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Recently, multiple spark ignition has received great attention since it helps to increase
thermal efficiency and to reduce misfire in engines. Multiple spark ignition also affects
the combustion duration and thereby it can be used for knock control. However, pre-
vious studies reported opposite trends in terms of how multiple spark ignition affects
engine knock. This work aims to assess and interpret the influence of flame propaga-
tion direction induced by different ignition configurations on combustion duration and
end-gas autoignition/engine knock. Two simplified and idealised ignition configura-
tions are studied theoretically and numerically. One is with infinite number of sparks
at side circular wall, which induces an inwardly propagating flame (IPF); and the other
is with a single central spark, which induces an outwardly propagating flame (OPF).
In the asymptotic theoretical analysis, the canonical 1D formulations for IPF and OPF
are reduced to 0D model. Based on the 0D model, OPF and IPF at different initial tem-
peratures are studied and compared. Counterintuitively, it is found that the combustion
duration of OPF is shorter than that of IPF when there is no end-gas autoignition. On
the other hand, the combustion duration of IPF is shorter than that of OPF when end-
gas autoignition occurs. Furthermore, end-gas autoignition is found to be more prone
to occur in IPF than OPF. These interesting observations are interpreted through assess-
ing the ignition delay time and different components of the absolute flame propagation
speed. The theoretical results are validated by transient simulations considering detailed
chemistry and transport which are conducted for IPF and OPF in an iso-octane/air
mixture at different initial temperatures and pressures. Both theoretical and numeri-
cal results suggest that compared to infinite number of ignition sparks at side wall, the
single central ignition has the advantages in shortening the combustion duration and
reducing the tendency of end-gas autoignition.

Keywords: end-gas autoignition; ignition configuration; flame propagation; iso-
octane/air

1. Introduction

Due to the stringent regulations on engine emission and fuel consumption, many advanced
combustion technologies have been proposed for spark ignition engines (SIEs) recently [1].
Downsized and in-take boosted direct-injection spark ignition is one of the most promising
technologies. However, in highly-boosted SIEs, there is a strong tendency of engine knock,
which can cause severe engine damage [2–4].

∗Corresponding author. Email: cz@pku.edu.cn

© 2022 Informa UK Limited, trading as Taylor & Francis Group

https://crossmark.crossref.org/dialog/?doi=10.1080/13647830.2022.2153741&domain=pdf&date_stamp=2022-12-20
http://orcid.org/0000-0001-7341-6099
mailto:cz@pku.edu.cn


104 L. Yang et al.

Figure 1. Schematics for different ignition configurations: (a) one-spark, (b) dual-spark, (c) four-s-
park, (d) infinite number of sparks at side wall, and (e) one central spark. The arrows denote flame
propagation direction toward unburned end-gas.

It is generally accepted that engine knock is caused by end-gas autoignition [5–7].
End-gas autoignition occurs when the local ignition delay time at some position(s) in the
unburned gas (end-gas), τ ig, is shorter than the time taken by the propagating flame to con-
sume all the unburned mixture, τ f , (which is referred to as combustion duration since the
duration for end-gas autoignition is negligible compared to the duration for flame propa-
gation) [4,8]. In order to prevent knock, we need to make τ ig > τ f via changing τ ig or/and
τ f . As reviewed by Wang et al. [4] there are different knock control strategies including
retarding spark timing, increasing octane number, exhaust gas recirculation, mixture strati-
fication, etc. This study focuses on ignition configuration which can change the combustion
duration, τ f , and end-gas autoignition and thereby can be used for knock control [9].

