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ABSTRACT - In many countries, motorcycles have become a primary and popular mode of 
transportation, driven by increasing demand due to their convenience. However, as fossil fuel 
sources deplete, there's a pressing need to enhance engine performance, efficiency, fuel economy, 
and reduce emissions. Improving ignition systems is crucial in achieving these goals. This study 
compares the performance of the Honda Future FI 125cc engine between a laser ignition system 
(LIS) and a conventional ignition system (CIS) using simulation. CATIA software was utilized to 
design the engine's intake manifold, ANSYS Fluent software for simulating and determining the 
optimal swirl and tumble ratio, and Matlab/Simulink for modeling and simulating engine performance 
with both LIS and CIS. Detailed discussions and comparisons were made on parameters such as 
cylinder air mass, ignition energy, engine power and torque, specific fuel consumption (SFC), and 
mass fraction burned (MFB) between LIS and CIS. Overall, LIS demonstrated superior engine 
performance compared to CIS. This finding is significant for evaluating the advantages of LIS in 
motorcycles, especially in the Honda Future FI 125cc engine. 
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1.0 INTRODUCTION 

Nowadays, motorcycles have become a popular mode of transportation due to their convenience. However, their 

reliance on gasoline contributes to exhaust emissions and the depletion of fossil fuels. Consequently, enhancing engine 

performance has become necessary. Up to the present day, notable improvements in engines have been implemented, 

focusing on components like the intake manifold [1-3] and exhaust manifold [4-5]. Additionally, the integration of 

advanced technologies has been instrumental in reducing exhaust emissions and improving fuel efficiency [6-9]. 

Furthermore, significant attention has been directed toward enhancing the ignition system. This aspect plays a pivotal 

role as the ignition system decisively influences combustion process efficiency and fuel economy. These ongoing efforts 

in refining both fuel delivery and ignition systems align with the overarching goal of improving the overall performance 

and environmental impact of motorcycles. The continuous pursuit of advancements in engine technologies reflects a 

commitment to sustainability and efficiency in the realm of motorized transportation. 

The ignition system plays an important role during engine operation. Because the ignition system significantly 

influences the combustion process efficiency and volumetric efficiency, which affects the engine performance. Recently, 

the laser ignition system (LIS) has been one of the most noteworthy advancements in ignition technology compared to 

the conventional ignition system (CIS). LIS was studied and utilized in automobile engines in a laboratory [10-11]. 

Indeed, Dodd et al. [12] experimented with 4-cylinder engines using the LIS to evaluate the engine performance. The 

results revealed the advantages of LIS when used in automobile engines. McIntyre et al. [13] experimented with Ricardo 

Proteus’s engine with a high-compression engine under lean burn mode to test the engine emissions. Their findings 

indicated lower emissions of hydrocarbon products and carbon dioxide. Phuoc et al. [14] investigated the LIS of the 

constant volume combustion chamber (CVCC) using methane-air mixtures, a method similar to that of Rabii et al. [15]. 

Their results demonstrated that LIS could be adapted under fuel-rich conditions. Horisawa et al. [16] experimented to 

investigate the effect of a laser pulse on the combustion process characteristics of fuel-hydrogen injection by utilization 

of camera techniques to measure the formation of the laser and the laser absorption process. Their results showed that the 

utilization of LIS has the potential to enhance combustion reactions in the cylinder. Spiglanin et al. [17] investigated the 

development of combustion process flame evolution in LIS with hydrogen-air mixtures in a CVCC using a camera system 

to capture videos and analyze them. They concluded that the reaction zones exhibit rapid growth during the initial stages 

but gradually reduce propagation rate due to the loss of energy of LIS over time. McIntyre et al. [18] developed the laser 

spark plug, revealing a peak power of the laser over 2 MW. This technology will be used in the future to investigate 

engine performance under laser beams. Mullett et al. [19] experimented to evaluate the performance of a 4-cylinder 

engine. Their results showed improved combustion processes in cylinders and stability within the engine speed range of 

800 to 1600 revolutions per minute (RPM), along with advanced ignition times at (16 – 360). Syage et al. [20] studied the 

dynamics of flame propagation and measured the minimum laser ignition energy under pulse duration and wavelength. 
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Their results showed a minimum laser ignition system energy of 0.21 mJ for hydrogen-air. Ryu et al. [21] carried out 

experiments involving the LIS with conical cavities and a chamber equipped with jet holes with CVCC. The experiments 

utilized a mixture of air and methane in the chamber. Their findings indicated that pressure measurements were adjusted 

to accommodate the quick combustion behavior, which led to a greater maximum pressure and a notable decrease in the 

overall combustion duration. Dale et al. [22] experimented to evaluate the emissions of an engine using LIS. They 

concluded that the emissions of hydrocarbons, monoxide, and nitrogen oxides were reduced with the use of LIS. 

Weinrotter et al. [23] carried out experiments under ultra-lean mixtures of methane, hydrogen, and air to evaluate the 

combustion process characteristics using LIS in a CVCC. They revealed that hydrogen addition was utilized to enhance 

combustion process characteristics at the ultra-lean mode. Srivastava et al. [24] experimented to evaluate the formation 

of laser and the characteristics of LIS in mixtures of hydrogen and air in a CVCC using camera techniques. Kopecek et 

al. [25] experimented with laser ignition to evaluate the emissions of air-methane mixtures at high-pressure conditions in 

CVCC under various stoichiometry ratios. They revealed that the emissions were low when using the LIS. Zhai et al. [26] 

conducted experiments to investigate the effect of LIS on iso-octane and n-heptane using the CVCC. They concluded that 

the spread of combustion is faster when using n-heptane compared to iso-octane. Meanwhile, Endo et al. [27] 

experimented to investigate the parameters of LIS and CIS on ignition ability and flame spread speed using the CVCC. 

Their results indicated that the engine using LIS was superior to CIS. Patil et al. [28] developed an LIS model to evaluate 

the emissions production of an engine and combustion process characteristics using CVCC under various air-fuel 

equivalent ratios using numerical simulation methods. They revealed that LIS has the potential compared to CIS, and it 

can be employed for internal combustion engines in the future. Mohamed et al. [29] conducted experiments to evaluate 

the minimum ignition energy between LIS and CIS for the CVCC using methane and air mixtures under varying 

equivalent ratios. Their results indicated that the minimum LIS energy is higher than CIS energy at the same operating 

conditions. Similarly, Kopecek et al. [30] performed experiments with LIS for the CVCC using methane and air mixtures 

to evaluate and determine the minimum laser pulse energy (MLPE). They found that the MLPE ranged from 8 to 15 mJ. 

