
Academic Editor: Paola Ammendola

Received: 1 October 2025

Revised: 18 October 2025

Accepted: 28 October 2025

Published: 5 November 2025

Citation: Zhang, Y.; Li, L.; Hou, T.;

Liu, Y.; Yao, S.; Zou, R. Effect of

Ignition Timing on Combustion and

Emissions in a Downsized Rotary

Engine Fueled with Methanol.

Processes 2025, 13, 3565. https://

doi.org/10.3390/pr13113565

Copyright: © 2025 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Effect of Ignition Timing on Combustion and Emissions in a
Downsized Rotary Engine Fueled with Methanol
Yi Zhang 1, Liangyu Li 2,*, Ting Hou 3, Yanzhe Liu 2 , Shiliang Yao 1 and Run Zou 1,*

1 School of Energy and Power Engineering, North University of China, Taiyuan 030051, China;
zhangyi@nuc.edu.cn (Y.Z.); sz202316051@st.nuc.edu.cn (S.Y.)

2 School of Mechanical and Electrical Engineering, North University of China, Taiyuan 030051, China;
sz202301049@st.nuc.edu.cn

3 Shanxi Diesel Engine Industry Co., Ltd., Datong 037036, China; houting1104@163.com
* Correspondence: 20250117@nuc.edu.cn (L.L.); zourun@nuc.edu.cn (R.Z.)

Abstract

The downsized Wankel rotary engine (WRE) fueled with methanol is a promising power
source for small unmanned aerial vehicles, owing to its simple structure, high-speed capa-
bility, and clean emissions. In general, a well-designed ignition timing (IT) can drastically
enhance engine combustion performance. To assess the impact of IT, a numerical simulation
study was conducted on a methanol-fueled WRE, analyzing its combustion characteristics
and emissions to guide performance optimization. The results indicated that advancing
the IT boosted the flame propagation velocity. The peak pressure increased slightly when
delaying the IT from −24 ◦CA to −15 ◦CA but dropped sharply for −12 ◦CA at 5000 RPM.
This contrasts with the behavior at 11,000 RPM and 17,000 RPM, where peak pressure
clearly rose with advanced IT. Indicated thermal efficiency (ITE) decreased with the delay
of the IT at 11,000 RPM and 17,000 RPM; the maximum values reached 24.98% and 25.78%,
respectively. This contrasted with the trend observed at 5000 RPM, where ITE first increased
and then decreased with IT delay. The optimized IT significantly affects pollutant emissions
primarily under low-speed conditions (5000 RPM), while exhibiting limited impact at high
engine speeds. At 5000 RPM, strategic IT adjustment achieves maximum reductions of 2%
in CO emissions and 33% in formaldehyde emissions.

Keywords: methanol-fueled rotary engine; ignition timing; combustion characteristics; emission

1. Introduction
Compared to a traditional reciprocating engine, the Wankel rotary engine (WRE) has

the advantages of high-speed capability, a simple structure, easy miniaturization, low noise,
and stable operation [1–4]. Furthermore, the WRE has a higher power density [5] and high-
speed stability. Therefore, downsized WREs have broad application potential in small-scale
unmanned aerial vehicles, small power generation equipment, and power equipment for
range extenders [6,7]. However, it also has clear disadvantages. Due to the narrow recess
chamber, large surface-to-volume (S/V) ratio, and top-line sealing structure [8], WREs
encounter issues in organizing the flame combustion process, reducing severe cooling
losses [9], and preventing leaks. That leads to some questions about their weaknesses, such
as high fuel consumption, poor emission performance, serious leakage, and wear of sealing
components [10,11]. In recent years, researchers interested in WREs have looked for ways
to solve these problems. Fan et al. [12] and Warren et al. [13] improved the sealing problem
encountered in WREs by designing a new type of sealing sheet and designing REs from
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the apex seal profile, respectively. Zhang et al. indicated that adopting a diamond-like
carbon (DLC) coating improved friction and wear problems and improved the power of the
downsized WRE by 24–43% [14]. Shi et al. [15] enhanced the combustion performance of
WREs using a twin-plug ignition system. In addition, some new pilot ignition [16] and laser
ignition [17] methods have been applied to WREs to improve combustion performance and
reduce specific fuel consumption and pollutant emissions. Not only structural innovations
but also fuel replacement has been applied to WREs to optimize engine performance. Philip
et al. [18], Kamo et al. [19], Pan et al. [20], and Su et al. [21] studied natural gas-fueled, diesel-
fueled, ethanol/gasoline-fueled, and n-butanol-fueled WREs, respectively. Furthermore,
the performance of WREs was optimized and the pollutant emissions were reduced by
adjusting the IT and injection duration.