Recently, multiple spark ignition has received great attention due to the facts that it
can shorten combustion duration and thereby increase the engine thermal efficiency [10]
and that it can extend the lean-burn limit and reduce misfire in SIEs [11]. Different from
traditional one-spark ignition system (Figure 1(a) and (e)), in multiple ignition system two
or more spark plugs are used as sketched in Figure 1(b) and 1 (c). In the literature, there
are several studies on how the ignition configuration affects engine knock. The simulations
and experiments respectively conducted by Pasternak et al. [12] and Chen et al. [13] both
showed that engine knock is more prone to occur with dual/multiple spark than a single
spark. However, Kartha et al. [14] found that multiple spark ignition can mitigate knock
severity. Liu et al. [9] investigated the influence of ignition configuration on knock using
an optical rapid compression machine. They found that the knock intensity changes non-
monotonically with the spark plug number. Similar trend was also observed in experiments
by Shi et al. [15–17], who investigated the knock characteristics under different spark
strategies (e.g. spark number and location) in a single-cylinder optical research engine.
They found that the knock intensity first increases as the number of active sparks goes from
one to three and then decreases significantly with four-spark ignition. The different trends
observed in these studies [9,12–17] indicate that there is still an incomplete understanding
of how the ignition configuration affects knock. This motivates the current work.
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The objective of this study is to assess and interpret the flame propagation direc-
tion induced by different ignition configurations on combustion duration and end-gas
autoignition. In order to provide general results and to reveal the main physical mecha-
nisms, theoretical analysis considering global one-step chemistry is conducted in Section
2. In order to validate the theoretical results, transient numerical simulations consider-
ing complex chemistry and transport are also conducted and the results are presented in
Section 3.

To make the theoretical analysis tractable, we consider two simplified ignition config-
urations. One is with infinite number of spark at the side circular wall (see Figure 1(d)),
which mimics the multiple ignition in the experiments [9] and induces an inwardly propa-
gating flame (IPF). The other is with a single central spark (see Figure 1(e)), which induces
an outwardly propagating flame (OPF). Obviously, the combustion duration decreases as
the number of sparks increases, i.e. from (a) to (d) in Figure 1. However, it is not straight-
forward to know whether the combustion duration of IPF in Figure 1(d) is shorter than
that of OPF in Figure 1(e). In the following, the one-dimensional (1D) IPF and OPF with
and without end-gas autoignition in a closed cylindrical chamber are investigated. It is
noted that in practice, it is impossible to have infinite number of spark at the side wall as
shown in Figure 1(d) and the flame is not one-dimensional. The IPF is a model to investi-
gate the multiple spark ignition method. When the spark number near the wall is infinite,
it can be treated as a hot ring-shaped region. Nevertheless, the 1D IPF and OPF induced
by the ignition configuration in Figure 1(d) and 1 (e) provide idealised models which can
be used to show the effects of flame propagation direction on combustion duration and
end-gas autoignition. Note that the ignition setup for IPF is not feasible in practice. This
idealised ignition setup is chosen so that 1D flame propagation can be achieved and anal-
ysed/simulated. The present 1D theory and simulation cannot handle finite number of spark
as shown in Figure 1(b) and 1 (c) since the corresponding flame front is multi-dimensional.

2. Theoretical analysis

2.1. Formulations and analytical solutions

The 1D OPF with end-gas autoignition in a closed chamber was analysed by Kagan et al.
[18,19] and Yu et al. [20]. For IPF, it is straightforward to conduct similar analysis though
there is no such theoretical study in the literature. The governing equations for IPF and OPF
are the same though the flame propagation direction is different. The equations and analyti-
cal solutions for OPF with end-gas autoignition in planar geometry were presented in [19].
Following [19], here we obtain the equations and analytical solutions for 1D IPF and OPF
in a cylindrical coordinate. In the following, we briefly present the governing equations
and analytical solutions for 1D IPF with end-gas autoignition. The detailed derivation for
both IPF and OPF is provided in the Supplementary Document.