Similarly, Wang et al. [31] conducted experiments to evaluate the MLPE for the CVCC using oxygen-argon-hydrogen 

mixtures. They demonstrated that the MLPE of 15 mJ was achieved with hydrogen-oxygen mixtures at stoichiometric 

proportions.  

Recently, Zambalov et al. [32] studied the LIS for the Wankel rotary engine using numerical simulation methods. 

They revealed that utilizing LIS offers advantages and benefits for the combustion process. The flame was distributed 

uniformly in the chamber, accelerating the spread of the combustion front across the entire chamber. Kopecek et al. [33] 

experimented to investigate the LIS on the homogeneous charge compression ignition (HCCI) engine. They concluded 

that LIS could maintain the HCCI combustion process even at operating conditions of temperatures lower than those 

typically required. Pal et al. [34] performed an experiment on the effect of laser pulse energy on LIS to evaluate emission 

characteristics using hydrogen injected into a prototype port-fuel system. They concluded that LIS was adapted to ignite 

leaner mixtures and significantly reduce NO emissions. Kuang et al. [35] experimented with multi-location laser ignition 

for a single combustion cylinder. Their results concluded that the engine could reduce the phenomenon of misfires at lean 

air-fuel mixtures when using the LIS. Liedl et al. [36] conducted experiments to evaluate fuel economy, smoothness, and 

emissions for Gasoline Direct Injection (GDI) engine with a single-cylinder. They found that when the engine used the 

LIS, emissions were reduced, fuel was saved, economy was increased, and smoothness was improved compared to CIS. 

McMillian et al. [37] developed a prototype laser system to evaluate the output efficiency. Their results revealed that the 

highest output efficiency was achieved at an output coupler (OC) of 80%. 

In summary, most studies have focused on the LIS for multi-cylinder engines, especially in automobiles. Additionally, 

researchers have predominantly studied the characteristics of the combustion process with a CVCC and evaluated 

emissions using laser sources. Consequently, conducting an engine performance comparison between the LIS and the CIS 

in motorcycles plays a crucial role and is necessary in assessing the characteristics of single-cylinder internal combustion 

engines, with a particular focus on the Honda Future FI 125cc engine. This study used computational fluid dynamics 

(CFD) and numerical simulations to evaluate the engine performance between LIS and CIS. Indeed, ANSYS Fluent 

software was employed for CFD simulations to determine the optimal swirl ratio and tumble ratio, which significantly 

impact engine performance. After that, the modeling and simulation of engine performance and ignition system for the 

Honda Future 125cc engine was built using a Matlab/Simulink environment. Ultimately, the engine performance was 

evaluated and discussed in detail, including the power engine, torque engine, and specific fuel consumption (SFC). 

Furthermore, a detailed discussion was conducted on factors including the mass of air in the cylinder, energy of the LIS, 

energy of the CIS, and mass fraction burned (MFB). This comprehensive analysis holds meaningful implications for 

evaluating the engine characteristics when utilizing both LIS and CIS in motorcycles. Moreover, this study aimed to 

establish the theoretical foundation and provide an overview for the subsequent study, which was used to validate the 

comparison between experimental and theoretical results. On the other hand, before implementing the experiment, 

modeling and simulation were conducted first to evaluate reliability and cost savings. 

2.0 METHODOLOGY 

The engine performance was also affected by the shape of the intake manifold of the engine, which significantly 

influenced the swirl and tumble ratio during the engine operation. Therefore, measurement of the actual dimensions, 

design, and simulation of the intake manifold are crucial works. Figure 1 depicts the flowchart of the work process with 
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six significant works in this study. Firstly, the actual dimensions of the engine intake manifold were measured by a special 

tool. Subsequently, the CATIA software was employed to design the intake manifold shape based on the actual 

parameters. The ANSYS Fluent software was utilized to simulate CFD to determine the optimal swirl and tumble ratio. 

The actual dimensions 

of engine intake 

manifold were measured 

The CATIA software 

was used to design the 

intake manifold of the 

engine

The ANSYS Fluent 

software was utilized to 

simulate ICE 

characteristic and find 

optimal swirl and 

tumble ratio 

Matlab/Simulink 

software was employed 

to model and simulate 

engine performance

between LIS and CIS 

Engine performance 

evaluation and 

comparison between LIS 

and CIS

Collect data: air mass in 

cylinder, energy of 

ignition, power, torque, 

SFC, MFB

(1) (2)

(3)
(4)

(5) (6)

 

Figure 1. Flowchart related to the work process in this study 

In a significant part of this study, the performance of the Honda 125cc engine under LIS and CIS was modeled and 

simulated in the Matlab/Simulink environment. Consequently, data on mass air in the cylinder, energy of ignition for LIS 

and CIS, power, torque, SFC, and MFB were recorded. Ultimately, the engine performance between LIS and CIS was 

evaluated and discussed in detail. 

2.1 CFD Simulation to Find the Optimal Swirl and Tumble Ratios 

The intake manifold affects the charging process, especially the volumetric efficiency. Therefore, ANSYS Fluent 

software was used to simulate and find the optimal swirl ratio and tumble ratio in the Honda Future 125cc engine in this 

study. The results of vertical and horizontal vortex coefficients were used as input parameters to calculate two factors 𝑎 

and 𝑚, that affect the combustion process [38].    

𝑎 = 5 + 0.1𝑅𝑠𝑡𝑒(𝑅𝑠𝑡−2) (1) 
  

𝑚 = 2 + 0.4𝑅𝑠𝑡𝑒(𝑅𝑠𝑡−2) (2) 

where: 𝑅𝑠𝑡 represents the summation of turbulent ratios, including swirl (vertical turbulence) and tumble (horizontal 

turbulence) ratios. 

Figure 2 depicts the processes related to engine CFD simulation in the ANSYS Fluent software environment in this 

study. The actual dimensions of the intake manifold of the Honda Future FI 125cc engine were measured for design in 

the CATIA software environment, as described in Fig. 2 (a) and (b), respectively. The distribution of mesh and simulation 

of the engine's dynamics, following the design of the intake manifold, is illustrated in Fig. 2 (c) and (d). After simulating, 

the optimal swirl and tumble ratio was used to calculate the summation of turbulence.  

