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Methanol is a renewable and sustainable energy source with potential to 

overcome energy scarcity, global warming, and environmental pollution 

caused by the overdependence on fossil energy. However, its application in 

engines faces challenges, particularly the cold start issues. Turbulent Jet 

Ignition (TJI) presents a promising solution due to its advantage of multipoint 

ignition, and thereby a comprehensive study of TJI can contribute to guide the 

design and optimization of methanol engines. This work establishes an 

experimental system, employing the high-speed schlieren imaging technique 

to observe the propagation of methanol jet flames, and investigates the 

influence on the combustion characteristics of various operating parameters, 

such as the initial temperature and pressure and the intervals between the two 

ignitions. The results indicate that the propagation of the jet flame accelerates 

with the equivalence ratio increasing from 0.8 to 1.2. When the equivalence 

ratio is 1.0 and 1.2, the higher initial pressure results in slower development 

of the jet flame. Additionally, a short ignition interval leads to sluggish jet 

flame development and prolonged combustion duration, while an excessively 

prolonged ignition interval makes it impossible to generate effective jet flame. 

This research provides valuable insights for optimizing the jet ignition 

operation and enhancing the efficiency of methanol engines. 
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1. Introduction 

The excessive reliance on fossil energy has led to increasingly severe issues, including energy 

scarcity, global warming and environmental pollution [1]. As a renewable and sustainable fuel, methanol 

offers a promising solution to these challenges. Methanol has higher synthetic efficiency than ethanol 

and synthetic hydrocarbons [2] and superior thermal efficiency in combustion systems [3], meaning a 

dual advantage in enhancing primary energy utilization. Furthermore, methanol has high resistance to 

detonation [4], which allows the use of higher compression ratios and more optimal ignition timing 

under full engine operating conditions, thus increasing the thermal efficiency and power of engines [5]. 

Also, methanol has a lower stoichiometric air-fuel ratio than gasoline, leading to a higher proportion of 

triatomic molecules (CO2 and H2O) in its combustion products [6]. 

However, the cold start issue is a major challenge to methanol engines, which is usually caused by 

methanol’s lower stoichiometric air-fuel ratio, increased evaporation and risk of short-circuiting 

between spark plug electrodes due to its electrical conductivity when the spray is poorly atomized [3, 

7]. In this context, investigating the spray atomization of methanol is crucial for enhancing the 

performance of methanol engines. Consequently, numerous studies on methanol spray characteristics 

have been conducted in recent years, as summarized in Tab. 1. 

 

Table 1 Pertinent studies on methanol spray characteristics 

No. Methods Parameters Characteristics/ Objectives Refs. 

1 
High-speed 

shadowing imaging 

Ambient density 

(1.2-100 kg/m³); 

Injection pressure 

(55-100 MPa) 

Sauter Mean Diameter; 

Penetration distance; 

Spray angle 

[8] 

2 
High-speed 

photography 

Injection pressure 

(80 MPa); 

Cycle-to-cycle variation quantification; 

Evaporative cooling-spray interaction 
[9] 

3 

High-speed 

photography; 

Phase doppler 

particle analyzer 

Ambient pressure 

(0.01-0.1 MPa); 

Fuel temperature 

(298-393 k) 

Flash-boiling spray collapse mechanisms; 

Droplet velocity profiles; 

Fuel property effects 

[10] 

4 

Planar Laser-Induced 

Fluorescence; 

Mie scattering 

Ambient pressure 

(0.04, 0.1 MPa); 

Fuel temperature 

(298, 328, 363 k) 

Phase-separated spray morphology; 

Cold-start spray optimization 
[11] 

5 
Phase doppler 

particle analyzer 

Injection pressure 

(0.3-0.5 MPa) 

Cavitation region expansion in nozzle; 

Discharge coefficient vs. temperature; 

Sauter Mean Diameter 

[12] 

6 
Laser diffraction 

technology 

Ambient temperature 

(298-323 K); 

Injection pressure 

(1.3-2.1 MPa) 

Dominant effect of ambient temperature on 

droplet size; 

Atomization characteristics 

[13] 
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Turbulent Jet Ignition (TJI) is an efficient strategy to optimize engine performance and address the 

cold-start issue, proposed and developed by Li Gang [14] and Gussak [15], respectively. TJI offers the 

advantage of multipoint ignition, as reactive free radicals in combustion products from precombustion 

chamber can ignite mixtures in the main chamber at multiple dispersed points. As summarized in Tab. 

