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Abstract

To address the challenges of short dwell time near top dead center (TDC) and uneven heat
release, this paper presents a comprehensive analysis of the effects of different ignition
schemes on combustion characteristics, flame formation and development, and emissions.
A three-dimensional model of coupled reaction’s kinetic mechanism was established us-
ing Converge 3.0 and validated by experimental data. The results show that ignition po-
sition, whether synchronous or asynchronous changes, significantly influence pressure.
The pressure in synchronous cases can reach up to 62.5 bar, representing a 10.8% increase,
exhibiting a distinct upward trend with advanced ignition position. In asynchronous
cases, the pressure variation shows a distinct nonlinear characteristic due to the negative
effects of in-cylinder airflow and flame core collision. When the ignition position is ad-
vanced, the ignition delay increases for both synchronous and asynchronous strategies.
However, for synchronous cases, the combustion duration is reduced by up to 1.5 ms,
whereas for asynchronous cases, the reduction is only 0.135 ms. Regardless of the
schemes, the layout and the strong counterclockwise swirl lead to the flame core gradu-
ally developing from right to left, ultimately engulfing the left-side flame core. Compared
then to that case, the left and right flame kernels may collide prematurely, leading to in-
complete local combustion and consequently reducing combustion efficiency. Compared
to synchronous changes, the emission differences during asynchronous changes are
smaller and maintained at a relatively low level.

Keywords: free piston engine generator; dual spark plugs; combustion process; flame
propagation; ignition strategy; emissions

1. Introduction

As environmental pollution and energy shortages become increasingly severe, de-
veloping and improving novel hybrid power devices and related technologies have be-
come important research topics in internal combustion engines [1-3]. The Free Piston En-
gine Generator (FPEG), a new power device that eliminates the traditional crankshaft-
connecting rod mechanism and camshaft-valve mechanism, integrates a free piston en-
gine with a linear generator structure [4]. The working principle of the FPEG involves the
high-temperature and high-pressure gases generated during the combustion process
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within the free-piston engine’s cylinder driving an actuator (including a piston assembly
connected to the generator’s working rod), with the linear generator converting a portion
of the actuator’s kinetic energy into electrical energy [5,6].

Compared to traditional internal combustion engines, the FPEG design effectively
avoids the significant friction losses between the piston and the cylinder wall caused by
the crankshaft-connecting rod mechanism, as well as the substantial mechanical losses
caused by numerous moving parts. Therefore, it can be applied in supercharged electric
vehicles, hybrid power systems, and various outdoor power applications. It is one of the
most feasible solutions to the increasingly serious environmental pollution and energy
shortage problems [7,8]. However, due to its unique “slow compression, fast expansion”
piston motion trajectory, the short residence time of the piston near TDC is not conducive
to achieving fast and stable combustion in the cylinder. As a result, the potential theoret-
ical advantages of high thermal efficiency, large specific power, ease of modularization,
and low pollutant emissions [5,9,10] have not yet been fully realized. Achieving rapid
combustion within the FPEG cylinder would not only enhance performance but also fa-
cilitate its broader application.

Due to the absence of the conventional crankshaft and connecting rod mechanism,
the Free Piston Engine Generator exhibits distinct piston motion patterns and combustion
processes that differ significantly from traditional internal combustion engines. Christo-
pher M. Atkinson and his research team from West Virginia University developed numer-
ical models to simulate the compression, combustion, expansion, and scavenging pro-
cesses of the FPEG [11]. Their study demonstrated that the piston motion in a free piston
engine is not mechanically predefined; instead, it emerges from a complex interplay of
factors, including cylinder pressure, temperature, and the thermodynamic history of the
previous cycle. Additionally, their analysis explored the effects of various system param-
eters, such as piston mass, load coefficient, and ignition duration on the performance. Sim-
ilarly, Mikalsen and Roskilly from Newcastle University investigated the characteristics
of the free piston engine and its operational implications, comparing it to conventional
engines [12]. Their findings revealed that, compared to traditional internal combustion
engines, the free piston engine facilitates faster combustion. Notably, their research
demonstrated that by increasing the ignition delay, it is possible to effectively reduce ni-
trogen oxide (NOx) emissions in the free piston engine [13].

Currently, rapid combustion in spark-ignition engines can be achieved through a va-
riety of design techniques, including the optimization of system parameters [14-16], novel
combustion technologies [17-20], and various advanced strategies [21-24]. Some of these
methods have already been applied and further improved in Free Piston Engine Genera-
tors (FPEGs). For example, Xu studied the combustion and emission characteristics of
FPEG under different fuel and compression ratio conditions [25]. The results showed that
for ethanol/RP-3 and n-propanol/RP-3 fuel blends, the combustion duration of each fuel
decreased further with an increase in the alcohol volume fraction and compression ratio.
Wang et al. conducted an in-depth analysis of changes in hydrogen fuel FPE in-cylinder
aerodynamics and combustion characteristics in response to variations in injection timing.
Their findings indicate that pilot ignition in diesel engines promotes fuel mixing, and in-
creasing the distance between the injection timing and top dead center has a positive im-
pact on combustion performance while helping to reduce soot emissions [26]. Wang and
Xu employed a high-energy ignition method, combined with computational fluid dynam-
ics simulations, to investigate the impact of different ignition energies on engine perfor-
mance, while also analyzing the ignition timing [27]. The results showed that as ignition
energy increased, the flame kernel size grew larger, the flame propagation speed acceler-
ated, and the amount of air-fuel mixture involved in the combustion process also
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increased. Furthermore, the study found that without any post-treatment devices, NO
emissions were reduced to below 20 ppm, with no other pollutants detected.