  
(a) (b) 

Figure 2. (a) Measurement of actual dimensions of the Honda 125cc engine intake manifold shape; (b) CATIA software 

for the design of the intake manifold of an engine; 

(a) (b)

(c) (d)

(a) (b)

(c) (d)
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(c) (d) 

Figure 2. (cont.) (c) Distribution of the mesh on the ICE shape; and (d) Engine CFD simulation in the ANSYS Fluent 

software environment, respectively 

Figure 3 depicts the relationship between the engine crankshaft angle and the swirl and tumble ratio of the engine. At 

the power stroke, it can be observed that the optimum ratios for swirl and tumble reached their highest values, 

approximately 2.7 and 1.3, respectively. Therefore, the summation of turbulents is 4.0.  

(a) (b)

 
(a) (b) 

Figure 3. The relationship between crank angle and swirl ratio (a) and tumble ratio (b), respectively 

2.2 Specifications of Honda 125cc Engine, LIS, and CIS 

In this study, the engine specifications of Honda Future FI 125cc are listed in Table 1. Additionally, Matlab/Simulink 

software was utilized to model and simulate the power generation process of the engine when using both CIS and LIS. 

This is the key main content focus of the study.  

Table 1. Honda Future FI 125cc engine specifications 

Parameter Description  Value 

𝐶𝑟  Compression ratio 9.3 

𝐷𝑃 Piston diameter (mm) 52.4 

𝐷𝑖𝑛 Air intake manifold diameter (mm) 23.2 

𝐿 Connecting rod length (mm) 101.5 

𝐿𝑖 Intake valve opening (mm) 0.2 

𝐿𝑒  Exhaust valve opening (mm) 0.2 

𝑁𝑣 Number of valves 2 

𝑟 Crankshaft radius (mm) 28.95 

𝑉𝑑  Displacement volume (cc) 125 

During engine operation, the engine performance was influenced by many factors, and the ignition system played a 

significant role in engine power production. The parameters of LIS are crucial for inputting into the Matlab/Simulink 

software to calculate the engine characteristics. The LIS specifications are described in Table 2.  

 

 

(a) (b)

(c) (d)

(a) (b)

(c) (d)
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Table 2. LIS specifications 

Parameter Description  Value 

𝑏 Wien's displacement coefficient (m.K) 2.9×10−3 

𝑑 Lens diameter (mm) 10 

𝐸𝐵 Energy required to generate a laser (J) 0.4 

𝑓 Focal length (mm) 350 

𝑃𝐿  Laser pulse power (kW) 2.67 

𝜆 Laser wavelength (nm) 266 

The LIS and CIS are factors that influence the combustion speed, engine performance, and combustion products of 

the engine. According to ignition theory, a disadvantage of the CIS is that the spark weakens when the engine is running 

at high speed because it depends on the interrupted current. In contrast, the power of the engine is improved and enhanced 

by the LIS. The power of the engine meets all operating modes when using the LIS. 

For the energy of LIS, energy is not dependent on the interrupted current and growth time of the secondary current. 

Instead, the energy of LIS relies on the threshold-breaking power density (𝐼𝐵) and the threshold energy required to 

generate a laser (𝐸𝐵). 

𝐼𝐵 =
1

𝜋
(

𝑑𝐿
2𝐸𝐵

𝑡𝐿(1.22𝑓)2
) (3) 

where: 𝑑𝐿, 𝑡𝐿, and 𝑓 represent the laser beam diameter, laser ignition time, and laser focal length, respectively. 

Ultimately, the energy of the laser (𝐸𝐿𝐼𝑆) was calculated as follows: 

𝐸𝐿𝐼𝑆 = 1.94 × 104√𝐼𝐵 (4) 

In this study, to compare the characteristics of the engine between using LIS and CIS, the parameters for the 

conventional ignition system are listed in Table 3. 

Table 3. CIS specifications 

Parameter Description  Value 

𝐶1 Primary coils capacitance (F) 0.7×10−6 

𝐶2 Secondary coils capacitance (F) 1.0×10−10 

𝐸𝐶  Energy of capacitive ignition (mJ) 100 

𝐾𝑖 Ignition reserve coefficient 1.5 

𝐿1 Primary coils inductance (H) 1.48×10−3 

𝑁1 Number of primary windings (circles) 350 

𝑁2 Number of secondary windings (circles) 19000 

𝑅1 Primary windings resistance (Ω) 0.6 

𝑡1 Ignition factor coefficients (H. Ω−1) 0.0010 

𝑈1  Primary winding voltage (V) 12 

𝜂𝐶𝐼𝑆  CIS ignition performance 0.8 

The energy of the CIS was dependent on many factors, particularly the power-off process at the primary winding and 

the growth time of the secondary current, referred to as the "dwell angle." The interrupted current can be determined as 

follows [39]: 

𝐼𝑖𝑛𝑡 =
𝑈1

𝑅1

(1 − 𝑒
−

𝑡𝑑
𝑡1 ) (5) 

where: 𝑈1, 𝑅1, 𝑡𝑑, and 𝑡1 represent the voltage of the battery, resistance of the primary winding, ignition time, and ignition 

factor coefficients, respectively. 

The energy of the CIS (𝐸𝐶𝐼𝑆) in the Honda Future FI 125cc engine includes both factors of ignition energy of capacitive 

(𝐸𝐶) and inductive (𝐸𝐼). The energy of the inductive depends on the inductance of the primary coil  
(𝐿1) and interrupted current (𝐼𝑖𝑛𝑡). The energy of CIS can be calculated using the following equation: 

𝐸𝐶𝐼𝑆 = 𝐸𝐼 + 𝐸𝐶 =
1

2
𝐿1𝐼𝑖𝑛𝑡_𝑚𝑎𝑥

2 (1 − 𝑒
−

𝑡𝑑
𝑡1 )

2

+ 𝐸𝐶  (6) 
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2.3 Modeling and Simulation of the Engine Performance 

 

Figure 4. Modeling the Honda Future FI engine performance with LIS and CIS by using Matlab/Simulink 

Figure 4 illustrates the model of the Honda Future FI 125cc engine performance with LIS and CIS, constructed using 

Matlab/Simulink. It encompasses subsystem blocks, including input parameters, intake manifold model, combustion 

process model, and friction model. Additionally, the model displays results such as mass air in the cylinder, engine power, 

engine torque, SFC, and MFB. 