The non-dimensional governing equations for normalised temperature, T, mass fraction
of deficient reactant, C, and mass conservation together with the equations of state and
chemical reaction rate of one-step chemistry are [19]:
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∂ρ

∂t
+ 1
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∂
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(rρu) = 0 (3)

P = ρT , P = P(t) (4)

W = ZρCexp(N(1 − T−1)) (5)

where P, ρ and u denote the scaled pressure, density, temperature and velocity, respec-
tively; r and t, the scaled spatial coordinate and time, respectively; Le, the Lewis number;
N = Ta/Tb, the scaled activation temperature in the unit of adiabatic flame temperature
Tb; and σ = T0/Tb, the scaled initial temperature. The non-dimensional process is shown
in The small parameter used later for asymptotic analysis is ε = lth/RW , which is the
scaled flame width by the inner radius of the cylindrical chamber, RW . The parameter
Z = (2Le)−1N2(1-σ )2 is a normalised factor [19]. Note that all variables are scaled in the
same manner as Ref. [19]. The details on the non-dimensional process are shown in the
Supplementary Document. Here we only consider unit Lewis number (i.e. Le = 1) since
the analytical solutions might not be obtained for non-unity Lewis number. For lean hydro-
gen combustion with Le < 1, the positive and negative stretch of OPF and IPF has opposite
effects on the propagation speed and flame strength and thereby it is important to consider
the Lewis number effect. Further efforts need to be devoted to extending the present theory
for non-unity Lewis numbers in future works.

Note that here we consider the first-order global reaction. When a second-order global
reaction is considered, the reaction rate in Equation (5) will be proportional to the square
of the density. Therefore, quantitative influence by the reaction order on the results is
expected. Nevertheless, only quantitative prediction for theoretical analysis is expected.
The good agreement between the theoretical analysis and numerical simulations consid-
ering detailed chemistry in predicting the occurrence of end-gas autoignition has clearly
demonstrated the rationality of the simple Arrhenius-type kinetics that only considers the
deficient species.

Under low Mach number approximation, the pressure only changes with time and is
independent of the spatial coordinate [21]. In the unburned zone, 0 < r < Rf (where Rf

is the flame radius) of the IPF, T, C and ρ are independent of the spatial coordinate r
and only changes with time, t. Therefore, the governing equations for the unburned zone
(0 < r < Rf ) reduce to [19]
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The subscripts + and – denote states for unburned and burned zones, respectively.
Note that the consumption of the unburned reactant is considered in Equation (7) and
C+ decreases when chemical reaction due to autoignition occurs in the unburned zone.
Besides, the ignition delay of unburned gas is implicitly included by considering the
chemical reaction in the unburned gas region according to Equations (6) and (7).
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In the burned zone, Rf < r < 1 (note that r is scaled by the inner radius of the cylin-
drical chamber and thus r = 1 corresponds to the wall), we have C = 0 and thereby zero
reaction rate. Consequently, the governing equations for the burned zone do not have the
source term for chemical reaction and reduce to
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Adiabatic wall is considered here. Therefore, at both boundaries at r = 0 and r = 1,
the spatial derivatives for T and C are always zero. Note that the heat transfer near the
wall does affect the autoignition in unburned gas [7]. The end-gas autoignition in IPF
is not affected by heat loss on the wall. Therefore, we should also consider the end-gas
autoignition in OPF without wall heat loss so that the comparison between IPF and OPF is
reasonable. Besides, the velocity at both boundaries is also always zero, i.e.

u+(0, t) = 0, u−(1, t) = 0 (14)

The initial conditions are

T−(r, 0) = 1, T+(0) = σ

u−(r, 0) = 0, u+(0) = 0

ρ−(r, 0) = 1, ρ+(0) = 1/σ

C+(r, 0) = 1, P(0) = 1, Rf (0) = 1 (15)

Across the flame front, r = Rf , the mass flux continuity and enthalpy flux continuity
should be ensured, which yields the following matching conditions [19]
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Following [19], we introduce the stretched spatial coordinate, η, which is attached to the
moving flame front, Rf = Rf (t),