Global warming is an indisputable fact. The increase in CO2 use has accelerated
the speed of global warming and exerted a significant impact on human production and
life [22]. Therefore, reducing carbon emissions has become an urgent issue. Methanol
(CH3OH) has emerged as a promising alternative to gasoline and diesel, recognized for its
renewability, economic viability, and environmental benefits in internal combustion engines
(ICEs) [23]. The reasons for this are as follows: Firstly, methanol has large-scale produc-
tion capacity and infrastructure in China, underpinning a robust application market [24].
Secondly, methanol offers significant logistical advantages as it remains in a liquid state
at ambient conditions, enabling easy storage and transportation with minimal losses [25].
Thirdly, methanol can be derived from a variety of sources, contributing to its cost-effective
production [26]. Therefore, methanol has been widely studied as a pure fuel or a blend
fuel in ICEs. Celik et al. [23] explored the impacts of pure methanol on the performance
and emissions of an ICE with a high compression ratio (CR), and found that compared to
gasoline, NOx emissions dropped by 35% and thermal efficiency (TE) was enhanced by
16%. El-Emam et al. [27] indicated that using pure methanol can raise the TE and reduce
emissions for spark-ignition (SI) engines. Research by Wouters et al. [28,29] and Vancoillie
et al. [30] also showed similar results. In addition, An et al. [31] briefly explored the influ-
ence of methanol addition (5%, 10%, and 15% in volume) on the combustion of a diesel
engine using numerical simulation, and found a linear relationship between increasing
the methanol blend ratio and the increase in indicated thermal efficiency (ITE). Previous
research demonstrates that methanol addition in small SI engines enhances combustion.
One study found that 15% and 25% methanol blends improved combustion completeness
and reduced cycle variability [32]. Another reported increased BTE along with shorter
flame development and propagation periods compared to gasoline [33]. Furthermore,
studies have extended to other methanol mixtures, such as with hydrogen, natural gas, and
water, for use in ICEs.

However, methanol can also be used in WREs because it may compensate for some
inherent drawbacks of this engine type. (1) The unidirectional flow in WREs impedes flame
propagation toward the rear zone of the recess chamber. Nevertheless, the higher laminar
flame speed of methanol prevents unburned zones by allowing the flame to propagate ef-
fectively against the unidirectional flow toward the trailing side. (2) The wide flammability
limit of methanol can ensure the smooth formation of flame kernels with poor gas exchange
and high residual gas ratios in the spark holes in WREs. (3) Methanol’s high octane number
grants it strong anti-knock ability. This property allows for a higher compression ratio in
WREs, thereby increasing thermal efficiency and improving fuel economy. (4) Methanol’s
low heating value is approximately 45% that of gasoline and 46% that of diesel [34]. To
maintain engine power, fuel supply must be increased; however, the WRE can effectively
compensate for this shortcoming. (5) The high latent heat from methanol vaporization
allows a denser fuel–air charge [35], which means it may increase engine volumetric effi-
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ciency and thus increase the power of the WRE. (6) The low adiabatic flame temperature
of methanol–air combustion can result in lower wall heat loss and lower nitrogen oxide
emissions [25]. In summary, methanol and WRE have a good complementarity. However,
after a survey of the literature, few studies were found on the performance of the down-
sized methanol WRE. Therefore, the application of methanol fuel in small WREs remains to
be studied.