In addition, Chiang et al. from the National Taiwan University of Science and Tech-
nology developed and analyzed a dynamic physical model to study three different com-
bustion modes of FPEG [28,29]. The results indicated that when using a spark ignition
combustion mode, FPEG could achieve higher power output at a relatively high fuel con-
sumption rate. In contrast, in the HCCI (Homogeneous Charge Compression Ignition)
combustion mode, FPEG was able to achieve higher indicated thermal efficiency and
higher peak temperatures. However, due to the longer stroke of the engine, both the op-
erating frequency and power output were reduced. Liu et al. were the first to apply a semi-
direct injection system (SDI) on FPEG [30]. The study found that, compared to PFI (Port
fuel injection), SDI reduced the quiescent period by 10.9% and advanced the combustion
center by 16.7%. It was also observed that SDI effectively reduced HC (Hydrocarbon)
emissions and lowered NOx emission levels. In contrast to other technologies that are
structurally more complex and less stable, dual-spark plug ignition technology offers a
simpler engineering implementation while generating more stable and repeatable flame
cores in spark ignition engines. This configuration significantly increases the flame front
area, accelerates the combustion rate, and reduces the flame propagation distance within
the cylinder. Chang et al. investigated the effects of synchronous and asynchronous vari-
ations in ignition timing on combustion and emissions in a dual-spark rotary engine with
direct injection. They discovered that advancing the ignition timing of the trailing spark
plug, compared to changes in synchronous ignition timing, enhanced the combustion pro-
cess. However, excessively advancing the leading spark plug led to irregular flame front
behavior [31]. Li utilized lean-burn and EGR technologies in a natural gas engine, com-
paring the impacts of single-spark and dual-spark synchronous ignition on engine perfor-
mance. The results indicated that dual-spark synchronous ignition effectively shortened
the ignition delay and combustion duration while further enhancing the engine’s lean-
burn limit [32]. Zhang et al. conducted experimental investigations on the methane-air
premixed combustion characteristics using different ignition strategies in a near-spherical,
closed, constant-volume combustion chamber test bench. By analyzing various flame
front shapes and propagation rates, they found that under asynchronous ignition strate-
gies, flame stability deteriorated gradually as the ignition intervals increased. They con-
cluded that synchronous ignition is a strategy that can both ensure flame stability and
enhance combustion velocity [33].

In short, due to the lack of a crank linkage, the free-piston engine generator has a
slower compression process and faster expansion stroke [34], i.e., “slow compression, fast
expansion” piston operation law. This characteristic has a significant bearing on the com-
bustion process within the cylinder. The short residence time of the piston near TDC is
not favorable for achieving rapid and stable combustion. In the existing research work,
although there are some numerical and experimental studies on the performance of dual
spark plugs or spark plugs in an ignition FPEG. However, the current studies on FPEG
ignition position and ignition strategy are mainly focused on single spark plugs and there
are fewer studies on dual spark plugs with different asynchronous ignition strategies.
Therefore, it is of great significance to optimize the combustion process of FPEG by ex-
ploring a suitable dual-spark plug ignition strategy for FPEG through a comprehensive
study of ignition position and ignition strategy.
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2. Materials and Methods

Based on the real combustion chamber structure of the FPEG, this study develops a
three-dimensional motion model and utilizes CFD techniques coupled with detailed com-
bustion mechanisms to numerically simulate the FPEG’s operation within the cylinder.
The model’s accuracy is validated against experimental data.

2.1. Experimental Bench

The two-cylinder spark plug ignition FPEG experimental bench designed in this pa-
per is shown in Figure 1. The FPEG is drag-started by two motors arranged in the center,
the free piston engines are symmetrically arranged on both sides of the linear motor, and
the actuator replaces the crank-linkage mechanism and connecting rods of the linear mo-
tor. The free-piston engine is a two-stroke engine that uses port fuel injection for fuel sup-
ply. The main parameters of the prototype are listed in Table 1. The compression ratio is
defined as the ratio of the maximum total volume of the cylinder when the piston is at
bottom dead center to the minimum volume of the cylinder when the piston is at top dead
center (i.e., the combustion chamber volume). The equivalent ratio refers to the ratio of
the mass ratio of fuel to air in the actual supplied fuel/air mixture to the mass ratio of fuel
to air in the theoretical stoichiometric mixture.

Figure 1. Dual-cylinder spark ignition FPEG prototype test bench diagram.

Table 1. The main parameters of the dual-cylinder ignition FPEG prototype for the experiment are

as follows:
Parameters Unit Value
Cylinder bore mm 52.5
Design stroke mm 60
Engine displacement cc 130
Equivalence Engine speed r/min 2000
Compress ratio - 8
Fuel type - Gasoline
Equivalence ratio - 1.0
Ignition mode - Spark Ignition

Fuel supply system - PFI
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Figure 2 shows the schematic diagram of the experimental bench, which comprises
the FPEG and other sub-systems, such as the oil supply system, air intake system, ignition
system, control system, and data acquisition system. During the startup and operation
stages of the prototype, the control system sends commands through the set parameters.
The air compressor compresses the fresh air stored in the air cylinder, which is filtered
and throttled by the filter and throttle valve before entering the scavenging air box. Sim-
ultaneously, the filtered fuel is transported by the oil pump and sprayed into the scaveng-
ing air box through the injector. The scavenging air box evenly mixes fresh air and fuel
before entering the cylinder. The cylinder is then ignited by the spark plug fixed on the
cylinder head. Displacement sensors mounted on the piston are coupled with the injectors
and spark plugs to inject or ignite the fuel when the piston reaches a fixed displacement.
The experimental rig’s data, including cylinder pressure, displacement, temperature, and
air—fuel ratio, are collected by the information acquisition system. This data is used to test
the prototype’s operation and facilitate subsequent data processing. The main parameters
of the specific testing instruments are shown in Table 2.