2, many researchers have explored the potential of TJI technology in improving power and emission 

performance of engines. However, current literatures mainly focus on the conventional fuels and 

alternative fuels such as hydrogen, while the research on TJI with methanol remains relatively limited. 

Considering the significant advantages of multipoint ignition enabled by TJI, a comprehensive study of 

TJI with methanol could provide valuable insights for the design and optimization of methanol engines. 

 

Table 2 Summary of Relevant Studies on TJI 

No. Methods Fuels Objectives Refs. 

1 
Jet Controlled Compression 

Ignition 
Diesel 

Improving pre-mix combustion rate in 

diesel engines 
[16, 17] 

2 

Planar Laser-Induced 

Fluorescence; 

OH* chemiluminescence 

imaging 

Methane 

Investigating the effects of precombustion 

chamber volume and orifice diameter on 

precombustion chamber jet and main 

combustion chamber ignition 

[18, 19] 

3 

High-speed visible 

intensified imaging; 

Low-speed infrared imaging 

Natural gas Investigating the effect of fuel spark 

position, equivalence ratio, orifice size, 

and geometry on ignition patterns in the 

main combustion chamber 

[20] 

4 
Self-designed air-assisted 

pre-chamber apparatus 

Hydrogen; 

Gasoline; 

Methane 

[21–23] 

 

In this research, the combustion characteristics of TJI with methanol are investigated, and the 

influence of various condition parameters are comprehensively compared and discussed. 

2. Experimental Setup 

2.1. Experimental equipment 

The diagram of the experimental apparatus is given in Fig. 1, which mainly consists of a constant 

volume combustion facility, a high-speed schlieren system and an electronically controlled ignition 

system. 

The constant volume combustion facility consists of a main chamber and a precombustion 

chamber. The internal volume of the main combustion chamber is 1.6 L with two quartz windows on 

opposite sides, each with a diameter of 90 mm. The precombustion chamber has a volume of 0.01 L, 

with a jet orifice of 3 mm. Moreover, a pressure sensor (Kistler 6115B)[24] and a temperature 

thermocouple are installed to detect combustion pressure (p) and initial temperature in the main chamber, 

respectively. The estimated response time of Kistler 6115B is less than 20 μs based on its acoustic 

natural frequency of 65 kHz, thereby enabling precise capture of rapid pressure transients. Additionally, 

the main chamber is heated by uniformly distributed heating rods in walls. 
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The propagation of jet flames in the main chamber is captured by the high-speed schlieren, which 

consists of an optical source, a high-speed camera and two schlieren mirrors. The high-speed camera 

has an image size of 1024×1024 pixels, a frame rate of 12800 FPS, and a maximum shutter speed of 

1/2000 s. 

The ignition system is primarily comprised of two spark plugs and an electronic control unit (ECU). 

The first spark plug ignites the mixture in the main combustion chamber, building up the pressure field, 

while the second spark plug ignites the mixture in the precombustion chamber to generate a reactive jet. 

2.2. Experimental conditions  

In the study, the impacts of initial conditions on combustion characteristics are investigated by 

varying initial pressure (P0 = 0.1, 0.2 and 0.3 MPa) and equivalence ratio (φ = 0.8, 1.0 and 1.2) of the 

methanol-air mixtures in the main combustion chamber with the initial temperature (T0) of 373 K. P0 

and φ are regulated using pressure gauge and mass flow controllers for the inlet gas, alongside injecting 

corresponding amount of methanol. Additionally, the effects of the ignition interval between two sparks 

(2, 3 and 4 ms), which is controlled by the ECU, are examined with the T0 = 403 K. Experiments are 

conducted three times under each condition, and the average value is taken to minimize random errors. 

 

  

Fig. 1 Schematic of the Experimental 

Apparatus 

Fig. 2 Development stage of a jet flame 

3. Data Analysis Methods 

3.1. Image processing and analysis method 

The image processing program is implemented using Python with OpenCV, employing a 

differential method to extract the flame profile, which can be found in previous studies [25]. Considering 

that the flame velocity of a turbulent flame is difficult to directly measure due to its irregular flame 

fronts, the average area growth rate of the flame, (dA/dt)avg, is introduced to evaluate the flame 

propagation. 