η = [r − Rf (t)]/ε (18)

where ε = lth/RW is ratio between flame width and inner radius of the chamber. In the
stretched coordinate and in the asymptotic limit of ε > > 1, the governing Equations (1)
and (2) in the leading order are
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The boundary conditions obtained from matching inner and outer solutions are:

T(η = −∞) = T+, T(η = +∞) = T−(r = R),
C(η = −∞) = C+, C(η = +∞) = 0#

(21)

The eigenvalue problem described by the above Equations (19)–(21) is the same as
the adiabatic planar flames and can be solved via the classical large-activation-asymptotic
analysis with N > > 1 [21]. The following expression for λ can be derived (see the detailed
derivation in the Supplementary Document)
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Note that the flame speed is not an eigenvalue since there is chemical reac-
tion/autoignition in the unburned mixture. Recently, there have been many studies [22–24]
on the flame speed of autoignition-assisted flame. Equation (22) shows that when the fuel
in the ‘unburned’ mixture is close to zero, C+ = 0, the flame speed approaches infinity.
This is consistent with previous simulation and theoretical results on autoignition-assisted
premixed flame. Nevertheless, more efforts need to be devoted to theoretical analysis of
laminar flame speed of autoignition-assisted premixed flame.

The expressions from velocity at burned and unburned zones can be derived from
continuity equation and the equation for temperature:
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By using continuity equation and some algebra rearrangements, we can get
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To calculate the temperature profiles in the burned zone, we need consider the scaled
entropy, S, which is controlled by entropy balance [17]:
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The above equation can be solved analytically (see the Supplementary Document), and
according to the relationship between S and T- in Equation (27), we have the following
expression for temperature distribution in the burned zone
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Similar analysis can be conducted for the 1D OPF with end-gas autoignition in a closed
cylindrical chamber. The details are shown in the Supplementary Document.
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Figure 2. Evolution of (a) flame radius, (b) pressure and (c) temperature of unburned gas for OPF
and IPF at σ = 0.33 (solid lines, without end-gas autoignition) and σ = 0.5 (dash-dotted lines, with
end-gas autoignition).

Here we consider the fixed parameters of γ = 1.4, Le = 1 and N = 9. The temporal
evolutions of flame radius and pressure can be obtained by solving Equations (6), (7),
(26), (13), (9), (17), (22) and (25). Then the velocity and temperature distributions can
be obtained from Equations (23), (24) and (28). The results obtained from solving these
equations are presented in the next subsection.

2.2. Theoretical results and discussion

End-gas autoignition can be induced by increasing either the chamber radius (i.e. to
increase τ f ) or the initial temperature (i.e. to decrease τ ig) [25]. Unlike [19], here we fix
chamber radius and fix ε = 0.05 which is inversely proportional to the chamber radius. We
change the initial temperature and thereby change the ratio between the initial temperature
and adiabatic flame temperature, σ . The results for OPF and IPF at σ = 0.33 and σ = 0.5
corresponding to two different initial temperatures are shown in Figure 2.
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Figure 3. Temporal evolution of temperature and flow velocity distributions for OPF/IPF with
end-gas autoignition, σ = 0.5. The corresponding instants for several lines are marked.

Figure 2 shows when the initial temperature increases from σ = 0.33 to σ = 0.5, end-
gas autoignition occurs, which results in the abrupt increase in both the pressure and
temperature of the unburned gas. For σ = 0.33 without end-gas autoignition, Figure 2
shows that the combustion duration of OPF is shorter than that of IPF, i.e. τ f ,OPF < τ f ,IPF .
This means that, counterintuitively, the infinite number of sparks at the side wall in Figure
1(d) corresponds to longer combustion duration than the single central ignition in Figure
1(e). This counterintuitive observation of τ f ,OPF < τ f ,IPF shall be explained later.

