagation within the spontaneous ignition front regime.
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downstream locations where the rate of heat release is 1% of the
peak value, similar reaction zone thicknesses are observed be-
tween Cases 1 and 2, 1.06 � 10�2 cm and 1.00 � 10�2 cm, respec-
tively. The shorter preheat zone for the Case 1 SACI front,
0.87 � 10 �3 cm vs. 1.02 � 10�2 cm for Case 2 results from the fact
that less preheating of the upstream mixture is required for the
high Tu of the SACI front. Despite these small differences, the defla-
grative nature of both fronts is clearly evident.

To understand the physical mechanisms governing reaction
front propagation during end-gas auto-ignition, Fig. 4 shows the
spatial profiles of temperature and the rates of sensible energy
change associated with reaction and heat conduction for Case 1
at three different times near tqmax. Energy rates are non-dimension-
alized as those in Fig. 3. Starting from a deflagrative structure at
3.775 ms, shown in Fig. 4a, an increase in the end-gas heat release
rate is evident in subsequent times, and at 3.784 ms the heat re-
lease profile becomes monotonic, indicating that end-gas auto-
ignition is the dominant mechanism for heat release. The
3.780 ms and 3.784 ms cases bound the time of the end-gas max-
imum chemical power, tqmax, which occurs at 3.782 ms. The ratio of
the peak rate of heat release in the front to ROHReg at tqmax is 0.98
for Case 1; this ratio is similar for the other cases, as shown in
Table 1. The reduction in the conductive heat transfer rate is
mainly due to the decrease in dT/dxmax observed in Fig. 2. As shown
in Table 1 for Case 1, the peak heat conduction rate within the front
at tqmax is 14% of that observed at the steady state deflagration con-
dition, indicating that a transition from the flame front to end-gas
auto-ignition has occurred. As shown in Table 1, the other cases
display similar behavior. Because of the remaining temperature
gradients within the front, heat conduction remains finite through-
out the combustion process. Nevertheless, the absence of the heat
release peak at the ignition front beyond tqmax, as shown in Fig. 4c,
clearly demonstrates that ignition beyond this time is chemically-
controlled, such that tqmax would seem a reasonable criterion to
identify the transition from deflagration to spontaneous ignition
regimes. All of the other constant-pressure SACI relevant cases
show consistent behavior.

To confirm that tqmax is indeed a good marker to identify the
combustion regime transition, additional tests have been con-
ducted to assess the sensitivity of combustion within the front to
transport. At a specific time during the unsteady calculation, the
transport coefficients are artificially reduced by a constant multi-
plication factor of 0.5 and 0.25 for the remaining calculations.
Fig. 5 shows the results of this exercise for Case 1, where the trans-
port coefficient multipliers are applied at the times when Teg

reaches (a) 1500 K, (b) 1600 K, and (c) 1700 K, respectively. The
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vertical lines indicate the time at which the multipliers are applied.
Fig. 5a shows that SL is significantly affected by the modified trans-
port, while Fig. 5b and c shows minimal changes. These results are
consistent with those in Fig. 4, demonstrating that for times prior
to tqmax, when Teg � 1641 K, heat conduction impacts energy trans-
fer within the front and that SL is sensitive to transport – a charac-
teristic of combustion within the normal deflagration regime.
Beyond tqmax, however, SL is relatively insensitive to transport
while heat conduction within the front is shown to be nearly neg-
ligible, implying that the front at this condition is within the chem-
ically controlled, spontaneous ignition front regime.
4. Variable pressure simulation results

In real engines, the system pressure rises as the combustion
process proceeds. To assess the validity of the findings in Section 3
for real engine conditions, Case 15 was examined as a variable
pressure, closed system simulation. The choice of initial conditions
and the domain length result in an overall simulation time for
Case 15 of approximately 1.2 ms corresponding to 14 crank angle
degrees for an engine running at 2000 rpm. The average pressure
Fig. 6. The transient evolution of the reaction front and end-gas for the variable pressu
where tqmax is marked with a square on the figure at 1.153 ms. (a) Teg, dT/dxmax and d as a