Ignition optimization represents a fundamental approach to achieving superior com-
bustion performance in engine design [36,37]. Ignition timing (IT) is a significant parameter
of the engine operation [38]. Su et al. [39] investigated the impact of IT on the performance
of a hydrogen–gasoline dual-fuel WRE using experimental methods, and found that the
flame development period and in-cylinder temperature were reduced with the increase
in IT. Yang et al. [40] examined the impacts of IT on a hydrogen WRE under low speed;
their results showed that as the IT was delayed, the initial heat-releasing stage was first
shortened and then lengthened and both HC and NO emissions were reduced. In the
process of optimizing the ignition system for WREs, Jiao et al. [41] found that while a larger
ignition advance angle improves engine performance, it comes at the cost of increased in-
cylinder temperature and NOx emissions. In addition to experiments exploring the impact
of ignition parameters on the performance of ICEs, numerical simulation technology has
also been applied to explore engine performance. Wang et al. [42] examined the influences
of IT on the combustion of an ammonia–hydrogen WRE through 3-D numerical simulation,
and found that with IT delay, the combustion efficiency of the WRE was improved, and the
max heat release rate (HRR) and flame propagation first increased and then decreased. Shi
et al. [15] numerically examined the ignition amelioration of a hydrogen-enriched WRE,
and their results indicated that asynchronous ignition readily improved flame development
and combustion rate. Additionally, the leading plug initiated ignition earlier, accelerating
flame propagation speed to deliver higher pressure and superior heat dissipation. Recently,
Chang et al. [43] found that the trailing plug ignites early, accelerating the combustion
process, while premature ignition at the leading plug causes the flame front to become
irregular. The above research shows that the IT exhibits a great impact on the combustion
and emissions by influencing the formation and development of flame in the SI WRE.

Considering that methanol fuel can be adapted to downsized WREs to a certain
extent and there are few studies on pure methanol-fueled WRE, this study aims to address
this gap in the literature. For this, a computational fluid dynamics (CFD) model of the
WRE fueled with methanol was developed, selecting a reasonable turbulence combustion
model and simplifying the mechanism of methanol, and its reliability was confirmed
by comparing its predictions with test results. First, the influence of IT on the flame
propagation was investigated using the simulation model. Secondly, the effects of IT on
combustion performance were studied. Finally, emissions during operation of the WRE
were explored. The performance of the pure methanol WRE was optimized by adjusting the
IT over different engine speeds. The findings from this research are intended to directly aid
in the optimization of combustion and emissions for a downsized methanol-fueled WRE.

2. Establishment and Verification of Mathematical Mode
2.1. Geometric Model and Boundary Condition Setting

Based on Creo 5.0 software, a fluid domain model of the OS49II WRE is constructed
with the peripheral intake and exhaust port, three chambers, and one plug chamber, as
illustrated in Figure 1. It is worth noting that this simulation model accounts for cross-
leakage effects between adjacent chambers but disregards external leakage. The relevant
parameters of the test WRE are listed in Table 1. The operating process of the WRE
includes intake, compression, power, and exhaust, and each operating process accounts
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for 270 ◦CA. Additionally, the structure and operating process of the three chambers are
similar, resulting in consistency across the combustion processes in the three chambers.
Therefore, the combustion inside chamber II is calculated for the analysis, which is the
method commonly used to study the WRE [15,44].

Figure 1. Fluid domain model of the test WRE.

Table 1. Relevant parameters of the OS49II WRE.

Parameters Values

Rated speed/RPM 17,000
Displacement/mm 4970
Compression ratio 8.5

Generating radius/mm 21
Eccentricity/mm 3

Cylinder thickness/mm 14.5
Fuel Methanol

Number of rotors 1

In addition, the simulation model boundaries of the inlet, the outlet, and all walls are
shown in Table 2. In the current study, the wall temperatures of intake port, exhaust port,
and cylinders are determined through experimental bench measurements. Since the rotor
and spark plugs are installed inside the combustion chamber, direct measurement is not
feasible. Therefore, their temperatures are reasonably estimated based on the temperatures
of the components they come into contact with and published data from the literature.
Published studies indicate a temperature range of 400–750 K for the rotor wall and plug
wall [41,45,46].
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Table 2. Boundary conditions.