2.4 Modeling and Simulating Intake Manifold 

 

Figure 5. Modeling the intake manifold for the Honda Future FI 125cc engine 

Figure 5 depicts the intake manifold model for the Honda Future FI 125cc engine, including input parameters like 

throttle angle and speed of the engine. The output parameter is the mass flow rate of air entering the cylinder. The 

relationship between the area of the throttle valve and the throttle angle, along with the dimensions of the throttle valve, 

was calculated as follows: 

𝐴(𝜑) = −
𝑑𝐷

2
[1 − (

𝑑

𝐷
)

2

]

1
2

+
𝑑𝐷

2
[1 − (

𝑑

𝐷

𝑐𝑜𝑠(𝛼0)

𝑐𝑜𝑠(𝛼0 + 𝛼)
)

2

]

1
2

+
𝐷2

2
𝑠𝑖𝑛−1 {[1 − (

𝑑

𝐷
)

2

]

1
2

}

−
𝐷2

2

𝑐𝑜𝑠(𝛼0)

𝑐𝑜𝑠(𝛼0 + 𝛼)
𝑠𝑖𝑛−1 {[1 − (

𝑑

𝐷

𝑐𝑜𝑠(𝛼0)

𝑐𝑜𝑠(𝛼0 + 𝛼)
)

2

]

1
2

} 

(7) 

where: 𝑑, 𝐷, 𝛼, 𝛼0 represent the throttle shaft diameter (m), the diameter of the throttle valve bore (m), the throttle valve 

angle (deg), and the initial angle of the throttle valve (deg), respectively. 

During engine operation, the mass flow rate of air before the throttle valve depends on variables such as the area of 

the throttle valve, ambient pressure, and coefficient of discharge. The airflow rate before and after the throttle valve was 

determined following the equation based on Moskwa’s thesis [40]: 

�̇�𝑎𝑖 = 𝐶𝑑𝐴(𝜑)
𝑃0

√𝑅𝑇0

(
𝑃𝑡

𝑃0

)

1
𝑘

{
2𝑘

𝑘 − 1
[1 − (

𝑃𝑡

𝑃0

)

𝑘−1
𝑘

]}

1
2

 
(8) 

where: 𝐶𝑑 is the coefficient of discharge, 𝐴(𝜑)is the throttle valve area, 𝑃0 is the upstream pressure of air, 𝑃𝑡 is the 

pressure of throat throttle (occurred at a minimum area at the throttle valve), 𝑘 is a specific heat of air ratio, 𝑇0 is the air 

upstream temperature, and 𝑅 is the universal gas constant. After the mass flow rate of air passes the component of the 

throttle valve, the air mass flow rate output can be determined as follows: 
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�̇�𝑎𝑜 =
𝑃𝑚𝑉𝑑

𝜋𝑅𝑇𝑚

𝜔𝑒𝜂𝑣 (9) 

where: 𝑃𝑚, 𝑉𝑑, 𝑇𝑚, 𝜔𝑒, and 𝜂𝑣 denote the air pressure at the intake manifold, displacement volume, air temperature, engine 

angular velocity, and volumetric efficiency, respectively. 

Figure 6 shows the subsystem of the model of the airflow rate passing through the throttle valve, encompassing the 

entry of air into the throttle valve as depicted in Figure 6 (a). The throttle angle influences the pivot throttle angle, valve 

diameter, and rotation angle. The air mass flow rate is determined after passing through the component of the throttle 

valve, as shown in Figure 6 (b). 

After the air passes through the component of the throttle valve, the air combines with fuel to produce the mixture. 

Figure 7 illustrates the model of the intake manifold for the Honda Future 125cc engine, encompassing the modeling of 

airflow passing through the component of the throttle valve and the air mass flow rate entering the cylinder. 

(a) (b)

 
(a) (b) 

Figure 6. (a) Subsystem of the air passing through the component of throttle valve; (b) Calculation of air flow rate 

passing through the component of throttle valve 

 

 

Figure 7. Subsystem block in intake manifold model for Honda Future 125cc engine 

2.5 Modeling and Simulating the Process of Combustion  

The mixture entering the cylinder undergoes the combustion process to produce power and torque. Figure 8 shows the 

combustion process model, with the output parameter being engine torque. In this subsystem, the swirl and tumble ratio 

were considered. ANSYS Fluent was employed to simulate CFD to refine the optimal intake affect coefficient as 

determined previously. Additionally, the heat transfer and heat release, 𝑦-effect, pressure, and displaced volume of the 

cylinder during the combustion process were calculated. 
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Figure 8. Model of the combustion process and work done 

To calculate the heat release rate, the factor parameter y, representing the rate of MFB (𝑥𝑏), was determined through 

charge motion, which includes swirl and tumble coefficients (𝑎, 𝑚), and crankshaft angle (𝜑). This calculation was based 

on the Wiebe fire function: 

𝑦 =
𝑑𝑥𝑏

𝑑𝜑
= 𝑎

𝑚 + 1

𝜑𝑑

(
𝜑 − 𝜑0

∆𝜑
)

𝑚

𝑒
−𝑎(

𝜑−𝜑0
𝜑𝑑

)
𝑚+1

 (10) 

where: 𝜑0, and 𝜑𝑑  denote the advanced ignition angle and total combustion time, respectively. 

The mass fraction burned (𝑥𝑏) can be determined as follows: 

𝑥𝑏 = 1 − 𝑒
−(

𝜑−𝜑0
𝜑𝑑

)
𝑚+1

 
(11) 

During the process of combustion, the relationship between heat release (𝑄ℎ𝑟) and crankshaft angle can be determined 

through the fuel heating value (𝑄𝐻𝑉) and the weight of fuel per cycle (𝑚𝑓), and factor parameter 𝑦 following the equation 

(12). Also, Figure 9 below depicts the heat release rate model during the process of combustion. 

𝑑𝑄ℎ𝑟

𝑑𝜑
= 𝑦𝑄𝐻𝑉𝑚𝑓 (12) 

 

 

Figure 9. The model of heat rate 

In addition, the rate of heat transfer was determined based on the convective heat transfer coefficient ℎ (m−2K−1W), 

the area of the combustion chamber 𝐴𝑐 (m2), combustion wall temperature 𝑇𝑤  (K), and temperature during charging 𝑇 

(K): 
𝑑𝑄ℎ𝑡

𝑑𝜑
= ℎ𝐴𝑐(𝑇 − 𝑇𝑤) (13) 

The heat transfer coefficient depends on the mixture combustion temperature 𝑇𝑔 (K), pressure in cylinder 𝑃 (bar), and 

engine speed 𝑁 (RPM). The heat transfer coefficient was obtained by using the following equation (14). Ultimately, the 

heat transfer rate is shown in Fig.10 below, which was modeled through some input parameters. 

