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ABSTRACT 

In recent years, due to global environmental concerns and a shortage of energy resources, internal 

combustion engines must adopt novel combustion that achieves high thermal efficiency and low 

exhaust gas emissions. As spark-ignition engines are fueled with gasoline continue to be the primary 

power system for light-duty vehicles. There is a continued need to improve the thermal efficiency and 

decrease the SI engine's exhaust emissions. In order to meet these demands, advanced combustion 

technologies like highly boosted and lean or dilute combustion have been employed in the spark-

ignition engine, which has increased the challenges of ignition control since ignition is the trigger of 

the combustion, developing a next-generation spark ignition system is strongly required for the spark-

ignition engine.  

First of all, understanding the process of the initial flame kernel growth during the ignition is 

important. Most of the researchers use schlieren photography to capture the initial flame during the 

ignition process. However, it had been found that in this method, it is hard to distinguish between the 

preheated zone and initial flame, even under no fuel conditions, the preheated zone could still be 

detected by the schlieren imaging method. Therefore, this study uses a high-speed infrared camera to 

detect the initial flame because most combustion products, like CO, CO2, and H2O, absorb specific 

infrared wavelengths and radiate the infrared when the components become hot. Infrared images have 

provided a more accurate way of measuring the initial flame and being able to analyze quantitatively. 

After that, a new simultaneous visualization method by a high-speed infrared camera (FLIR 

X6900sc) and a conventional high-speed camera (Photron SA-X) has been proposed to obtain deeper 

insights into the ignition process in a constant volume combustion chamber (CVCC), the influence of 

discharge channel behaviors on the initial flame formation could be investigated by this method. 

Results show that short-cut and restrike are two kinds of discharge channel shortening behaviors that 

affect early flame overlap and growth, short-cut shortening behavior is better than restrike shortening 

behavior for the flame development and enlarges the early flame during the discharge duration. 

In addition, to found out a suitable ignition strategy under different ignition conditions, the ignition 

performance is studied with various mixture dilutions, flow conditions, and discharge characteristics 

under the CVCC. Two types of ignition coils that have the same discharge energy were analyzed in 

particular. The results show that extending discharge duration is more helpful in improving the ignition 

performance under the increasing dilution ratio compared with the enhanced discharge current at the 
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same discharge energy. However, the discharge current plays a more vital role in perfecting the ignition 

performance under the increasing local flow velocity than the discharge duration. 

Finally, the results of the CVCC experiment imitated the engine conditions, it needs to be confirmed 

in the actual engine conditions. Hence, the engine test is carried out on a single-cylinder of JUKE four-

stroke SI gasoline engine with EGR technology to confirm the results in the CVCC. Results have 

demonstrated that increasing the EGR rate needs to advance the ignition timing for obtaining the 

lowest cycle-to-cycle variations, knocking is the obstacle to advancing the ignition timing further 

when under the low EGR rate conditions; when increasing the EGR rate to the EGR limit, misfire 

becomes the obstacle to enlarging the ignition advanced timing. Meanwhile, when focusing on the 

same ignition energy, prolonging the discharge duration has more benefits to improving the engine 

performance under low flow conditions, while the discharge current plays a more vital role in 

perfecting the engine performance than the discharge duration under the high flow condition. 
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NOMENCLATURE 

AC Alternating current 

A/F Air-fuel ratio 

ATDC After the top dead center 

BSFC Brake-specific fuel consumption  

CAD Crank angle degree 

CA10 Crank angle timing for 10% mass fraction burn 

CCV Cycle-to-cycle variations 

CDI Capacitive discharge ignition 

CI Compression ignition (CI). 

CO Carbon monoxide  

 CO2 Carbon dioxide 

COV Coefficient of Variation 

CVCC Constant volume combustion chamber  

 DC Direct current 

ECU Electronic control unit 

EGR Exhaust Gas Recirculation  

fps Frames per second 

GDI Gasoline direct injection 

HC Hydrocarbon compounds 

ICEs Internal combustion engines  

 IG Ignition timing 

IGBT Insulated gate bipolar transistor 

IMEP Indicated mean effective pressure 

IR Infrared radiation 

MBT Minimum advance for best torque 

MFB1 Mass fraction burn of 1 percent 

NA Natural aspirated engine  

NOx Nitrogen oxide 

O2 Oxygen 
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PIV Particle image velocimetry 

PLIF Plane laser induced florescence 

PM Particulate matter 

RF Radio-frequency 

ROHR Rate of heat release 

SI 

 

spark ignition 

TCI Transistorized coil ignition 

TDC Top dead center 

VOIS Variable output ignition system 

WLTP Worldwide Harmonized Light Vehicle Test Procedure 

η Thermal efficiency 

k Specific heat ratio 

ε Compression ratio 
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Chapter 1 Introduction  

1.1 Background  

In recent years, the burden of traditional resources and environmental concerns demand high 

efficiency and low emissions in internal combustion engines (ICEs) for on-road vehicle applications. 