Boundary Region Boundary Type Temperature (K) Pressure (Bar)

Inlet Inflow 320 0.61
Outlet Outflow 800 1.01

Intake port Fixed wall 330 –
Exhaust port Fixed wall 550 –

Rotor wall Moving wall 520 –
Cylinder sides Fixed wall 550 –
Cylinder top Fixed wall 550 –

Cylinder bottom Fixed wall 550 –
Plug wall Fixed wall 550 –

2.2. Mathematical Models and Meshing

In the current study, CONVERGE 3.0 software is employed to calculate the combustion
inside the cylinder of the WRE. There are complex vortex flows in the cylinder of the WRE;
thus, the RNG k-ε model was chosen to calculate the flow field. This model has been shown
to accurately capture in-cylinder vortex flow variations, as it accounts for factors such as
streamline curvature, tumble, and swirl [47,48]. The SAGE model was chosen to compute
the reaction rate of each element reaction in the combustion mechanism. The SAGE model
is a general combustion model that facilitates evaluation of the combustion process [49].
Meanwhile, the skeletal mechanism developed by Li et al. [50], encompassing 21 species
and 84 reactions, was employed to compute the chemical reaction and heat release of the
surrogate fuel. The accuracy of applying this mechanism to other rotary engines has been
validated in a published study [45].

In addition, as for the ignition model, the primary target of the current study is to
examine the impact of IT on the combustion of the WRE at different speeds, while ignoring
the internal structure of the spark plug. According to the distance between the cathode
and anode and discharge energy of the actual spark plug in the experiment, the ignition
was modeled as a hypothetical spherical flame kernel with a radius of 0.3 mm and an
energy of 0.02 J, representing the physical spark plug that initiates chemical reactions in the
chamber. When solving computational fluid dynamics problems, not only the accuracy and
convergence of the mathematical models of the above-mentioned physical and chemical
processes but also the basic quantity and quality of the grid affect the precision of the
results [47]. To obtain faster and more accurate calculation results, the base grid size is set to
2 mm, with the fluid domain employing 3 levels of AMR (Adaptive Mesh Refinement) based
on temperature and velocity variations. The relation between grid size and refinement
level is presented in Equation (1). Furthermore, a 3-level fixed embedding is carried out
during ignition.

d =
dbase
2n (1)

where d and dbase represent grid size and basic grid size, respectively. n is refined level.
Following the grid refinement criteria, the minimum grid size is 0.25 mm. This represents
the smallest length scale (0.1~1 mm) required to satisfy the simulation needs of typical
engines using a RANS model [51]. The final cell counts during computation ranged from
40,000 to 83,250 per chamber. Additionally, the PISO method was employed to solve the
Navier–Stokes equations in this study, with tolerance set to 1 × 10−3 s. Meanwhile, the
minimum time-step was set to 1 × 10−8 s, and the maximum time-step was 1 × 10−4 s.

2.3. Scheme Design

In this paper, the engine speed condition is studied at 5000 RPM, 11,000 RPM, and
17,000 RPM, respectively. To explore the impact of IT on the combustion and emissions of
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the downsized methanol WRE, IT schemes of −12 ◦CA, −15 ◦CA, −18 ◦CA, −21 ◦CA, and
−24 ◦CA are applied at all three engine speeds. For all computing schemes, the working
conditions are an excess air ratio (φ) of 1.15 and a Wide Open Throttle (WOT).

2.4. Model Validation and Calibration

A schematic diagram of the test bench for the downsized WRE is displayed in Figure 2.
A commercial OS49II methanol-fueled WRE was used for this experiment. Engine experi-
ments were conducted at the Magtrol dynamometer Dsp 7000 test facility. To measure the
pressure, a 6052CU20 Kistler pressure sensor was employed in this work. The sensor signal
was amplified using a 996A27 Kistler charge amplifier.

Figure 2. Schematic diagram of the test bench (1. downsized WRE, 2. pressure transducer, 3. torque
sensor, 4. dynamometer, 5. clutch, 6. generator, 7. dynamometer controller, 8. generator controller).