According to the location and shape of the jet flame, the process of flame development is divided 

into three stages: the jet ignition stage, the flame expansion stage, and the flame filling stage, as shown 

in Fig. 2. The jet ignition stage is defined as the period from the ignition in the main combustion chamber 

to the first instance (t1) when the flame reaches the boundary of the window. The jet, ejected from the 

precombustion chamber, carries high-temperature combustion products and active radicals, facilitating 

the multipoint ignition of the methanol-air mixtures in the main chamber. In the subsequent flame 
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expansion stage, the turbulent flame expands and its surface develops radially. The flame filling stage 

refers to the period after the first instance (t2) when the flame completely fills the window area, 

indicating that the flame has propagated beyond the capture area. 

3.2. Pressure analysis method 

When the flame expands beyond the window area, pressure analysis is employed to further study 

the combustion characteristics. 

The spherical volume corresponding to the diameter of the window represents 22% of the internal 

volume of the main combustion chamber. Under the ideal assumption, when the flame profile 

completely fills the window, the volume of the unburned mixture will be approximately compressed to 

78% of the initial state. Simultaneously, the pressure in the main chamber will increase to 1.28 times its 

initial value. In practice, the pressure at the edge of the unburned mixture is 1.3 to 1.4 times P0, as a 

result of the heating effect of combustion and compression. Consequently, the pressure analysis is 

conducted after the pressure in the main chamber (p) reached 1.4 times P0, at the time denoted as tν. 

Moreover, the combustion time, tc is defined as the moment when p reaches its maximum value, as 

annotated in Fig. 3. 

The value of the maximum pressure rise rate, (dp/dt)max, is affected by the volume of the constant 

combustion chamber. To account for this volume effect, the deflagration index KG is used, which helps 

assess the intensity of the combustion process and the safety of combustibles. KG is calculated using Eq. 

(1), which removes the volume effect. A higher KG indicates a more intense combustion, higher 

likelihood of explosion, and more severe consequences of the explosion. 

KG=(
dp

dt
)maxV

1/3         (1) 

 

Fig. 3 Evolution of pressure and pressure rise rate during a jet ignition experiment 

4. Results and Discussion 

4.1. Effect of the equivalence ratio 

As presented in Tab. 3, both t2 and tc decrease with φ increasing from 0.8 to 1.2, while (dA/dt)avg, 

Pmax and (dp/dt)max increase, suggesting that the increasing φ enhances the expansion rate of the jet flame, 

as further demonstrated in Error! Reference source not found.-6(a). In lean combustion, the lower 

fuel content in the main combustion chamber reduces the reaction intensity, leading to a slower 

development of the jet flame. Conversely, oxidization reactions between oxygen and fuel molecules 
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become more intense under rich combustion conditions, releasing more energy and active radicals, 

which promotes the expansion of the jet flame. 

 

Table 3 Combustion characteristics of jet flames with various φ (T0 = 373 K) 

P0 

(MPa) 
φ 

(dA/dt)avg 

(mm2/ms) 

t1 

(ms) 

t2 

(ms) 

tc 

(ms) 

Pmax 

(MPa) 

KG 

(MPa*m/s) 

(dp/dt)max 

(MPa/s) 

0.1 

0.8 277.7 7.0 22.2 63.2 0.5 1.3 11.0 

1.0 386.3 3.9 14.7 37.5 0.6 3.0 25.3 

1.2 406.4 5.2 12.7 30.4 0.7 4.4 36.8 

0.2 

0.8 121.3 40.8 54.8 87.1 1.2 4.9 41.0 

1.0 267.5 6.4 20.1 51.1 1.3 4.9 41.4 

1.2 302.6 10.9 18.1 37.1 1.4 10.3 86.5 

0.3 

0.8 155.0 6.9 39.3 126.6 1.5 2.9 24.8 

1.0 208.8 10.9 31.8 59.8 1.9 7.1 60.1 

1.2 301.1 12.7 22.0 43.8 2.1 13.9 116.9 

 