ℎ = 1.92 × 106𝑃0.635𝑇𝑔
−1.45 (0.119

𝑁

30
+ 1.4)

0.052

 (14) 
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Figure 10. The model of heat transfer rate in the combustion process 

After the mixture was burned, the engine work was produced and represented by the pressure. The relationship between 

instantaneous pressure in the cylinder and crank angle (𝑑𝑝/𝑑𝜑) was calculated based on heat release, heat transfer, and 

volume of the cylinder of an engine. The instantaneous pressure in the cylinder can be determined by: 

𝑑𝑝

𝑑𝜑
= −𝛾

𝑝

𝑉

𝑑𝑉

𝑑𝜑
+

𝛾 − 1

𝑉
(

𝑑𝑄ℎ𝑡

𝑑𝜑
−

𝑑𝑄ℎ𝑟

𝑑𝜑
) (15) 

In addition, the instantaneous volume of the cylinder is a function of crank angle 𝜑 (deg), engine displacement volume 

𝑉𝑑 (m3), engine compression ratio 𝐶𝑟, crankshaft radius of the engine 𝑟 (m), and connecting rod length 𝐿 (m). The 

relationship was calculated as follows: 

𝑉 =
𝑉𝑑

2
(

2

𝐶𝑟 − 1
+ 1 − 𝑐𝑜𝑠(𝜑) +

𝑟

4𝐿
(1 − 𝑐𝑜𝑠(2𝜑))) (16) 

The instantaneous rate of volume change in the cylinder was determined by: 

𝑑𝑉

𝑑𝜑
=

𝑉𝑑

2
(𝑠𝑖𝑛(𝜑) +

𝑟

2𝐿
𝑠𝑖𝑛(2𝜑)) (17) 

The energy of ignition affected the engine performance. The energy of CIS included both the energy of inductive ignition 

and the energy of capacitive ignition. The energy of inductive ignition depended on the ignition time, as mentioned in 

equation (6). The energy of capacitive ignition depended on the parameters of the ignition system and was a key factor. 

The energy of capacitive ignition was calculated as follows: 

𝐸𝐶 =
𝐶𝑈𝑖𝑣

2

2
=

𝐶

2
(

𝑈2

𝐾𝑖

)
2

 (18) 

where 𝐶 is the capacitive in the primary coils and secondary coils (F), 𝑈𝑖𝑣  is the ignition voltage at the spark plug (V), 𝑈2 

is the voltage of the secondary coils (V), and 𝐾𝑖  is the ignition reserve coefficient. 

Before the high voltage occurred at the spark plug, energy had been accumulated in the primary coils in the form of a 

magnetic field. The accumulated energy was defined as follows: 

𝐸𝑐𝑐 =
𝐿1𝐼𝑖𝑛𝑡_𝑚𝑎𝑥

2

2
=

𝐿1

2
(

𝑈1

𝑅1

)
2

 (19) 

where 𝐿1, 𝑈1, and 𝑅1 denote the primary coil inductance (H), primary windings voltage (V), and primary windings 

resistance (Ω), respectively. 

The accumulated energy included the capacitance of both the primary and secondary coils. This accumulated energy led 

to heat generation in the ignition coils. Therefore, the accumulated energy was considered the CIS ignition performance, 

as follows: 

𝜂𝐶𝐼𝑆

𝐿1

2
(

𝑈1

𝑅1

)
2

=
𝐶1𝑈1

2

2
+

𝐶2𝑈2
2

2
 (20) 

where 𝜂𝐶𝐼𝑆, 𝑈2, 𝐶1, and 𝐶2 represent the CIS ignition performance, the voltage of the secondary coils (V), the primary 

coils capacitance (F), and the secondary coils capacitance (F), respectively. 

On the other hand, there exists a relationship between the voltage of the primary and secondary coils and the number 

of primary coils (𝑁1) and the number of secondary coils (𝑁2). This relationship is shown below: 
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𝑈1

𝑈2

=
𝑁1

𝑁2

 (21) 

Therefore, equation (20) was arranged as follows: 

𝜂𝐶𝐼𝑆

𝐿1

2
(

𝑈1

𝑅1

)
2

=
𝐶1

2
(

𝑈2𝑁1

𝑁2

)
2

+
𝐶2𝑈2

2

2
 (22) 

Consequently, the voltage of secondary coils was determined by equation (23): 

𝑈2 =
𝑈1

𝑅1 √

𝐿1

𝐶1 (
𝑁1

𝑁2
)

2

+ 𝐶2

𝜂𝐶𝐼𝑆 
(23) 

Substituting the values from Table 3 into equation (23), the voltage of the secondary coils is calculated to be 37.45 kV. 

The capacitive in the primary coils and secondary coils (F) was determined as follows: 

𝐶 = 𝐶1 (
𝑁1

𝑁2

)
2

+ 𝐶2 (24) 

The energy of capacitive ignition was calculated from equation (19) to be 100 mJ. The energy of CIS, including the energy 

of capacitive ignition and inductive ignition was calculated by: 

𝐸𝐶𝐼𝑆 = 𝐸𝐼 + 𝐸𝐶 =
1

2
𝐿1𝐼𝑖𝑛𝑡_𝑚𝑎𝑥

2 (1 − 𝑒
−

𝑡𝑑
𝑡1)

2

+ 100 (25) 

In the subsystem of the heat transfer rate function, when ignition occurs and starts to burn the mixture in the cylinder, the 

spectral distribution varies as a function of temperature. The relationship between laser wavelength and the temperature 

of the air charged in the cylinder is described by the following equation, commonly referred to as Wien’s displacement 

law [41]: 

𝜆 =
𝑏

𝑇
 (26) 

The laser energy depends on many factors, including the threshold energy required to generate a laser, focal length, 

wavelength, lens diameter, and ignition time of the laser. The specifications and energy of the laser were mentioned in 

section 2.2. Ultimately, the energy of the ignition systems was modeled and calculated for both CIS and LIS, as illustrated 

in Figure 11 (a) and (b), respectively.  