To guarantee the calculation precision of the simulation model developed in this study,
the in-cylinder pressure was compared between the measured and predicted model under
the same working conditions. Experimental conditions were set as follows: the engine
speed (N) was 11,000 RPM; φ = 1.15; IT = −15 ◦CA; and WOT. The test pressure is the
averaged values of 5 cycle test results, while the simulation data represents in-cylinder
pressure results up to the third cycle of engine operation. A comparison of the simulated
and experimental results is displayed in Figure 3, in which can find a slight positive
discrepancy in pressure between the simulation and experiment during the combustion
phase. The reasons for this are as follows: (1) The current simulation model does not account
for leakage. (2) The skeletal mechanism of methanol cannot completely simulate the actual
combustion process. However, the errors between the simulation and the experiment are
less than 5% from the overall trend, and the trends in HRR observed from the experiments
and simulations show good agreement. This means that the CFD simulation model can
accurately predict the combustion process of the WRE.
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(a) Comparison of pressure  (b) Comparison of HRR 

Figure 3. Comparison of simulation and experimental results.

3. Results and Discussion
3.1. Impact of IT on Flame Propagation

One of disadvantages of the WRE is that it is difficult to organize the combustion
process because of the narrow recess chamber and high speed. The formation and devel-
opment of the early flame kernel play a crucial role. Therefore, it is important to study
how flames propagate within the cylinder. Figure 4 shows the distribution of flame front
and turbulent kinetic energy (TKE) under varying ITs. It can be seen that a complete flame
kernel is formed inside the chamber under all ignition conditions. As the flame propagates,
the flame front continues to expand in the leading side of the chamber, but the trailing
side hardly expands. This is due to the fact that the rotor motion is unidirectional in the
WRE, resulting in a unidirectional flow field in the chamber, thereby expediting the flame
front to expand to the leading side of the chamber and retarding the flame propagation
in the opposite direction of rotor rotation. For all engine speeds, the spread range of the
flame front is increased with IT. This is because an earlier IT causes the flame kernel to
form earlier and the flame front to develop later. However, at 16 ◦CA ATDC, the difference
in flame front is smaller, which indicates that the flame propagation speed is elevated
as the IT is delayed. It can be also seen in Figure 4 that at an IT of −24 ◦CA, the flame
front at 5000 RPM has developed to the combustion chamber wall, but that at 17,000 RPM
has a certain space from the combustion chamber wall. That indicates that the higher the
engine speed, the more delayed the combustion and the longer the duration of combustion
due to the influence of turbulence in the chamber. According to the TKE distribution
within the combustion chamber, the TKE increases with rising engine speed. The increased
in-cylinder turbulence intensity leads to a non-uniform distribution of the methanol–air
mixture, resulting in decreased mixture concentration at the flame front under the same
crank angle and consequently slowing down flame development. This is in agreement with
the results reported by Yang et al. [52].
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(a) 5000 RPM 

 
(b) 11,000 RPM 

 
(c) 17,000 RPM 

Figure 4. Evolution of flame front and TKE in the cylinder under varying crank angles.

3.2. Impact of IT on Combustion Characteristics

Engine performance is critically influenced by the flame development and propagation
periods, which are key metrics of combustion characteristics. The flame development
period (CA 0–10) in this paper was taken as the duration between the IT and the crank
angle with 10% cumulative heat release [53]. Figure 5 shows the impact of IT on the flame
development and propagation periods at different speeds. The flame development period
is extended with the increase in engine speed under the same IT condition. That indicates
that the higher the engine speed, the longer the flame development period. The reasons
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for this are as follows: Firstly, a higher TKE reduces the mixture concentration in front
of the flame front, which decreases the flame development velocity and raises the flame
development period. Secondly, the combustion in the WRE is retarded with an increase in
engine speed. The flame development period is decreased with the delay of IT at the same
engine speed. The shortest flame development period is obtained when ignited at −12 ◦CA,
where the value is about 15%, 8%, and 6% shorter than the longest flame development
period at −24 ◦CA at 5000 RPM, 11,000 RPM, and 17,000 RPM, respectively. This means
that a delayed IT shortens the flame formation stage because it compresses this phase
nearer to the TDC. At this position, the higher pressure and temperature create a more
favorable thermal environment for flame kernel development [54].

(a) Flame development period  (b) CA 10–90 

Figure 5. The effect of IT on flame development and propagation periods over different speeds.