Air filter Throttle

[b Displacement sensor = Lambda sensor ¢—{J—3= Spark plug

1» Pressure sensor Current sensor Bo= Fuelinjector |

Air intake system
Control system

W R

N mL_ll

Fuel tank External load Linear machine controller Power analyzer

AFR analyzer

. J

Figure 2. Schematic diagram of the structure and sub-systems of the experimental stand.

Table 2. The technical specifications of the main test instruments are as follows.

Parameters Unit Value
. . 0-250 bar; -50-350 °C;
Cylinder pressure sensor Kistler 6052C 10.3% FS
Charge amplifier Type 5064E +102-105 pC; -30-50 °C; +0.1% FS
Air intake mass flow meter Sevenstar D07-60B 0-500 LSM; +1% FS
Air intake temperature sensor Booen BEQT-3 <400 °C; <1 °C
Position sensor Copley Sin/Cos 0-100 mm; +20 pm;
Power analyzer Yokogawa DL950 0-150 A; +0.02% FS
Data collection NI PXIe-1071 1.25 MS/s/channel; 16 bits

2.2. Principle of Operation

For the FPEG, it is not possible to describe the ignition moment using the conven-
tional ignition timing method due to the lack of a crank-link mechanism. Therefore, for
ease of understanding, this paper chooses to use the piston displacement during ignition
timing to describe the ignition state of FPEG. The intermediate displacement of the piston
from BDC to TDC is specified as the zero point of displacement, labeled as 0. The displace-
ment of the piston during upward travel is positive, and the displacement during down-
ward travel is negative. Assuming an ignition displacement of 26 mm, this means that the
spark plug fires when the piston is displaced to 26 mm from zero in the upward phase.



Appl. Sci. 2025, 15, 10907

6 of 23

Figure 3 shows the practical working cycle of a two-stroke FPEG. The whole cycle

can be roughly divided into a scavenge phase, a compression phase, and an in-cylinder

combustion phase. Generally, the exhaust and intake phases of a two-stroke engine are

referred to as the scavenging phase, which lasts from the moment the exhaust port opens

to the moment the exhaust port closes.
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Figure 3. Two-stroke FPEG work cycle.
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The specific operation of the scavenging phase is shown in the following sub-stages;
Free scavenging phase: The exhaust port opened until the intake port opened. Fol-
lowing the in-cylinder combustion stage, the gas within the cylinder is at high tem-
perature and pressure, causing the residual exhaust gases to be rapidly expelled
through the exhaust port. As the exhaust port gradually opens, the pressure and tem-
perature inside the cylinder decrease, leading to a gradual reduction in the flow rate
of the residual exhaust gases.

Forced scavenging phase: The inlet port transitions from being fully open to closed.
During this phase, both the intake and exhaust ports are fully open, allowing a sub-
stantial amount of fresh air from the scavenging box to flow into the cylinder, effec-
tively sweeping out residual exhaust gases. Simultaneously, this fresh air replenishes
the cylinder in preparation for the upcoming combustion phase. The forced air scav-
enging phase greatly enhances the efficiency of the engine’s air-sweeping process,
thereby improving overall engine performance.

Final scavenging phase: The intake port remains closed while the exhaust port is
closed. During this phase, fresh air from the scavenging air box is not injected into
the cylinder. As the piston moves towards TDC, the cylinder gas is also compressed,
and the pressure inside the cylinder increases. Once this pressure surpasses that in
the exhaust, the gas in the cylinder is expelled through the exhaust port.

When the scavenging phase is complete and the exhaust port is closed, the FPEG

proceeds to the compression phase. The cylinder gas is compressed under the action of

the piston, and the pressure in the cylinder rises continuously. When the piston is about

to reach TDC, the spark plug fires to start the in-cylinder combustion stage.

2.3. The CFD Model of FPEG and Simulation Strategies

Based on the dual-cylinder spark plug ignition FPEG prototype studied in this paper,

a three-dimensional combustion simulation model of FPEG is established based on the
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three-dimensional CFD simulation software Converge 3.0, as shown in Figure 4. Among
these, the M inlet is the main inlet port, while the R intake is the rear inlet port.

Head
'd Spark plug

N

Exhaust port \
Liner

\

R inlet port

/

M inlet port Piston

Figure 4. Three-dimensional model of FPEG.

The numerical model developed in this study incorporates a series of reasonable sim-
plifications while ensuring accurate capture of core physical mechanisms. First, in geo-
metric modeling, we neglected minute features in the solid model, such as chamfers, fil-
lets, and surface roughness. This simplification is based on preliminary analysis indicating
that these features exert negligible influence on the overall mechanical response, while
significantly reducing mesh complexity and computational cost. Additionally, in bound-
ary condition settings, we employ a quasi-static assumption, simplifying complex transi-
ent conditions in real environments into equivalent steady-state variables. This approach
enhances computational efficiency and model convergence while effectively revealing the
fundamental patterns of the investigated problem. The specific parameters such as bound-
ary conditions of the models used in this study are shown in Table 3.

Table 3. Boundary conditions for free-piston engine.