At P0 of 0.1 and 0.2 MPa, t1 reaches its minimum value at φ = 1.0, confirming the fastest flame 

propagation under the stoichiometric conditions. However, t1 shows a monotonic increase with the 

increasing φ at P0 of 0.3 MPa, and Error! Reference source not found.-6(b) provides an insight of this 

trend. As φ increases, the spherical flame generated by the center electrode expands more rapidly, while 

the initial jet flame energy is insufficient to impact the development of the spherical flame. Moreover, 

as the intensity of the jet increases, the jet and spherical flames merge only after 10.0 ms following 

ignition. 
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Fig. 4 Evolution of (a) flame size; (b) flame 

profile; and (c) combustion pressure during 

the propagation of the jet flame (T0 = 373 K 

and P0 = 0.1 MPa) 

Fig. 5 Evolution of (a) flame size; (b) flame 

profile; and (c) combustion pressure during 

the propagation of the jet flame (T0 = 373 K 

and P0 = 0.2 MPa) 

 

Fig. 6 Evolution of (a) flame size; (b) flame profile; and (c) combustion pressure during the 

propagation of the jet flame (T0 = 373 K and P0 = 0.3 MPa) 

 

It is noteworthy that when φ is 0.8 and p is 0.2 MPa, the developing spherical flame is blown out 

by the jet injected from the precombustion chamber, as depicted in in Fig 5(b). Subsequently, the jet 

flame continues to propagate, indicating that the stability of the jet flame surpasses that of the 

conventional flame. 

4.2. Effect of the initial pressure 

Tab. 3 presents the combustion characteristics of jet flames with various P0, showing that Pmax 

increases while tc decreases with P0 elevated from 0.1 to 0.3 MPa. This trend is attributed to the higher 

P0, which increases the molecular density and quantity in the main combustion chamber, thereby 

enhancing energy release and prolonging the reaction duration. The trends of other combustion 

characteristics remain consistent as P0 increases at φ of 1.0 and 1.2, but deviate at φ of 0.8. As illustrated 

in Fig. 7-9(b), the jet extinguishes the developing spherical flame at P0 of 0.2 and 0.3 MPa, resulting in 

the observed deviation at φ of 0.8. The extinguishment occurs because the jet velocity exceeds the 

laminar flame velocity, thereby disrupting the formation and stabilization of the spherical flame. 

When φ = 1.0 and 1.2, (dA/dt)avg decreases as P0 increases from 0.1 to 0.3 MPa, while t1 and t2 

increase, indicating that the propagation of jet flames, similar to that of laminar flames [26], slows down 
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with rising initial pressure increasing. Under the same combustion process, the energy release intensifies 

with elevating P0, resulting in higher heat release and consequently higher (dp/dt)max and KG. 

  

Fig. 7 Evolution of (a) flame size; (b) flame 

profile; and (c) combustion pressure during 

the propagation of the jet flame (T0 = 373 K 

and φ = 0.8) 

Fig. 8 Evolution of (a) flame size; (b) flame 

profile; and (c) combustion pressure during 

the propagation of the jet flame (T0 = 373 K 

and φ = 1.0) 
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Fig. 9 Evolution of (a) flame size; (b) flame profile; and (c) combustion pressure during the 

propagation of the jet flame (T0 = 373 K and φ = 1.2) 

 

4.3. Effect of the Ignition Interval 

The time intervals between the ignition of the sparks in the main combustion chamber and 

precombustion chamber are set as 2, 3 and 4 ms, and the corresponding experimental results are shown 

in Tab. 4 and Fig. 10-12. As the interval increased from 2 to 3 ms, the flame propagation accelerates, as 

evidenced by the trends of (dA/dt)avg, t1 and t2. However, the opposite trend is observed with the interval 

increasing from 3 to 4 ms. Specifically, the jet flame is more intense at an interval of 3 ms than that of 

2 ms as shown in Fig. 12, indicating that a longer interval benefits more sufficient flame propagation. 

Conversely, at an interval of 4 ms, the spherical flame propagates radially without the formation of a 

distinct jet flame, leading to a slower flame propagation compared to the 3 ms interval. 