 
(a) (b) 

Figure 11. (a) Modeling of the CIS energy; (b) Modeling of the LIS energy 

Figure 12 illustrates the model of the combustion process, encompassing the subsystems of heat release rate and heat 

transfer rate. Additionally, it includes the functions of instantaneous volume in the cylinder, instantaneous volume change 

rate in the cylinder, and instantaneous pressure in the cylinder.  
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Figure 12. Modeling of pressure in the cylinder, which is related to the engine combustion process 

2.6 Modeling and Simulating Engine Friction Loss Model 

The engine friction loss occurs during engine operation. Theoretically, a lower engine friction value is preferable. The 

total engine friction depends on the coefficient of dimension CD, pumping loss 𝑃𝑃 (MPa/RPM2), engine speed 𝑁 (RPM), 

and lubrication oil viscosity 𝑉𝐿 (MPa). Therefore, the friction torque was determined as follows [42]: 

𝑇𝑓𝑟 =
𝐶𝐷(𝑃𝑃𝑁2 + 𝑉𝐿)

4𝜋
 (27) 

2.7 Modeling and Simulating the Work Done by the Engine 

The indicated engine torque 𝑇𝑖𝑛𝑑  (N.m) depends on the torque function 𝑇𝐹  (N.m/g) and air mass charged in the cylinder 

𝑀𝑎𝑐 (g). It can be calculated as follows: 

𝑇𝑖𝑛𝑑 = 𝑇𝐹𝑀𝑎𝑐 (28) 

The torque function represents the change in the engine torque during engine operation. It depends on the pressure at the 

intake manifold 𝑃𝑚 (bar) and angular velocity of the engine 𝜔𝑒 (rad/s): 

𝑇𝐹 = 2.61 [44.8 − 3.723 (
𝑃𝑚

1.013
)

−0.258

− 9.77𝜔𝑒
−0.088] (29) 

The brake torque 𝑇𝑏𝑟  (N.m) was determined based on the indicated engine torque 𝑇𝑖𝑛𝑑  (N.m) and friction torque 𝑇𝑓𝑟  (N.m) 

as follows: 

𝑇𝑏𝑟 = 𝑇𝑖𝑛𝑑 − 𝑇𝑓𝑟 (30) 

Ultimately, the engine power output 𝑃𝑏𝑟  (W) can be expressed as follows: 

𝑃𝑏𝑟 = 𝑇𝑖𝑛𝑑𝜔𝑒 (31) 

In summary, the engine performance between LIS and CIS was modeled and simulated using Matlab/Simulink 

software. Parameters such as mass of air in the cylinder, energy of ignition, engine power, torque, specific fuel 

consumption, and mass fraction burned were calculated and determined. These aspects will be discussed in detail in the 

results and discussion part. 

3.0 RESULTS AND DISCUSSION 

3.1 Comparision the Air Mass in a Cylinder between Using LIS and CIS 

Figure 13 depicts the relationship between the engine speed and the air mass in the cylinder for both the LIS and CIS. 

It was evident that when the speed of the engine increased from the initial start to 9000 RPM, the mass of air in the 

cylinder gradually increased from 3.3 to 6.0 g.s−1. This indicates that as the throttle angle valve was opened further, a 

greater air mass entered the cylinder. In addition, the mass of air in the cylinder was also addressed and discussed in 

previous research by Colin et al. [43]. 
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Figure 13. Air mass in the cylinder for LIS and CIS 

The air mass in the cylinder for the LIS is higher than that for the CIS. This difference can be attributed to the more 

effective expulsion of residuals and products in the LIS, resulting in a superior intake process compared to the CIS. 

3.2 Energy of LIS and CIS 

Figure 14 depicts the evolution of the energy for both LIS and CIS. It can be observed that the energy of CIS gradually 

increased, reaching saturation at approximately 100.08 mJ after 0.003 s. The energy of CIS encompasses the capacitance 

and inductance. As the engine speed increased, the energy of CIS could not adapt because it was insufficient, resulting in 

a low revolution of the secondary current. Obviously, as the engine speed increased, the engine with CIS could misfire 

due to insufficient energy. To ensure sufficient energy for CIS, it should have enough time to reach saturation. This time 

is called the “dwell-ignition” time. In fact, a lower dwell-ignition time value is preferable.  

For LIS, its energy does not depend on the interrupting current as well as the growth of the secondary current. The 

energy of LIS depends on the break threshold, power density threshold, and energy threshold used to generate the laser 

beam. At 0.001 ms, the energy of LIS reached a maximum of approximately 5100 mJ, surpassing the energy of CIS of 

100 mJ. The ignition time was short, with no time lag. However, the energy of LIS gradually decreased due to photon 

energy loss during radiation expansion. The transition of laser energy from a high energy level to a low energy level 

resulted in losses of energy. This phenomenon was also discussed similarly in previous works by Trawniczek, Franz et 

al. [44] and [45]. In terms of spark sensitivity, the LIS demonstrated a prompt response without delay. Conversely, there 

was an electrical delay attributed to the interruption of the primary current and the growth time of the secondary current 

for the CIS. This delay at high engine speeds suggests a potential weakness in the CIS. Therefore, it can be deduced that 

higher spark energy with LIS contributes to increased combustion efficiency, elevated engine power, and a flawless 

combustion process that minimizes environmental pollution. These properties highlight the advantages of using a LIS in 

the motorcycle.  

 

Figure 14. Energy of LIS and CIS in this study 
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3.3 Engine Power, Torque, and Specific Fuel Consumption between Using LIS and CIS 

During engine operation, engine power, torque, and SFC play a crucial role in evaluating engine performance. Figure 

15 illustrates the engine power comparison between the use of LIS and CIS in the Honda Future FI 125cc. It can be 

observed that when the speed of the engine increased, the engine power gradually increased and reached a maximum. 

Subsequently, the engine power gradually decreased due to engine instability and decrease in volume efficiency. 

Additionally, the mixture of air and fuel was not fully burned in the cylinder. This resulted in the residual mixture 

remaining in the cylinder, preventing the entry of fresh mixture into the chamber. Moreover, the curve shape of engine 

power was shown and found to be appropriate with theoretical predictions, as also presented and elucidated in [46].  

 

Figure 15. Engine power using LIS and CIS 

At engine speeds lower than 500 RPM, the engine power was nearly the same for both LIS and CIS. This was because 

the energy of both LIS and CIS could be adapted at low engine speeds. However, when the engine speed exceeded 1000 

RPM, the power of the engine with LIS surpassed that with CIS in the range of 1500 RPM to 4500 RPM. This occurred 

because the engine operation was optimal, and the intake and exhaust processes were optimized within this range of 

engine speed. Importantly, the energy of LIS was sufficiently high, resulting in complete combustion of the mixture. 

Therefore, the engine power with LIS was higher than the engine power with CIS. Beyond 4500 RPM up to 10000 RPM, 

there was a significant difference in engine power due to the higher efficiency of LIS compared to CIS. As the engine 

speed increased, CIS could not adapt due to the limited growth of secondary current at high engine speed, resulting in 

low energy. Meanwhile, the energy of LIS did not depend on the engine speed, as LIS could adapt to all ranges of engine 

speed. The misfire phenomenon did not occur in LIS due to the high laser energy required to burn the mixtures in the 

cylinder. 