Boundary Conditions Unit Value
Inlet mass flow kg/s 0.0086
Inlet temperature K 313
Outlet pressure bar 1
Outlet temperature K 600
Cylinder wall temperature K 480
Piston head temperature K 450

Meanwhile, the simulations are based on the following mathematical models and re-
action mechanisms: Turbulence simulation employs the RNG *k*-e model, which effec-
tively accounts for turbulent rotational effects and exhibits high predictive accuracy for
high velocity gradient flow fields [35]. For the combustion model, the SAGE model can
provide a detailed chemical reaction model, which imposes no restrictions on the number
of reaction components or steps, enabling a detailed description of reaction pathways and
component concentration evolution during combustion [36]. The SAGE combustion
model is coupled with a detailed chemical reaction mechanism that comprises 74 compo-
nents and 312 reactions [37]. Furthermore, to effectively handle near-wall flow and heat
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transfer while maintaining computational accuracy, the wall function method is em-
ployed [38]. For NOx emissions analysis, the Extended Zeldovich model is used [39]. A
series of studies have verified the mathematical model and reaction mechanism used in
the 3D model, as shown in Table 4.

Since there is no crank-link mechanism in FPEG, so this paper chooses time-based
modeling in Converge software.

Table 4. Mathematical models and chemical mechanism.

Description Models and Mechanism
Turbulence Model RNG k-¢ model [35]
Combustion model SAGE model [36]

Heat transfer model Wall-function model [38]
Reaction kinetics model PRF skeletal mechanism [37]
Ignition model Sphere selection module
NOx formation model Extended Zeldovich model [39]

This paper primarily investigates dual ignition strategies: synchronous ignition (fixed ig-
nition interval) and asynchronous ignition (variable ignition interval), with specific ignition
timings set (as shown in Table 5), aiming to analyze their effects on FPEG performance. The
experiment used the initial condition “L-26 mm/R-24 mm” as the benchmark for performance
comparison. Based on this benchmark, researchers systematically varied the ignition parame-
ters: For the synchronous strategy, they maintained constant intervals for the spark plug igni-
tion while either collectively advancing (e.g., +4 mm, +2 mm) or retarding (e.g., 2 mm, -4 mm,
-6 mm) the overall ignition timing. This approach aimed to observe its impact on combustion
processes. For the asynchronous strategy, one of the ignition positions was fixed, and the other
position was varied. This adjustment created different ignition intervals between the left and
right spark plugs. Specific phase differences of -4 mm, -2 mm, +2 mm, and +4 mm were es-
tablished, with negative values indicating that the left side ignited first and positive values
indicating that the right side ignited first. This setup aimed to investigate the effects of differ-
ing ignition intervals and flame propagation. It is particularly noteworthy that the baseline
condition inherently has a 2 mm ignition phase difference. As a result, one synchronous strat-
egy (A3) and one asynchronous strategy (B3) within the experimental framework share the
same ignition timing.

Table 5. Specific ignition timing of double spark plugs.

Case L sp/mm R sp/mm
Al 22 20
A2 24 22
A3 26 24
A4 28 26
A5 30 28
A6 32 30
Bl 22 26
B2 24 26
B3 26 24
B4 26 22

2.4. Model Verification

The mesh size critically influences simulation outcomes, where finer grids provide supe-
rior accuracy at the expense of a substantial increase in computational time, while coarser
grids reduce duration but introduce significant errors, necessitating a mesh independence



Appl. Sci. 2025, 15, 10907

9 of 23

In-cylinder pressure(bar)

study. This work evaluates three base grid sizes for cylinder pressure analysis and further
verifies them using adaptive meshes generated by Converge’s Adaptive Mesh Refinement
(AMR). Figure 5a indicates that results from the 2 mm and 3 mm base grids with AMR show
notable deviations from the 1 mm AMR reference, whereas the discrepancy between the 1 mm
and 2 mm AMR cases is minimal. Consequently, the 2 mm grid with AMR was chosen as the
optimal compromise between computational accuracy and cost.

To further illustrate the reliability of the free-piston engine model, the mean cylinder
pressure was verified based on experimental data. The in-cylinder pressure curves in the ex-
periment and simulation are shown in Figure 5, from which it can be seen that the peak cylin-
der pressure and the corresponding phases, as well as the trend of pressure, are highly con-
sistent. Only in the downward phase of the piston due to the difference in sealing conditions,
there is an acceptable error, and the vast majority of regions’ errors do not exceed 5%. The
results show that the simulation model established in this paper can accurately simulate the
in-cylinder mixture formation and combustion process and meet the subsequent simulation
study. To ensure the accuracy of subsequent studies, the boundary conditions and initial con-
ditions used in the following research are presented in Tables 3 and 5.
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(a) Grid independent verification

(b) In-cylinder pressure under experimental and simulation conditions

Figure 5. Grid independent verification and in-cylinder pressure verification.

3. Results and Discussion
3.1. Effect of Synchronous and Asynchronous Changes on Combustion Characteristics

Figure 6a presents the variations in in-cylinder pressure and heat release rate (HRR)
for different ignition positions within the synchronized dual spark plug scheme. This
setup maintains the ignition interval between spark plugs at 2 mm. As the ignition posi-
tion of the R-side spark plug is advanced from 30 mm to 22 mm before the TDC, a marked
increase in peak in-cylinder pressure is observed, along with an advancement in the cor-
responding piston position at which peak pressure occurs. However, further advancing
the ignition position leads to a decrease in peak pressure. This decrease occurs because an
earlier ignition point leads to a less homogeneous air—fuel mixture. This inhomogeneity,
in turn, results in lower in-cylinder pressure and temperature, which impairs the initial
ignition and flame kernel development. When the ignition position is set at 30 mm, the
peak pressure reaches only 31 bar, mainly due to the ignition occurring too late, causing
the peak of the HRR to be delayed. In this case, the majority of heat release takes place
well after TDC, which hampers efficient heat release and thus diminishes the engine’s
ability to drive the piston effectively. Conclusively, appropriately advancing the ignition
position can enhance combustion within the cylinder, optimize the timing of the peak
HRR, and promote an increase in in-cylinder pressure.
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Figure 6. In-cylinder pressure and heat release rate (HRR) under different schemes.