 

Table 4 Combustion characteristics of jet flames with various ignition intervals (T0 = 403 K, P0 = 

0.1 MPa and φ = 0.8) 

Ignition Interval 

(ms) 

(dA/dt)avg 

(mm2/ms) 

t1 

(ms) 

t2 

(ms) 

tc 

(ms) 

Pmax 

(MPa) 

KG 

(MPa*m/s) 

(dp/dt)max 

(MPa/s) 

2 203.3 7.2 23.3 58.2 0.5 1.8 15.0 

3 389.4 4.1 15.0 38.0 0.6 2.5 21.3 

4 363.7 14.4 17.0 37.6 0.6 4.2 35.5 

 

  

Fig. 10 Evolution of jet flame characteristics 

under varied ignition intervals (T0 = 403 K, P0 

= 0.1 MPa and φ = 0.8) 

Fig. 11 Evolution of combustion pressure 

under varied ignition intervals (T0 = 403 K, P0 

= 0.1 MPa and φ = 0.8) 
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Fig. 12 Propagation of jet flames under varied ignition intervals (T0 = 403 K, P0 = 0.1 MPa and 

φ = 0.8) 

It is observed that KG and (dp/dt)max increase, while tc decreases with the increase of the ignition 

interval. At intervals of 2 and 3 ms, the mixture is ignited at multiple dispersed points by the jet, avoiding 

pressure concentration and resulting in smaller KG and (dp/dt)max than that at the intervals of 4 ms, in 

which the flame is center-ignited. Furthermore, the more moderate turbulence at an interval of 2 ms 

leads to a longer combustion period, causing KG and (dp/dt)max to be smaller than those observed at the 

3 ms interval. 

5. Conclusion 

In this study, an electrically controlled experiment setup is designed to investigate the combustion 

characteristics of TJI, using high-speed schlieren imaging technology. The effects of initial conditions 

and electronic control strategies on TJI combustion characteristics are analyzed. The main conclusions 

of this research as follows: 

1. As φ increases from 0.8 to 1.2, the expansion of the jet flame accelerates due to intensified 

oxidation reactions, whereas it is suppressed at lean combustion conditions. At P0 of 0.1 and 0.2 MPa, 

the shortest t1 is observed at φ = 1, indicating the most rapid flame propagation. However, at P0 = 0.3 

MPa, t1 increases with φ as the spherical flame expands more rapidly. Notably, at φ = 0.8 and P0 = 0.2 

MPa, the jet flame remains stable even after the spherical flame extinguished, demonstrating its superior 

stability. 

2. The combustion process remains consistent at φ = 1.0 and 1.2 but deviates at φ = 0.8, where the 

jet extinguishes the developing spherical flame at P0 = 0.2 and 0.3 MPa due to excessive jet velocity. 

For φ = 1.0 and 1.2, (dA/dt)avg decreases while t1 and t2 increase with rising P0, indicating a deceleration 

in jet flame propagation. As P0 increases from 0.1 to 0.3 MPa, Pmax, (dp/dt)max and KG rise while tc 

decreases due to higher molecular density intensifying chemical reaction and prolonging energy release 

duration. 

3. The speed of flame propagation peaks at a 3 ms ignition interval, with a stronger jet flame 

enhancing efficiency, while the absence of a distinct jet slows propagation at an interval of 4 ms. KG and 

(dp/dt)max increase while tc decreases with longer intervals. Multi-point ignition with intervals of 2 and 

3 ms disperses pressure, reducing KG and (dp/dt)max, compared the center ignition with the interval of 4 

ms. 
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Nomenclature 

The following terms are used in this paper: 

A: flame area; 

KG: deflagration index; 

p: pressure in the main combustion chamber; 

Pmax: the maximum pressure; 

P0: the initial pressure in the main combustion chamber; 

(dA/dt)avg: the average flame area growth rate; 

dp/dt: pressure rise rate;  

t: the time elapsed since the ignition of the spark plug in the main combustion chamber; 

tc: the moment when the pressure reaches its maximum value; 

tν.: the moment when the pressure reaches 1.4 times P0; 

T0: the initial temperature in the main combustion chamber; 

t1: the first instance when the flame reaches the boundary of the window; 

t2: the first instance when the flame completely fills the window area; and 

φ: the equivalence ratio of methanol and air in the main combustion chamber. 
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