Fig. 7. Evolution of the temperature profile and non-dimensionalized rate of sensible ene
the variable pressure system, Case 15 at Tu = 1000 K, pu = 20 bar, U = 0.45 for Teg of: (a) 16
observed at 1.153 ms (Teg = 1781.6 K).
rise rate is approximately 20 bar/ms or 1.7 bar/deg, comparable
to typical engine conditions. While the closed-chamber 1D simula-
tion cannot reproduce the variable volume constraint occurring in
real engines, it is considered here as a limiting case study with the
maximum effects of heat release-induced compression. The real
engine combustion condition would fall between the constant
and variable pressure simulations presented here.

Figure 6 shows the temporal evolution of various quantities for
Case 15, to be compared with the constant pressure results for
Case 1 shown in Fig. 2. Because of the temperature gradient that
develops behind the flame within the burned gases due to com-
pression heating (not shown), d is defined as the distance between
the upstream and downstream locations of the absolute value of
2% of the peak heat conduction rate (see Fig. 3). When applied to
Case 1, this thickness definition produces results similar to the
thermal d metric described in Section 2. Compared with Fig. 2,
the burning-induced pressure rise results in a more rapid increase
in Teg and ROHReg. Furthermore, a steady decrease in d during the
deflagration phase (up to 1.14 ms) is seen. Despite these quantita-
tive differences, the main characteristics of dT/dxmax, ROHReg and SL

near and beyond tqmax remain consistent with those in Fig. 2.
re system, Case 15 at Tu = 1000 K, the initial end-gas pressure pu = 20 bar, U = 0.45,
function of time. (b) The end-gas pressure, peg, ROHReg and SL as a function of time.

rgy change due to reaction and heat conduction in proximity to the reaction front for
00.5 K (1.151 ms), (b) 1700.9 K (1.152 ms) and (c) 1801.3 K (1.153 ms), where tqmax is



Fig. 8. The effect of transport on burning velocity for the variable pressure system, Case 15 at Tu = 1000 K, pu = 20 bar, U = 0.45, where the vertical line marks the time when
the transport coefficients are modified, in this case at end-gas temperatures of: (a) 1600 K, (b) 1700 K and (c) 1800 K. The burning velocity’s lack of sensitivity to the transport
coefficient magnitudes beyond tqmax of 1.153 ms (Teg = 1781.6 K) indicates apparent front propagation within the spontaneous ignition front regime.
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Figure 7 shows the equivalent of Fig. 4 for Case 15. Again, the
evolution of end-gas reaction near tqmax is consistent with those
in Fig. 4, such that a transition from deflagration to spontaneous
ignition at tqmax is evident. Fig. 8 further shows the sensitivity of
SL to the modified transport coefficients for Case 15, to be com-
pared with Fig. 5. A consistent result is found in that the sensitivity
to transport coefficients becomes minimal as the modification is
applied at Teg = 1700 K and above, that is at t = tqmax and beyond,
thus confirming that tqmax adequately identifies the transition time
of the combustion regimes for the variable pressure case. Note that
the maximum observed pressure rise rate of 111.9 MPa/ms at
1.153 ms in Fig. 6b significantly exceeds the limiting pressure rise
rates within practical low temperature combustion engines, which
are on the order of 5 MPa/ms [37]. Nevertheless, the reaction front
behavior remains similar to the constant pressure combustion re-
sults. Considering that the present variable pressure case study
captures a more extreme scenario than that observed in a real SACI
engine, it is expected that the findings in the constant pressure
simulation studies are valid under real engine conditions.
5. Timescale analysis