Figure 6b illustrates the variation in in-cylinder pressure and HRR for different igni-
tion positions within the asynchronous dual spark plug scheme. In this scheme, the igni-
tion interval between the spark plugs is adjusted at increments of -4 mm, -2 mm, 2 mm,
and 4 mm, while maintaining all other parameters constant. The findings demonstrate
that the ignition interval influences in-cylinder pressure. Generally, advancing the igni-
tion position tends to elevate the peak in-cylinder pressure. Notably, in the B3 scheme,
where the interval is 2 mm, the peak pressure reaches its highest value at approximately
56.4 bar. In contrast, in the B2 scheme, where the interval is -2 mm, the peak pressure only
attains 52.7 bar, reflecting a decrease of 6.56%. This indicates that advancing the ignition
position of the R-side spark plug has a more pronounced effect on in-cylinder pressure.

Further comparison of the difference in in-cylinder pressure between schemes shows
that the ignition configuration significantly affects the combustion process even at the
same ignition position. Specifically, in the B1 configuration, the ignition position of the L-
side spark plug is advanced. Comparison to the B2 configuration, the ignition interval is
extended, effectively increasing the in-cylinder pressure. This may be because a larger
ignition interval improves the interaction between the airflow and the fire core, resulting
in a more uniform combustion process, which in turn boosts the pressure. However, the
results of the B3 and B4 schemes are different. In the case of R-side ignition advance, the
larger ignition interval instead led to a decrease in in-cylinder pressure. This phenomenon
may be related to the direction of airflow in the cylinder. Since the airflow usually flows
from the right side to the left side, a large ignition interval may make the pushing effect
of the airflow interfere with the combustion prematurely, leading to premature combus-
tion of the mixture on the right side, thus affecting the uniformity of combustion. In that
case, the fire nuclei on the left and right sides may meet prematurely, resulting in incom-
plete local combustion or even negative effects, which may have an adverse impact.

Figure 7 presents the in-cylinder peak pressure corresponding to different ignition strat-
egies. By adjusting the ignition position, the peak pressure can reach up to 62.5 bar, represent-
ing a 10.8% increase compared to the base condition. Compared to the asynchronous ignition
configuration, the synchronous ignition configuration with the same ignition interval exhibits
greater variation under the influence of ignition timing, with a noticeable increasing trend as
the ignition timing is advanced. In contrast, the asynchronous strategy with different ignition
intervals is influenced by the in-cylinder airflow, resulting in significant nonlinear character-
istics in pressure and differs from the trend of the synchronous.



Appl. Sci. 2025, 15, 10907

11 of 23

62.5

58.6

=N
—)
L]

56.4 55.4 56.4
: 53.6
50.6 52.7

N
—
L]

41.3

=
(=

31

W
—
L]

[\
—
L]

In-cylinder pressure (bar)

o
—
T

L l/ L L I/ I/ L L
Al A2 A3 A4 AS A6 B1 B2 B3 B4

Case

Figure 7. Peak in-cylinder pressure under different schemes.

It is essential to analyze the combustion process within the cylinder to facilitate a
more intuitive comparison of the speed of heat release between the different spark plug
schemes. The whole combustion process is commonly divided into three stages: ignition
delay, flame propagation, and flame termination. The ignition delay period refers to the
time from the spark position (SP) to 10% of the mass burn fraction (MBF), known as SP-
10% combustion duration. The flame propagation period covers the time from 10% MBF
position to 90% MBF position. The flame termination period refers to the duration in
which the remaining fuel continues to burn in the cylinder. The duration from 10% MBF
position to 50% MBF position is also used to characterize the time for the flame front to
reach the edge of the combustion chamber in the simulation experiments.

As illustrated in Figure 8, the ignition delay periods of two ignition strategies are
compared. Due to the staggered ignition position, the ignition strategies in scenarios A3
and B3 are identical. The figure reveals that as the ignition position and intervals are ad-
vanced, both the synchronous and asynchronous ignition schemes show an increasing
trend in SP-10% combustion duration. This phenomenon primarily results from the earlier
formation of the fire nucleus triggered by the advancement of the ignition position. At this
stage, the piston is still on its upward trajectory, and the temperature inside the cylinder
remains low, the mixture distribution inside the cylinder is poor, which hinders the de-
velopment and propagation of the flame, consequently leading to a longer ignition delay
period. The different performances observed under 2 mm and 4 mm ignition intervals in
the asynchronous scheme (such as B2, B3 vs. B1, B4) can be explained by the effects of in-
cylinder airflow and the negative impact of flame kernel collisions. Specifically, in the B1
and B2 schemes, the flame propagation needs to overcome disturbances caused by the in-
cylinder airflow, while in the B3 and B4 schemes, the airflow aids the process. However,
in the B3 and B4 schemes, the collision between the two flame cores may result in more
severe negative effects, further impacting the combustion process.



Appl. Sci. 2025, 15, 10907

12 of 23

4.0
3.5
3.0
2.5

g'20
g .

=15
1.0
0.5
0.0

3.0
NN Synchronous SP-10% duration
25} 1 Asynchronous SP-10% duration
2.14 2.17 2.19
2.0F 1.89 1.91
1.79 168 1.66 1.79
1.46

Time (ms)
= =
= 9}

S
n

NN A LA W

Al A2 A3 A4 A5 A6 Bl B2 B3 B4

Case

Figure 8. Ignition delay period under different schemes.