The flame propagation period (CA10–90), defined as the crank angle interval from 10%
to 90% of cumulative heat release, represents the primary combustion phase during which
the bulk of the fuel is burned. It can be concluded from Figure 5b that the flame propagation
period is less affected by IT at high speeds, which indicates that the turbulence intensity
generated in the cylinder is the primary factor influencing the speed of flame propagation at
high engine speeds. However, IT has a great effect on the flame propagation period at low
speeds, especially after −21 ◦CA. For example, the flame development period is shortened
by 13% with the IT delay from −21 ◦CA to −15 ◦CA. It is worth mentioning that at
5000 RPM, the flame propagation period first decreases and then increases with the delay of
IT, reaching the minimum at −15 ◦CA. This is because as ignition is delayed, the combustion
chamber volume decreases and the unburned mixture content increases, thereby providing
a suitable environment for flame propagation. Therefore, the flame combustion velocity is
accelerated, and the flame propagation period is shortened. However, when ignition occurs
at −12 ◦CA, the mixture concentration further rises, leading to a reduction in the oxygen
content in the mixtures and thereby reducing the flame burning rate and increasing the
rapid combustion period. OH is an intermediate product of the combustion of methanol
fuel, existing in the form of hydroxyl radicals, which can reflect the distribution of the
flame. Figure 6 shows that the OH content aligns with the trend of the flame propagation
period at the corresponding time points. At −24 ◦CA and −21 ◦CA, the flame propagation
period is longer at 5000 RPM than at 11,000 RPM, which is mainly because the faster
flame propagation causes the flame to come into contact with the chamber wall earlier and
quenching occurs, inhibiting further flame expansion. At 17,000 RPM, however, the flame
development period over the same IT is always the largest, implying that the turbulence
intensity has a significant effect under high-speed conditions. As shown in Figure 6b, the
turbulence intensity is the highest at 17,000 RPM, causing combustion lag and prolonging
the flame propagation period.
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(a) OH mass at flame propagation ending    (b) TKE 
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Figure 6. The effect of IT on OH and TKE at varying engine speeds.

Figure 7 displays the curves of in-cylinder pressure at varying IT levels and engine
speeds. The max pressure increases slightly with retarding IT from −24 ◦CA to −15 ◦CA,
but drops sharply at −12 ◦CA at 5000 RPM. The reasons for this are as follows: Firstly, the
lower turbulence intensity in the combustion chamber at low speeds is less restrictive to
the flame development. Secondly, with the delay of the IT, the flame propagation velocity
increases and the flame propagation period decreases, causing the heat to be released in
a short period, and thus increasing the peak pressure. However, at IT = −12 ◦CA, HRR
is still lower around TDC, causing the flame propagation period to increase and leading
to a reduction in pressure. At 11,000 RPM and 17,000 RPM, the max pressure is elevated
dramatically with an increase in the IT, which is contrary to the trend of max pressure
achieved at 5000 RPM. Retarding the IT shifts the crank angle for max pressure to after
TDC across all engine speeds. However, the magnitude of this shift diminishes at higher
speeds. For instance, when the IT is changed from −24 ◦CA to −12 ◦CA, the location of
max pressure is delayed by 3.1 ◦CA at 5000 RPM, but only by 0.7 ◦CA at 17,000 RPM. In
addition, the max pressure decreases as engine speed increases. At −15 ◦CA, the 1.86 MPa
corresponding to 5000 RPM is 29% higher than the 1.44 MPa corresponding to 17,000 RPM,
which is primarily due to the influence of turbulence (see Figure 6b).