A suitable timescale for characterizing a deflagration can be de-
fined with sfront, the time for the front to travel its thickness as de-
fined by the following equation:

d ¼
Z t0þsfront

t0

SLðtÞdt ð2Þ

For a steady flame during the above time interval, SL is constant and
the characteristic front time reduces to sfront = d/SL. Fig. 9a shows
the rapid evolution in Teg, dT/dxmax and SL during auto-ignition for
Case 1 occurring within approximately one characteristic front
time, defined in this case with steady flame properties. Fig. 9b
shows similar behavior for the variable pressure case, where sfront

is defined with the time weighted average of the flame properties
during the deflagrative front propagation period, when the end-
gas rate of heat release is less than 0.1% of the maximum (see
Fig. 6). Fig. 10a shows the timescales of the total combustion dura-
tion (t99 � t0) normalized by sfront for the SACI cases. Because of the
temperature gradient within Case 15, t99 is selected late in the end-
gas reaction progress, at the time when ROHReg is at 2% of its max-
imum value. Both methods for t99 agree well when applied to
Case 1. For all auto-igniting cases under study, the total combustion
duration is much longer than sfront. Fig. 10b also shows the normal-
ized timescale (t99 � tqmax)/sfront, equal to the lifetime of the sponta-
neous ignition front. This timescale is much smaller, ranging from
0.09 to 0.27 front times, thus indicating that the duration of ignition
front propagation is small relative to sfront.

A timescale analysis has been conducted as an alternative met-
ric to identify the combustion regime transition. In addition to sfront

defined above, a chemical timescale, schem, is defined to measure
the remaining chemical lifetime of the end-gas, and is determined
as the time from the instantaneous solution time t to t99 (the time
for 99% reactant depletion in the end-gas). In the normal deflagra-
tion regime, sfront� schem as the reactive–diffusive nature of the
front results in the faster chemical processing of an adjacent un-
burned mixture relative to the time for this mixture to be con-
sumed by auto-ignition. In contrast, within the spontaneous
ignition front regime, once ignition dominates combustion within
the front, the remaining time required for the spontaneous ignition
wave to traverse a given d should be the same as the time required
for the end-gas to be consumed by auto-ignition, hence
sfront � schem.

Figure 11a shows Teg, schem and sfront as a function of time from 1
to 4 ms for Case 1, where sfront is calculated with the instantaneous
d and SL. For the first 3.5 ms of the simulation, schem exceeds sfront,
implying that the front is in the deflagration regime. At approxi-
mately 3.7 ms, which is close to tqmax, the two timescales become
comparable, indicating that combustion within the front has tran-
sitioned to the chemically controlled regime.

Unlike previous steady flow reactor simulations [20], the
deflagrative front thickness of the transient solutions varies little
during end-gas auto-ignition. The thickening observed for the
steady front solutions during auto-ignition is attributable to the
infinite time available for the adjustment to a steady solution.
Perhaps even more importantly, the mixture residence times
and end-gas reaction progress during auto-ignition are axially
dependent within the steady flow reactor system, while resi-
dence times within the transient domain are uniform, leading
to different end-gas temperature profiles during auto-ignition.
Considering the compression of the adiabatic mixture core within
an internal combustion engine, the uniform residence time of the
transient solution provides a more engine-relevant temperature
profile upstream of the front. Flame time calculations using sim-
ple metrics such as d/SL obtained from the steady flow reactor
during auto-ignition may lead to excessively large front times,
resulting in a timescale inversion rather than convergence at
the transition to chemically controlled combustion within the
front.



Fig. 9. The transient evolution of Teg, dT/dxmax and SL as a function of time in front times for: (a) Case 1 at constant pressure and (b) Case 15 at variable pressure. For both cases,
Tu = 1000 K, pu = 20 bar, U = 0.45, where tqmax is marked with a square on the figure.

Fig. 10. (a) Time intervals in front times for reaction front propagation through t99 for Cases 1, 3–15, where t99 is shown on the figure in milliseconds above each case. (b) The
time interval for ignition front propagation in front times for Cases 1, 3–15.