Figure 9 illustrates the variations in the time of 10-50% combustion duration and 10—
90% combustion duration under different ignition strategies. As shown in Figure 9a, un-
der the synchronous ignition strategy, both the 10-50% combustion duration and 10-90%
combustion duration initially decrease and then increase as the ignition location advances.
This observed phenomenon may be attributed to the earlier ignition igniting more fuel before
reaching the TDC, while the piston is still in the upward motion, leading to an increase in
cylinder pressure. This elevated pressure, in turn, partially hampers further flame propaga-
tion. Additionally, the faster initial flame expansion may cause the flame front to collide, and
the interaction between flame cores could influence the flame propagation process. In contrast,
Figure 9b indicates that under the asynchronous ignition strategy, there is an increase in the
10-50% combustion duration and 10-90% combustion duration. While the 10-50% combus-
tion duration and 10-90% combustion duration are higher than the synchronous one, the dif-
ferences gradually diminish with changes in the ignition configuration. For the synchronous
strategy, advancing the ignition position results in a maximum reduction in combustion du-
ration of 1.5 ms, while in the asynchronous strategy, the reduction is only 0.135 ms due to the
different setups of the ignition scheme.
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Figure 9. Combustion duration under different schemes.
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Figure 10 shows the power and thermal efficiency under different ignition strategies.
In the synchronous ignition strategy, continuous adjustments to the ignition position al-
lowed Case A4 to achieve the highest indicated thermal efficiency (37.5%) and indicated
power (3.05 kW), reflecting an 11.3% improvement over previous studies [33]. In this case,
both advancing and delaying the ignition position result in a deterioration of perfor-
mance. Advancing the ignition position causes the cylinder pressure to rise too quickly,
leading to significant negative work during the compression phase. On the other hand,
delaying the ignition position slows the combustion rate, extends the combustion dura-
tion, and decreases the peak pressure, all of which contribute to a reduction in both indi-
cated thermal efficiency and indicated power. In the asynchronous ignition strategy, ad-
vanced L-side spark plug ignition positions, such as B1 and B2, show better performance.
Among them, B2 achieves an indicated thermal efficiency of 37.6% and an indicated power
of 3.06 kW, which is attributed to the shorter combustion duration.
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Figure 10. Indicated power and indicated thermal efficiency under different schemes.

3.2. Effects of Synchronous and Asynchronous Ignition Strategies on Flame Development and
Flame Propagation

To study the process of flame formation and development in the cylinder more intui-
tively, Figures 11 and 12 illustrate the combustion diffusion cloud maps of the FPEG under
different strategies. In these figures, the red-shaded areas represent the position of the 2000 K
flame front and its propagation throughout the combustion chamber. Technically, using dual
spark plugs inevitably leads to forming two independent flame cores, each developing
through the combustion of the fuel-air mixture. As a result, the combustion area between the
unburned and burned gases increases, significantly accelerating the heat and mass transfer
between the flame fronts, thereby enhancing the combustion rate and promoting the faster
spread of the flame within the combustion chamber. The results show that the two independ-
ent flame cores formed by the dual spark plugs move along with the in-cylinder flow regard-
less of the configuration. The turbulent flow strongly distorts and stretches the two independ-
ent flame fronts. This is primarily due to the design of the FPEG’s intake and exhaust ports (as
shown in Figure 4), which generates a strong counterclockwise recirculating motion within
the cylinder, increasing the swirl ratio around the combustion chamber and further facilitating
the growth and development of the flame cores.
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Based on the synchronized and asynchronous ignition strategies in this study, we
observe the ignition delay period (10% combustion duration), combustion centroid (50%
combustion duration), the flame propagation cessation point (90% combustion duration)
(i-e., 10%, 50%, and 90% of the combustion mass fraction), and the variations and charac-
teristics of the flame front at the TDC.

Figure 11 illustrates the flame propagation process when the ignition positions vary
synchronously. At 10% combustion duration, only the flame front from configuration Al
comes into contact, leading to an interaction between the flame fronts, which results in
interference and causes a longer ignition delay period (as shown in Figure 8). In addition,
the flame fronts in the other configurations exhibit significant stretching, distortion, and
wrinkling at this stage, which increases the combustion area and accelerates the combus-
tion rate. Since the initial conditions are the same, the size of the flame cores formed by
the spark plugs is identical at the initial ignition stage. However, due to the different ig-
nition positions, the radius of the flame core on the right side is larger than that on the left
side in case A1-A6. Furthermore, influenced by the in-cylinder airflow, the flame mainly
develops from the right side toward the left, with the right-side flame core gradually en-
gulfing the left side. At 50% combustion duration, except for A6, the other cases exhibit
nearly circular flame propagation, with a larger contact area between the flame and the
unburned air-fuel mixture in the cylinder. As the combustion progresses, the flame prop-
agation speed increases, which helps achieve rapid combustion.

At TDC, the flame fronts in A1-A4 have already contacted the cylinder wall and been
quenched, further accelerating the combustion rate. In contrast, the two flame cores in A6
have not yet interacted, and the 50% combustion duration occurs significantly earlier than
TDC, which causes a substantial portion of the fuel to start burning only after reaching
the top dead center, thus slowing down the combustion rate and reducing the concentra-
tion of heat release within the cylinder. As shown in Figure 9b, the 10-50% and 10-90%
combustion durations for Case A6 are significantly higher than the other options.

Figure 12 shows the flame propagation process when the ignition positions vary
asynchronously. At 10% combustion duration, only the two flame cores in case B3 have
not yet made contact, while the flame front areas in B1 and B2 are nearly identical. Com-
paring B1 and B4, it is proved that advancing the ignition position of the R-side spark plug
can better play the role of promoting the in-cylinder airflow and further accelerate the
combustion of the in-cylinder premix. Notably, although advancing the ignition on the
right side enlarges the flame propagation area in the early ignition stage and accelerates
combustion, the flame front in the later stages of combustion expands more slowly, lead-
ing to a longer overall combustion duration. As shown in Figure 9a, the B4 scheme has a
shorter 10-50% combustion duration but a longer 50-90% combustion duration, resulting
in an overall increase in combustion duration compared to the B1 scheme. At 50% com-
bustion duration and TDC, the flame contour in the asynchronous ignition configurations
displays more uniform propagation characteristics, with the flame front becoming nearly
circular, indicating a more uniform and stable flame propagation process.