Figure 8 shows the impact of IT on combustion temperature over various engine
speeds. As show in Figure 8a, at 5000 RPM, the max temperature first rises and then
decreases as the IT is postponed. At 11,000 RPM and 17,000 RPM, however, the max
temperature is decreased slightly as the IT is delayed. This can also be explained by the
influence of the flame propagation period. Through the analysis above, it can be inferred
that the crank angle corresponding to the max temperature can be advanced under high-
speed conditions. At 5000 RPM, 11,000 RPM, and 17,000 RPM, the max temperatures
occurred under the ITs of −15 ◦C, −24 ◦C, and −24 ◦C, respectively, with corresponding
temperature values of 1785.1 K, 1908.1 K, and 1979.2 K. Compared to the minimum peak
temperatures, these values increased by 3.8%, 1.6%, and 3.1%, respectively. This indicates
that, for one, the optimal IT is increased with elevating engine speed for the downsized
WRE; furthermore, the in-cylinder temperature shows a rising trend with enhancing engine
speed at the same IT. It is noteworthy to mention that the max temperature can be increased
from 1766 K to 1979 K by 12.1% at −24 ◦CA from 5000 RPM to 17,000 RPM, which has a
much more noticeable improvement than adjusting the IT. This indicates that increasing
the engine speed a greater influence on the temperature change than adjusting the IT.
This is because as the engine speed rises, the influence of turbulence intensity on flame
development gradually increases and excessive exhaust gas is present inside the chamber,
resulting in higher in-cylinder temperatures.
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(a) 5000 RPM  (b) 11,000 RPM 

 

(c) 17,000 RPM 

Figure 7. Impact of IT on in-cylinder pressure at different engine speeds.

   

(a) 5000 RPM  (b) 11,000 RPM 

 

(c) 17,000 RPM 

Figure 8. Impact of IT on combustion temperature over different engine speeds.
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The ITE of an engine is a key metric in determining the performance of an automobile
and its economics. Lim et al. [55] pointed out in their study that the IT has a certain
influence on the ITE, which means that the ITE of the downsized WRE can be enhanced by
improving the IT. Figure 9 plots the impact of IT on the ITE over various engine speeds.
The ITE first rises and then decreases as the IT is retarded at 5000 RPM, and exhibits the
best performance at the IT of −15 ◦CA, where it reaches 21.40%. This is symmetrical to the
trend of the flame propagation period, indicating that the shorter the flame propagation
time, the higher the ITE under low-speed conditions. At 11,000 RPM and 17,000 RPM,
however, the ITE exhibits a declining trend when the IT is delayed. Under the IT of
−24 ◦C, maximum values reach 24.98% and 25.78%, representing increases of 2% and 1.1%,
respectively, compared to the IT of −15 ◦C. At 5000 RPM, however, the ITE improves by
only 0.4%. This indicates that the effect of IT on ITE under high-speed conditions is greater
than that at low-speed conditions. Combined with the variation trend of 5000 RPM, it
can be inferred that the optimal IT of ITE at 11,000 RPM and 17,000 RPM can be achieved.
Figure 9 also shows that the ITE at high speeds is greater than that at low speeds under the
same IT. This is because the higher the engine speed, the shorter the period of a cycle, thus
reducing the heat transfer loss of the wall and resulting in an increase in ITE. However, the
ITE does not increase much above 11,000 RPM, which indicates that in addition to heat loss,
the fuel combustion performance also affects the ITE.

 

Figure 9. Impact of IT on ITE under varying speed conditions.

3.3. Impact of IT on Emissions

Figure 10 illustrates the effects of IT on CO emissions at varying engine speeds. The
results demonstrate that at 5000 RPM, CO emissions increase with retarding IT, with
minimal variation observed beyond −24 ◦CA. The lowest CO emissions occur at −24 ◦CA,
showing a 2% reduction compared to the maximum emissions at −12 ◦CA. At 11,000 RPM,
CO emissions display a non-monotonic trend, first rising and then reducing with delays in
the IT. Peak emissions occur at −21 ◦CA, while the minimum emissions are achieved at
−12 ◦CA, representing a maximum reduction potential of 0.2% through IT optimization.
For the engine speed of 17,000 RPM, CO emissions display a concave profile versus IT,
reaching the lowest value at −21 ◦CA and peaking at −12 ◦CA. This corresponds to a
maximum emission reduction of 0.55% through IT adjustment. CO emissions are drastically
increased as the engine speed is boosted. These results conclusively demonstrate that the
engine speed has a dominant influence on CO emission characteristics, with a 267% increase
observed when the engine speed escalates from 5000 RPM to 17,000 RPM. In contrast, IT
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optimization provides limited mitigation effects, yielding emission reductions below 2%
across all speed conditions.
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Figure 10. Effect of IT on CO emissions under various engine speeds.