Figure 2(b) shows that for OPF with σ = 0.33, the pressure first slightly rises and then
rises quickly as the flame approaches the wall. However, the pressure in IPF first increases
in a nearly linear manner for a long duration. This can be explained by the change of flame
surface area and burning rate. The flame surface area of OPF increases with time, while the
opposite holds for IPF. For both OPF and IPF, the burning rate increases with time since
the temperature of unburned gas increases due to compression. Consequently, both factors
accelerate pressure rise in OPF; while these two factors have opposite effect on pressure
rise in IPF, resulting in a nearly linear pressure rise in IPF.

Figure 2(b) and 2 (c) show at the same initial temperature, the pressure and temperature
of unburned end gas for IPF are higher than those for OPF, indicating τ ig,IPF < τ ig,OPF .
As mentioned before, we have τ f ,IPF > τ f ,OPF . Consequently, Figure 2 shows that end-gas
autoignition (happening under the condition that τ ig < τ f ) is more prone to occur in IPF
than in OPF. This means that, compared to the infinite number of sparks at side wall in
Figure 1(d), the single central ignition in Figure 1(e) helps to mitigate knock severity.

Figure 3 shows the evolution of temperature and flow velocity distributions for OPF
and IPF with end-gas autoignition. Before end-gas autoignition occurs, the temperature of
unburned gas gradually increases since it is compressed by the propagating flame. Figure
3(c) shows that inward flow appears in the burned gas of OPF. Such inward flow has large
impact on laminar flame speed measured from spherical OPF (see [26] and references
therein). When autoignition occurs in OPF, the intensive heat release from global end-gas
autoignition significantly increases the inward flow velocity and thereby induces backward
motion of the flame front. For IPF, the flow is shown to be in the opposite direction to that
for OPF. This is reasonable since the flow is mainly induced by the thermal expansion and
the flow direction is mainly by the direction of flame propagation. Furthermore, Figure
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Figure 4. Change of different speeds with time for OPF and IPF without end-gas autoignition,
σ = 0.33.

3(a) and 3 (b) show that the burned gas temperature is not uniform. This is due to the Mach
effect [27].

In order to explain why the combustion duration of OPF is shorter than that of IPF, we
analyse the different terms of the absolute flame propagation speed, |dRf /dt|. For both
OPF and IPF, we have:

∣∣∣∣dRf

dt

∣∣∣∣ = λ

ρ−
− |ub| (30)

where λ/ρ− is the laminar flame speed relative to the burned gas, and |ub| is the flow
speed of burned gas at the flame front. The temporal evolution of these speeds is compared
in Figure 4 for OPF and IPF without end-gas autoignition. Overall, the absolute flame
propagation speed, |dRf /dt|, of OPF is always higher than that of IPF, which results in
shorter combustion duration of OPF. Figure 4 shows that the laminar flame speeds relative
to the burned gas, λ/ρ−, for OPF and IPF are close and the value for IPF is slightly larger
than that for OPF. However, the absolute value of the flow speed of burned gas close to
the flame front, |ub|, for OPF is shown to be much lower than that for IPF. Note that
the burned gas flow speed is in the opposite direction to the propagating flame front (see
Figure 3). Therefore, it is the difference in the flow speed of burned gas induced by thermal
expansion in OPF and IPF that makes the combustion duration of OPF shorter than that
of IPF.

The above theoretical analysis indicates that compared to multiple ignitions at side wall
(Figure 1(b)–(d)), the single central ignition (Figure 1(e)) has the advantage in reducing
combustion duration and engine knock.