3.3. Effects of Synchronous and Asynchronous Changes on Emissions

During the combustion process, the in-cylinder temperature is closely related to the
generation of emissions. As shown in Figure 13, the mean in-cylinder temperatures are
given under different schemes. Regardless of whether the ignition position changes syn-
chronously or asynchronously, advancing the ignition position leads to a higher peak in-
cylinder temperature, but the increase tends to decrease gradually. In the synchronous
scheme, the peak in-cylinder temperature reaches a maximum of 2700 k at case A2, at
which point further advancement of the ignition position decreases the peak temperature
instead. In contrast, under the asynchronous ignition scheme, the change in peak
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temperature follows an opposite trend concerning the ignition position. Specifically, as
the ignition position is advanced, Case B1 shows an increase in peak temperature com-
pared to B2, while Case B4 shows a decrease compared to B3. This may be due to a com-
bination of the negative effects of cylinder airflow effects and fire core collisions as de-
scribed earlier. Additionally, there is a strong correlation between the peak temperature
and the corresponding piston position. This is because the peak temperature represents
the degree of heat release in the cylinder, higher peak temperatures indicate more concen-
trated heat release, so the piston is closer to the TDC.
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Figure 13. Mean in-cylinder temperature under different strategies.

In this paper, the hot-state NOx generation model (Extended Zeldovich Model), is
used to study the formation of NOx inside the cylinder. The main reaction equation is as

follows:
N,+0=N+NO (1)
N+0=0+N0 )
N+OH=H+NO 3)

Both Type (1) and Type (3) are strongly endothermic reactions that can only proceed
at high temperatures of 1800 K; hence, they are also referred to as thermal NOx formation
models. In the hot-state NOx generation model, the cylinder temperature directly affects
the formation of NOx. Figure 14 shows the generation curves of NOx over time under
different conditions. Although the mole fraction of NOx increases rapidly in all cases be-
fore remaining essentially constant, the peak values of the NOx mass fraction differ. As
shown in Figure 14a, as the ignition position advances, the combustion inside the cylinder
accelerates and the exothermic heat of the combustion reaction increases in a short period,
leading to an increase in the cylinder temperature. As a result, the NOx generation rate
increases, and the NOx mole fraction increases, reaching a peak (0.444%) under A2 oper-
ating conditions. However, when the ignition position was delayed to 30 mm, the temper-
ature in the cylinder decreased to a minimum value of 2100 K, while the NOx mole frac-
tion decreased to a minimum (0.107%). It can be attributed to the fact that the delayed
ignition leads to an incomplete combustion process, with the temperature peaking ap-
proximately 9.2 mm after the upper stop, resulting in an environment that fails to achieve
sufficiently high-temperature conditions. As a result, NOx production is significantly re-
duced at lower temperatures. This can also be found in the comparison of B2 and B4.
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Figure 14. NOx mole fraction versus time.

Whereas, as shown in Figure 14b, the trend of in-cylinder NOx generation under the
asynchronous scheme is similar to that of the synchronous. As the ignition interval
changes, the peak in-cylinder temperature and the NOx mole fraction change. Further-
more, compared to the synchronous scheme, the NOx generation rate in the asynchronous
scheme is more consistent, with a difference of only 0.032%. It is worth noting that, alt-
hough Figure 13. shows that the peak cylinder temperatures of A4 and B4 are almost the
same, the NOx mole fraction differs. This is largely because combustion temperature is
not the only factor affecting NOx emissions; the reaction time inside the cylinder also
plays a role [40]. The extended Zeldovich mechanism primarily governs NOx emissions.
This mechanism involves a series of elementary reactions between atmospheric nitrogen
and oxygen, characterized by high activation energies and thus high temperature sensi-
tivity. According to the reaction mechanism of high-temperature NOX, the three essential fac-
tors for NOx formation are high temperature, oxygen enrichment, and sufficient reaction time.
Since NOx formation occurs much more slowly than other pollutants (such as CO, CO», and
HC), and the in-cylinder combustion process in FPEG engines is rapid, NOx often fails to reach
the equilibrium concentration of the reaction equation by the end of combustion. Therefore,
under identical temperature conditions, longer reaction times naturally result in greater NOx
production. As a result, at the same high temperature, a longer reaction time leads to greater
NOx formation. The combustion duration in the B4 scheme is longer, providing more reaction
time, thus leading to higher NOx emissions. In contrast, A4 has a faster response with a shorter
reaction time, less conducive to NOx generation.

The reaction OH + CO & H + CO:z is the main step in CO oxidation [41,42], which is
an exothermic reaction in the combustion of hydrocarbon fuels. CO is oxidized to CO2 in
the later stages of combustion, releasing a significant amount of heat. Therefore, during
combustion, CO is mainly produced as an intermediate product and can be intuitively
represented by its mole fraction to reflect the combustion intensity. Figure 15 presents the
CO generation curves over time under different conditions. As shown in Figure 15a, the
highest peak CO mole fraction occurs in Case A2 reached 1.89%, which also corresponds
to the highest peak pressure and peak temperature inside the cylinder, indicating the most
intense combustion at this condition. Compared to other cases, Case A6 exhibits a lower
CO mole fraction, which can be attributed to the delayed ignition position, leading to a
milder combustion reaction and a reduction in both cylinder pressure and temperature.
From Figure 14b, it can be observed that the CO mole fraction variation in the asynchro-
nous scheme is relatively small, reflecting the equilibrium and stability of the combustion
process. The curves for Bl and B4 are almost identical, and the peak values for B2 and B3
are also nearly the same, with only a phase difference between them. In addition, the CO
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measured at valve opening is considered the actual exhaust emissions. Under A6 condi-
tions, the actual CO value is 0.3%, significantly higher than in other operating conditions.
For asynchronous conditions, except for B3, the values are approximately 0.104%.
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Figure 15. CO mole fraction versus time.