The engine power with LIS always responded to all engine operating modes because the technique of controlling the 

laser was much easier than that of the CIS. On the other hand, the energy of the laser was well-adapted and responded 

quickly with no lag phenomenon. In the CIS, the lag phenomenon occurred at high engine speeds due to the need for the 

growth of secondary current in the ignition coils and depended on the number of winding coils. Therefore, the ignition 

system was also one of the factors that affected the engine power. 

The maximum engine power with CIS reached 10 kW at 6500 RPM. In contrast, the maximum engine power with 

LIS was reached with an expanded range, approximately 12.5 kW at 7500 RPM, because the entire air-fuel mixture was 

burned completely. Therefore, the chamber had fewer residual products after the burn, making it easier for the fresh 

mixture to enter the cylinder. The engine power reached its maximum, after which the engine power decreased due to 

loss of balance, increasing engine temperature, and friction matter. When the engine used LIS, the engine power increased 

by 1.25 times compared to the engine power with CIS, showing the superior features of the engine when using the LIS in 

the motorcycle. 

Figure 16 shows the engine torque with LIS and CIS. The engine torque is a vital parameter in evaluating engine 

characteristics. Consequently, the engine torque curve exhibited a profile similar to the engine power curve. It was 

observed that the engine torque gradually increased, reaching a maximum, and then gradually decreased due to engine 

instability and a decrease in volume efficiency. 

At engine speeds lower than 500 RPM, the engine torque with LIS and CIS gradually increased and had nearly the 

same value. However, when the engine speed exceeded 1000 RPM, there was a noticeable difference in engine torque 

between LIS and CIS. Specifically, the maximum engine torque with CIS reached approximately 9 N.m at 4200 RPM. In 

contrast, the maximum engine torque for the engine using LIS was attained at 10.5 N.m at 5000 RPM. The maximum 

torque of the engine with LIS was achieved with an expanded range of engine speed. 
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Figure 16. Engine torque with LIS and CIS 

Specific fuel consumption (SFC) is a key parameter used to evaluate the economic characteristics that are related to 

the fuel efficiency of an engine in this study. According to the theory, a lower value of the SFC is better, indicating that 

the engine is achieving optimal fuel economy. After starting the engine, the SFC gradually decreased until it reached its 

lowest point. After that, the SFC gradually increased owing to fuel consumption for engine power following the theoretical 

model outlined in reference [47]. Figure 17 shows the comparison of SFC value between LIS and CIS in the Honda Future 

FI 125cc engine. The SFC was high during engine startup due to the prolonged operation of the fuel injector, which was 

aimed at enriching the mixture and resulting in increased fuel consumption. This phenomenon was observed at an engine 

idle speed of less than 500 RPM, where fuel consumption was high, and the SFC values for engines with LIS and CIS 

were identical. This similarity occurred because both LIS and CIS were adapted for the low engine speed range. However, 

at engine speeds over 1000 RPM, the SFC with CIS was higher than with LIS. This can be explained that the ignition 

efficiency of CIS was lower than the ignition of LIS when engine speed increased. At the range of engine speed of 1500 

– 4500 RPM, the advantage of LIS over CIS became apparent. Notably, at engine speeds exceeding 6500 RPM, the SFC 

value increased for both the LIS and CIS due to less effective combustion in the chamber and a reduction in volumetric 

efficiency.  

 

Figure 17. Specific Fuel Consumption for engines using LIS and CIS 

However, the SFC with LIS is still lower than that with CIS because the energy of the laser could adapt to an extended 

range of engine speeds. On the other hand, LIS energy was not dependent on the growth of secondary current. Meanwhile, 

CIS energy could fail at high engine speeds, as it depended on interrupt current and the growth of secondary current, 

resulting in CIS energy not reaching high levels at high engine speeds. This could lead to engine misfires at high engine 

speeds, where the mixture could not be burned completely and remained in the chamber, resulting in a low air mass in 

the cylinder for CIS. Overall, the SFC with LIS was lower than the SFC with CIS across all engine speed ranges. Notably, 

the optimal SFC with CIS and LIS was achieved at engine speeds of 3470 and 4320 RPM, respectively. The optimal fuel 

efficiency of LIS was achieved with an extended range of engine speeds compared to the optimal fuel efficiency of CIS 

because the volumetric efficiency and combustion process with LIS in the cylinder were better than with CIS. On the 
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other hand, within this range of engine speeds, the LIS efficiency was higher than the CIS efficiency. The SFC with LIS 

was reduced by approximately 0.864 times compared to the SFC with CIS at the optimal engine speed within the range 

of 1500 – 4500 RPM. 

In general, the engine performance was slightly identical value during engine operation at low speeds of 500 RPM for 

both the LIS and CIS. When the engine speed increased, the power and torque of the engine with LIS were superior to 

CIS. In contrast, the SFC with LIS was achieved lower than with CIS, indicating that using LIS saved fuel and emitted 

fewer pollutants into the environment. 

3.4 Mass Fraction Burned (MFB) Comparison between Using LIS and CIS 

The mass fraction burned (MFB) was a parameter utilized in combustion analysis to evaluate the effectiveness of the 

combustion process in the cylinder. MFB played a crucial role in understanding and optimizing combustion efficiency, 

emissions, and overall engine performance in internal combustion engines and other combustion systems. MFB 

represented the percentage of the fuel mass that had burned to the overall mass of fuel present in the chamber of 

combustion. In addition, it depended on the energy of ignition, meaning that if the energy of ignition was sufficient, the 

entire mixture of air and fuel would be burned.  

Figure 18 shows the mass fraction burned with LIS and CIS under various engine speeds. The S-shaped curve of MFB 

closely resembled the theoretical predictions outlined in reference [48-49]. It was observed that the MFB with LIS and 

CIS gradually increased from 0 to 1.0 as the engine speed increased. The MFB with LIS consistently exceeded that with 

CIS. This can be explained by the more effective combustion of mixtures in LIS compared to CIS, attributed to the high 

effectiveness of the intake process, adaptability of LIS energy within the range of engine speed, and fast adaptive time. 

Consequently, the combustion quality of an engine is high when using LIS, with no residual gas left in the chamber, 

leading to a high charging efficiency.  