The theory is based on one-step chemistry. However, complex chemistry is involved
in the combustion of large hydrocarbon fuels used in SIEs. Therefore, in the following,
simulations considering complex chemistry are performed for OPF and IPF.
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3. Numerical simulations

3.1. Numerical model and methods

The model considered in simulations is the same as that in theoretical analysis, i.e. the
OPF in Figure 1(e) and IPF in Figure 1(d), respectively, induced by the central ignition
and infinite number of sparks at the side circular wall. The chamber radius is fixed to be
RW = 4 cm. A hot spot at 1800 K and in the radius of 0.05 mm is used to initiate the OPF,
while a hot ring-shaped region (T = 1800 K and thickness is 0.05 mm) near the wall is used
to initiate the IPF. We consider a stoichiometric iC8H18/air mixture at three sets of initial
temperature and pressure, (450 K, 4.29 atm), (500 K, 6.59 atm) and (650 K, 20 atm), which
satisfy the isentropic compression relationship. These three conditions represent different
stages of compression in the rapid compression machine and the last condition is close
to the engine operating condition. After ignition the pressure and temperature changes in
the closed chamber are caused by chemical reactions and moving mesh method is not
considered in the simulations.

The transient flame propagation and end-gas autoignition processes are simulated using
the in-house code A-SURF [28–30]. It solves the conservation equations for 1D reac-
tive flow in a cylindrical coordinate by the finite volume method. A-SURF has been
successfully used in our previous studies on ignition, flame propagation and end-gas
autoignition [20,25,31–33]. The details on the governing equations, numerical methods
and code validation are presented in [20,28–30] and thereby are not repeated here.

The present numerical setup is nearly the same as that in [20]. The boundary conditions
at both r = 0 and r = RW are zero flow speed and zero gradients of temperature and mass
fractions of all species (i.e. adiabatic wall). To accurately resolve the flame propagation,
locally adaptive mesh refinement is used and the reaction front is always covered by the
finest mesh with 
r = 6 μm. Figure S1 in the Supplementary Document demonstrates
that grid independence is achieved. The skeletal mechanism for iC8H18 developed and
validated by Wang et al. [34] is used. It consists of 73 species and 296 elementary reac-
tions and was shown to be able to accurately predict flame propagation and multi-stage
autoignition [34].

3.2. Numerical results and discussion

Figure 5 shows the evolutions of temperature distributions for OPF and IPF at different
initial temperatures and pressures: (450 K, 4.29 atm), (500 K, 6.59 atm) and (650 K, 20
atm). For OPF, end-gas autoignition does not occur at T0 = 450 and 500 K while it occurs
at T0 = 600 K. This is consistent with the above theoretical results that increasing the
initial temperature can induce end-gas autoignition. The time sequences for temperature
distributions during autoignition are marked from t5 to t10 in Figure 5(c).

Similarly, Figure 5(d)–(f) shows that increasing the initial temperature can also promote
end-gas autoignition in IPF. It is noted that at the same initial temperature of T0 = 500 K,
end-gas autoignition does not occur for OPF (see Figure 5(b)) while it occurs for IPF (see
Figure 5(e)). Moreover, Figure 5(c) and 5 (f) show that at T0 = 650 K, end-gas autoignition
occurs for both OPF and IPF and it happens earlier for IPF than for OPF. These observa-
tions are consistent with theory that end-gas autoignition is more prone to occur in IPF
than in OPF.

It is noticed that for OPF, Figure 5(c) shows the autoignition starts near the flame front
and it propagates toward the wall. However, for IPF Figure 5(f) shows that the autoignition
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Figure 5. Temporal evolution of temperature distributions for OPF and IPF in a stoichiometric
iC8H18/air mixture at different initial temperatures and pressures.

Figure 6. Temporal evolution of flame radius and pressure for OPF and IPF in a stoichiometric
iC8H18/air mixture at different initial temperatures and pressures.

starts at the centre and it propagates toward the flame. This is due to focusing and reflecting
of the strong pressure wave in IPF.