By examining the in-cylinder CO distribution under different ignition strategies, as
shown in Figure 16, the variations in CO distribution within the cylinder become more
intuitive. As shown in Figure 16a, the high-concentration CO region (red) at 2 mm ATDC
gradually contracts toward the spark plug as ignition timing is retarded, with its distribu-
tion range significantly decreasing. This phenomenon primarily stems from locally sub-
stoichiometric conditions (equivalence ratio <1.0) resulting from the uneven spatial distri-
bution of the fuel-air mixture during actual combustion. Under oxygen-deficient condi-
tions, incomplete combustion occurs, leading to concentrated CO formation in the flame
propagation core region—specifically around the spark plug. By 10 mm ATDC, noticeable
residual CO regions remain observable in modes A4-A6, indicating incomplete combus-
tion and weak late-stage oxidation reactions that fail to effectively eliminate earlier-
formed products of incomplete combustion. In contrast, Figure 16b shows that asynchro-
nous ignition enhances in-cylinder gas flow, improving fuel-air mixing uniformity and
thereby suppressing the formation of locally lean or rich zones. Consequently, CO exhibits
greater consistency than the synchronous scheme at both 2 mm BTDC and 10 mm ATDC.
More critically, asynchronous ignition concentrates primary exothermic processes near
TDC, creating combustion temperatures and oxidation conditions more favorable for late-
stage CO oxidation. By 10 mm ATDC, CO oxidation within the cylinder is largely com-
plete, with overall molar fractions maintained at low levels (predominantly blue regions).
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Figure 16. In-cylinder CO distribution under different strategies.

Finally, Figure 17 presents the HC mole fraction curves over time under different

conditions. The results show that the HC mole fraction curve is a good reflection of the

combustion consumption rate inside the cylinder, which in turn indicates the combustion
speed. As combustion progresses, regardless of the scheme used, the HC mole fraction
rapidly decreases after the ignition point. In the later stages of combustion, except for Case

A6, the HC emissions for the other schemes are essentially the same. Additionally, during

combustion, the HC emissions are more consistent in the asynchronous schemes com-

pared to the synchronous ones.
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Figure 17. HC mole fraction of HC versus time.

4. Conclusions

In this research, a detailed three-dimensional kinetic model was built based on a real

FPEG combustion chamber. Numerical simulations of the FPEG were carried out using

CFD techniques combined with detailed combustion mechanisms and verified in compar-

ison with experimental data. On this basis, the effect of dual-spark-plug FPEG on the com-

bustion process under synchronous and asynchronous changes was investigated to im-

prove the combustion performance of the FPEG system. The main research results can be

summarized as follows;

M

)

(©)

)

Whether employing synchronous or asynchronous ignition, changing the ignition
position considerably impacts the in-cylinder pressure. Under Case A2, the peak
pressure achieved by the synchronous scheme can reach up to 62.5 bar, reflecting a
10.8% improvement over the base case and showing a significant growth trend as the
ignition position is advanced. In contrast, the asynchronous scheme exhibits signifi-
cant nonlinear characteristics in its pressure variations, due to the negative effects of
in-cylinder airflow action and fire core collision, and the trend is quite different from
that of the synchronous ignition scheme.

As the ignition position continues to advance, the ignition delay period for both the
synchronous and asynchronous schemes shows an increasing trend. In the synchro-
nous ignition scheme, the combustion duration shows a trend of decreasing and then
increasing, with a maximum shortening of 1.5 ms. The combustion duration of the
asynchronous scheme increases compared with that of the synchronous, and the dif-
ference in the cases gradually decreases with the change in the ignition position, with
a maximum shortening of 0.135 ms. When the ignition is set to L-24 mm/R-26 mm,
the indicated thermal efficiency reaches a peak of 37.6%.

Regardless of the ignition scheme employed, the two separate flame cores formed by
the spark plugs are affected by the ignition arrangement and the strong counterclock-
wise return flow within the cylinder, and the flame cores gradually develop from the
right side to the left side. In this process, the right-side flame core will gradually en-
gulf the left-side flame core. At 50% combustion duration and TDC moment, the
flame cloud map of the asynchronous ignition scheme shows more uniform propa-
gation characteristics, and the flame front tends to be round.

Delaying the synchronized ignition to L-32 mm/R-30 mm, the NOx mole fraction reaches
its lowest value due to the lower temperature in the cylinder. However, CO and HC
emissions increased significantly due to incomplete combustion. Compared to the syn-
chronous schemes, the asynchronous schemes showed less difference in emissions and
did not exhibit significant emission fluctuations, and the overall emissions were low.
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Abbreviations

The following abbreviations are used in this manuscript:

FPEG Free piston engine generator
OSFPG Opposed single-cylinder free piston generator
CFD Computational fluid dynamics
TDC Top dead center
BDC Bottom dead center
ATDC After top dead center
NOx Nitrogen oxide
HCCI Homogeneous charge compression ignition
SDI Semi-direct injection system
PFI Port fuel injection
HC Hydrocarbon
HRR Heat release rate
AMR Adaptive mesh refinement
SP Spark position
MBF Mass burn fraction
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