 

Figure 18. Mass Fraction Burned with LIS and CIS 

4.0 CONCLUSIONS 

In this study, a comparison of engine performance between LIS and CIS in the Honda Future FI 125cc engine was 

conducted through simulation, including the CFD and numerical simulation. Some conclusions were drawn as follows: 

• The volumetric efficiency with LIS was better than that of CIS because residual combustion products were removed 

during engine operation. Therefore, the air mass in the cylinder with LIS was higher than with CIS. 

• At low engine speed, the engine performance does not seem to be affected by both LIS and SIS. This was because 

both LIS and CIS were adapted for low engine speeds. 

• The advantage of LIS over CIS becomes evident across all ranges of engine speeds. Additionally, engines utilizing 

LIS demonstrate higher performance, with the maximum engine performance achieved in an extended range of engine 

speeds compared to CIS. 

• The fuel efficiency with LIS surpassed that of CIS, suggesting that utilizing LIS led to fuel savings and reduced 

emissions of pollutants into the environment. Consequently, the engine equipped with LIS proved to be more fuel-

efficient and cost-effective. 

• The efficiency of mass fraction burned with LIS was higher than with CIS. It can be observed the mixture of fuel and 

air was burned completely, leaving no residual gas in the chamber, which resulted in high charging efficiency. 

Overall, the engine performance and fuel efficiency with LIS were better than with CIS in this study. This finding is 

significant for assessing the advantages of LIS in motorcycles, particularly in engines like the Honda Future FI 125cc. 
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Furthermore, this model can be used to evaluate engine performance between LIS and CIS in any motorcycle. This model 

establishes the theoretical foundation for the next study, which aims to validate the comparison between experimental 

and theoretical results. 
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NOMENCLATURE  

𝑎 Effect coefficient on the combustion process 𝑄ℎ𝑟 Heat release (J) 

𝐴𝑐  Combustion chamber area (m2) 𝑄ℎ𝑡 Heat transfer (J) 

𝐴(𝜑) Function of throttle valve with crank angle (m2) 𝑄𝐻𝑉 Heating value of the fuel (MJ/kg) 

𝑏 Wien's displacement coefficient (m.K) 𝑟 Crank radius of the engine (m) 

𝐶 Capacitive in the primary coils and secondary coils (F) 𝑅 Universal gas constant (mol−1 K−1 J) 

𝐶1 Primary coils capacitance (F) 𝑅1 Primary winding resistance (Ω) 

𝐶2 Secondary coils capacitance (F) 𝑅𝐿 Radius of the laser after passing the focal (m) 

𝐶𝑑 Coefficient of discharge 𝑅𝑠𝑡 Summation of turbulent ratios (swirl and tumble ratio). 

𝐶𝐷 Coefficient of dimension 𝑡1 Ignition factor coefficient (H. Ω−1) 

CFD Computational Fluid Dynamics 𝑡𝑑  Ignition time (ms) 
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CIS Conventional Ignition System 𝑡𝐿 Ignition time under laser beam (ms) 

𝐶𝑟 Engine compression ratio 𝑇 Temperature during charging (K) 

𝑑𝐿 Laser beam diameter (mm) 𝑇0 Upstream temperature of the air (K) 

𝑑 Diameter of the throttle shaft (m) 𝑇𝑏𝑟 Engine brake torque (N.m) 

𝐷𝑃  Piston diameter (m) 𝑇𝐹 Function of torque (N.m/g) 

𝐷 Diameter of the throttle bore (m) 𝑇𝑓𝑟 Friction torque of engine (N.m) 

𝐷𝑖𝑛 Diameter of intake manifold (m) 𝑇𝑔 Mixture combustion temperature (K) 

𝐸𝐵 Threshold energy required to generate a laser 𝑇𝑖𝑛𝑑 Indicated engine torque (N.m) 

𝐸𝐶 Ignition energy of capacitive (mJ) 𝑇𝑚 Temperature of the air at the intake manifold (K) 

𝐸𝐶𝐼𝑆 Conventional ignition system energy (mJ) 𝑇𝑤 Combustion wall temperature (K) 

𝐸𝐼 Ignition energy of inductive (mJ) 𝑈1 Primary winding potential (V) 

𝐸𝐿𝐼𝑆 Laser ignition system energy (mJ) 𝑈2 Secondary winding potential (V) 

𝑓 Focal length of the laser (mm) 𝑉𝑑 Displacement volume (m3) 

ℎ Coefficient of convective heat transfer (m−2K−1W) 𝑉𝐿 Lubrication oil viscosity (Mpa) 

𝐼𝐵 Threshold-breaking power density 𝑥𝑏 Mass fraction burned 

𝐼𝑖𝑛𝑡 Interrupt current in CIS (A)   

𝑘 Air’s specific heats ratio   

𝐾𝑖 Ignition reserve coefficient Greek letters 

𝐿 Connecting rod length (m) 𝛼 Throttle valve angle (deg) 

𝐿1 Primary coils inductance (H) 𝛼0 Initial angle throttle valve (deg) 

𝐿𝑖 Intake valve opening (mm) 𝜂𝐶𝐼𝑆 CIS ignition performance 

𝐿𝑒 Exhaust valve opening (mm) 𝜂𝑣 Volumetric efficiency 

LIS Laser Ignition System 𝜆 Laser wavelength (nm) 

𝑚 Effect coefficient on the combustion process 𝜑 Crankshaft angle (rad) 

�̇�𝑎𝑖   Upstream of air mass flow rate, before the throttle 

valve (g/s) 

𝜑0 Advanced ignition system (deg) 

�̇�𝑎𝑜  Downstream of air mass flow rate output, after passing 

the component of the throttle valve (g/s) 
𝜑𝑑 Total of combustion time (s) 

𝑀𝑎𝑐 Mass of air charged in cylinder (g) 𝜔𝑒  Angular velocity of an engine (rad/s) 

𝑚𝑓  Fuel mass per cycle  

𝑁 Engine speed (RPM) Superscripts and subscripts 

𝑁𝑉 Number of valves ai air in 

RPM Revolution Per Minute ao air out 

𝑃0 Upstream pressure of air (bar) d discharge 

𝑃𝑏𝑟  Engine power output (W) e engine 

𝑃𝑚 Pressure of the air at the intake manifold (bar) f fuel 

𝑃𝐿 Laser pulse power (kW) g gas mixture 

𝑃𝑝 Pumping loss (MPa/RPM2) m manifold 

𝑃𝑡 Pressure of throat throttle at the minimum area of the 

throttle valve (bar) 

p pumping 

 