To quantify and compare the combustion duration of OPF and IPF, we plot the tempo-
ral evolutions of flame radius, Rf , and pressure near the wall, P, in Figure 6. The flame
radius is defined based on the location where the maximum heat release appears. Figure
5(a) shows for T0 = 450 K without end-gas autoignition, the combustion duration of OPF
is shorter than that of IPF. However, for T0 = 650 K with end-gas autoignition, the com-
bustion duration of OPF is longer than that of IPF. This is because end-gas autoignition is
more prone to occur in IPF than OPF and autoignition can greatly reduce the combustion
duration. These results agree with the theoretical results shown in Figure 2(a), and thereby
demonstrate the validity of theoretical analysis.
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Figure 7. Temporal evolution of velocity distributions for OPF and IPF in a stoichiometric
iC8H18/air mixture initially at 650 K and 20 atm. Line #0 corresponds to t = 0 ms, and the time
increases from line #1 to line #8.

Figure 6(d)–(f) compares the pressure history for OPF and IPF. The shape of these
curves is similar to those shown in Figure 2(b) from theoretical analysis. Unlike theo-
retical results, strong pressure oscillation (with the amplitude in the order of 10 atm) is
observed around points B, D, and F in Figure 6 for cases with end-gas autoignition occurs.
It is noted that around points A, C and E in Figure 6, there is slight pressure rise. This is
caused by the first-stage autoignition in the end-gas, which cannot be predicted by theo-
retical analysis. Nevertheless, the theory can capture the main physics and provide more
general results/conclusions than simulations.

Figure 7 plots the evolution of flow velocity distributions for OPF and IPF with end-gas
autoignition. The black lines correspond to normal flame propagation while the coloured
lines correspond to the times when autoignition already occurs. For both OPF and IPF, the
flow velocities change abruptly across the flame front, and autoignition can greatly increase
the magnitude of flow velocity. This is due to the intensive heat release from global end-
gas autoignition. The simulation results in Figure 7 agree, at least qualitatively, with the
theoretical prediction shown in Figure 3.

4. Conclusions

Asymptotic theoretical analysis and transient simulations are conducted to assess the
effects of flame propagation direction on combustion duration and end-gas autoignition.
The OPF and IPF, respectively induced by the central spark and infinite number of sparks
at the side circular wall in a closed cylindrical chamber are investigated.
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The temporal evolution of flame front position, unburned gas temperature and pressure
as well as the distributions of temperature and flow velocity are obtained from theoretical
analysis. As expected, it is found that end-gas autoignition can be induced by increasing
the initial temperature. Counterintuitively, the combustion duration of OPF is found to
be shorter than that of IPF when there is no end-gas autoignition. This counterintuitive
observation is mainly due to the difference in the flow speed of burned gas induced by
the thermal expansion in OPF and IPF. However, when end-gas autoignition occurs, the
combustion duration of IPF is shorter than that of OPF. Furthermore, it is shown that the
end-gas autoignition is more prone to occur in IPF than OPF. This is attributed to the
larger flame front surface from the early stage for IPF, which leads to a faster increase in
temperature and pressure of unburned end gas than OPF.

To validate the theoretical analysis, transient simulations considering detailed chemistry
and transport are conducted for IPF and OPF in a stoichiometric iso-octane/air mixture. The
first-stage autoignition in the end-gas is demonstrated to cause a slight pressure rise, which
cannot be predicted by theoretical analysis. Nevertheless, the theory can capture the main
physics and provide more general results/conclusions than simulations. Both theoretical
and numerical results suggest that compared to infinite number of ignition sparks at side
wall, the single central ignition has the advantage in reducing combustion duration and
engine knock.

It is noted that for the sake of analytical tractability, this work considers the idealised
ignition configurations shown in Figure 1(d) and 1 (e), for which one-dimensional IPF and
OPF can be induced. Only one-dimensional analysis and simulations need to be conducted
for IPF and OPF shown in Figure 1(d) and 1 (e). In future works, it would be interesting
consider the ignition configurations shown in Figure 1(a)–(c), for which multi-dimensional
simulations need to be conducted. Besides, in practical engines, the flame propagation and
end-gas autoignition are strongly affected by turbulence [35–37] and thereby it would be
interesting to take into account turbulence effects. Besides, the heat transfer from wall and
piston movement need also to be considered in order to represent realistic engine operating
conditions.
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