Figure 11 displays the influences of IT on formaldehyde (CH2O) emissions from the
engine under different speeds. The results indicate that at 5000 RPM, formaldehyde emis-
sions first elevate and then drop overall as the IT is delayed. The maximum emission occurs
at −18 ◦CA, while the minimum is achieved at −12 ◦CA, representing a 33% reduction
compared to the peak value. At 11,000 RPM, formaldehyde emissions first drop and then
increase when the IT is delayed. The maximum emissions occur at −24 ◦CA, while the min-
imum is achieved at −18 ◦CA, showing a 22% reduction. When engine speed increases to
17,000 RPM, formaldehyde emissions show no clear linear relationship with IT in the range
of −24 ◦CA to −12 ◦CA, instead exhibiting a trend of first elevating, then declining, and
rising again. The highest emissions occur at −21 ◦CA, while the lowest appear at −18 ◦CA,
representing a 23% reduction from the peak value. This demonstrates that formaldehyde
emissions are primarily influenced by engine speed. As the engine speed is elevated from
5000 RPM to 11,000 RPM, the peak CH2O emissions increase by about 25 times compared
to the minimum value, far exceeding the improvement achievable through IT optimization.
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Figure 11. Impact of IT on CH2O emissions under various engine speeds.

The analysis of the effect of IT on emission characteristics across different speeds
shows that IT mainly affects CO emissions at low speeds, consistent with the combustion
analysis above. The flame propagation period lengthens as engine speed increases, leading



Processes 2025, 13, 3565 14 of 17

to severe combustion losses at high speeds. Both CO and formaldehyde emissions are
primarily affected by whether fuel combustion is complete, and high-speed conditions
are more likely to result in incomplete combustion. Therefore, as engine speed increases,
CO and formaldehyde emissions increase accordingly. This shows that at low speeds,
optimizing IT can reduce CO and formaldehyde emissions, while high-speed conditions
require other emission reduction measures.

4. Conclusions
This study used numerical simulations to analyze the impact of IT on the combustion

characteristics and emissions of the OS49II downsized WRE fueled with methanol at speeds
of 5000 RPM, 11,000 RPM, and 17,000 RPM. The main findings resulting from this study
are summarized as follows:

(1) Propagation of the flame front in the leading side of the chamber is facilitated, but
that in the trailing side is inhibited. Higher engine speeds prolong the duration of
combustion. For a constant engine speed, a earlier IT elevates the flame propagation
speed and the spread range of the flame front is larger.

(2) The flame development period is extended with enhancing engine speed at the same IT.
Delaying the IT shortens the flame formation stage. However, the IT exhibits a greater
effect on the flame propagation period at low speeds, especially after −21 ◦CA, and
the flame development period is shortened by 13% between −21 ◦CA and −15 ◦CA.

(3) The max pressure increases slightly when delaying the IT from −24 ◦CA to −15 ◦CA
but drops sharply at −12 ◦CA for 5000 RPM. Nevertheless, for 11,000 RPM and
17,000 RPM, the max pressure is enhanced remarkably with advancing the IT. At the
same IT, the max pressure is dropped as the engine speed is elevated.

(4) The ITE first rises and then drops as the IT is postponed at 5000 RPM and exhibits the
best performance at −15 ◦CA, where the it reaches 21.40%. However, at 11,000 RPM
and 17,000 RPM, the ITE decreases with the delay of the IT, and the maximum values
can reach 24.98% and 25.78% at −24 ◦CA. Compared to the IT of −15 ◦CA, the ITE
obtained at −24 ◦CA increased by 2% and 1.1%, respectively.

(5) The optimized IT primarily demonstrates a significant effect on pollutant emissions
under low-speed conditions (5000 RPM), while it exhibits limited impact at high
engine speeds. At 5000 RPM, strategic IT adjustment achieves maximum reductions
of 2% in CO emissions and 33% in formaldehyde emissions. With increasing engine
speed, greater combustion losses occur, leading to dramatically elevated pollutant
emissions under high-speed conditions. Compared to low-speed operation, the high-
speed condition at 17,000 RPM exhibits maximum increases of 267% in CO emissions
and a 25-fold increase in formaldehyde emissions.
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