Fig. 11. (a) Teg, sfront and schem shown from 1.0 to 4.0 ms for Case 1, with tqmax shown at 3.782 ms. (b) The dynamic reaction front timescale, s�front vs. schem defined at tqmax, with
select case numbers adjacent to data points. The timescales decrease with increasing U, p or Tu.
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Considering that significant variations occur in SL during auto-
ignition, a more relevant front timescale, s�front , is defined with
the following equation:

dtqmax ¼
Z t1þs�

front

t1

SLðtÞdt ð3Þ

where t1 is selected so that t1 + s�front = t99. In other words, s�front is the
time required for the front to travel a distance equal to d at tqmax,
just prior to t99. Similar to the above, t99 is selected for Case 15 late
in the end-gas combustion process, when the ROHReg has decreased
to 2% of its maximum value. The use of t99 and 2% of the maximum
ROHReg yield similar s�front when applied to Case 1. If t1 is equal to
tqmax, then s�front and schem are also equivalent, indicating that the
time for the mixture within the front and the end-gas to be con-
verted to products is the same. The similarity between s�front and
schem in Fig. 11b confirms the agreement between t1 and tqmax, ver-
ifying the suitability of tqmax as a combustion regime transition
parameter.

The above results demonstrate that early in the combustion
process, sfront� schem. During this time, the front is within the nor-
mal deflagration regime; consuming end-gas mass and propagat-
ing several front thicknesses as shown in Fig. 10a. Around tqmax,
when sfront � schem for the cases shown in Fig. 11b, the sequential
auto-ignition process of the spontaneous ignition front is confined
to one front thickness as diffusion has been marginalized.

Within a SACI engine, a large fraction of the overall energy re-
lease results from auto-ignition [5]. Considering the elevated
end-gas reaction progress during spontaneous ignition front prop-
agation, and the small fraction of mass within the reaction front
relative to the overall system mass, even if a transition to a spon-
taneous ignition front from the initial deflagration wave is com-
monly encountered, such a spontaneous front will likely
contribute to only a small fraction of the overall energy release.
In the context of sub-grid level CFD modeling of the spontaneous
ignition front, these results indicate that a bi-modal switch from
flame propagation to homogeneous reactor models can be em-
ployed without a significant loss of fidelity at the transition to
chemically controlled combustion within the front, given the sim-
ilar chemical and front timescales observed at tqmax.
6. Conclusions

To better understand the process of premixed reaction front
propagation during end-gas auto-ignition, transient one dimen-
sional reaction front simulations were performed under thermody-
namic conditions relevant to SACI combustion for both constant
and variable system pressures. For all simulation cases, the
reaction front began as a deflagration. The thicknesses of the
deflagrative constant pressure fronts varied little during end-gas
auto-ignition, while the maximum temperature gradient within
the fronts diminished with end-gas reaction progress and the
accompanying rise in Teg. As a result of the diminishing tempera-
ture gradient, heat conduction within the front subsided with reac-
tion progress and combustion within the front eventually became
chemically controlled. A novel metric was defined to quantify the
front’s transition from deflagrative to chemically controlled com-
bustion at the time of the end-gas maximum chemical power
through the inspection of peak heat conduction magnitudes and
the sensitivity of the front’s burning velocity to transport. While
significant increases in burning velocity were observed with end-
gas reaction progress, sfront and schem were found to be nearly
equivalent at the onset of chemically controlled combustion within
the front. Therefore, at the transition to the spontaneous ignition
front regime, the ignition wave travels only one front thickness
within the remaining chemical lifetime of the end-gas. Considering
the high level of end-gas reaction progress during spontaneous
ignition front propagation, the contribution of the spontaneous
ignition front to the overall energy release is relatively insignificant
since the mass contained within the reaction front is small. Results
from the variable pressure simulation showed similar behavior,
suggesting that the main findings from the constant pressure sim-
ulations are applicable to real SACI engines.
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