In addition to the increasing electrification of vehicles, forecasts show a worldwide increase in the 

number of combustion engines being produced. With hybridization growing apace, at least 75 % of 

the 120 million new registrations expected in 2030 will be for vehicles based on combustion engines, 

most of the gasoline engines. Europe, Japan, China, and the United States continue to introduce strict 

automotive exhaust emissions regulations and CO2 emission limits [1]. In China, new emission 

standards (China VI – Emission Standard) for light-duty vehicles were announced, and all new 

vehicles should meet it at the start of 2020 [2]. Under Worldwide Harmonized Light Vehicle Test 

Procedure (WLTP), CO, THC, NOx, and PM should be reduced by 50%, 50%, 40%, and 33%, 

respectively, compared to China VI – Emission Standard. It announced that National VIa Emission 

Standard is equivalent to European VI Standard, and National VIb has higher requirements than 

European VI Standard, becoming one of the most stringent automotive exhaust emission standards in 

the world. These have brought new challenges and requirements to the development of engine 

technologies, especially for emissions-reducing and economic improvement. The future global CO2 

emission regulations and fuel consumption for passenger vehicles are summarized in Figure 1-1 [3]. 

The proposed target of CO2 emission values of the EU will decrease quickly and will reach 67 g/km 

in 2030. This means that the EU plans to shrink CO2 emission by about 30% by 2030 compared to the 

CO2 emission value in 2020. It requires a reduction in the fuel consumption of the engine.  

In addition to the increasing electrification of vehicles, forecasts show a worldwide increase in the 

number of combustion engines being produced. With hybridization growing apace, at least 75 % of 

the 120 million new registrations expected in 2030 will be for vehicles based on combustion engines, 

most of the gasoline engines. Thus, internal combustion engines are still accepted to remain a major 

part of the modern vehicle market in the foreseeable future. All of these indicate that continued 

investigation of advanced internal combustion engine techniques to improve fuel efficiency and reduce 

emissions is meaningful and important. 
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Figure 1-1. Global CO2 emission and fuel consumption regulations for passenger vehicles [3] 

1.2 Challenges to the ignition system of SI engines 

Improving the fuel economy while meeting strict emission standards is the focus of engine research. 

More and more advanced technologies have been continuously developed and applied in internal 

combustion engines, such as a new way of burning (homogeneous charge compression ignition, lean 

burn), exhaust gas recirculation (EGR), new types of injection (port injection, direct injection, dual-

injection, new kind of injector, etc.), alternative fuels, and engine downsizing, and turbocharging [4-

9]. These advanced combustion technologies had increased the challenges of ignition control in SI 

engines. 

1.2.1 Lean burn and EGR 

Lean burn is developed base on stoichiometric combustion, when the fuel and air are mixed 

according to the theoretical air-fuel ratio of the complete chemical reaction, the in-cylinder combustion 

belongs to stoichiometric combustion; when adding excess air based on the theoretical air-fuel ratio, 

the combustion belongs to lean burn. According to formula 1-1, 𝜂 stands for the thermal efficiency, 

𝑘 stands for the specific heat ratio, and ε is the compression ratio of the engine [10]. The engine 

thermal efficiency can be increased by increasing the specific heat ratio 𝑘, and the lean mixture results 
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in a higher specific heat ratio. Besides, the excess air of lean combustion is conducive to completing 

the combustion, and at the same time, the combustion temperature is lower than that of stoichiometric 

combustion [11], which reduces the heat transfer loss to the cylinder wall, meanwhile, lower 

combustion temperature can suppress knocking [12], which is beneficial to the improvement of 

compression ratio. In addition, lean combustion can effectively reduce throttle loss by increasing the 

throttle valve opening [13] and reducing gas consumption by cooperating with the intake air boost. On 

the other hand, since lean combustion can reduce the combustion temperature, it is beneficial to reduce 

NOx generation. With the increase in the air-fuel ratio, the NOx emission level shows a gradually 

decreasing trend [14]. However, the lean burn reduces the combustion speed due to the lower 

combustion temperature, which brings a lot of challenges to the ignition system for igniting the 

mixture under such conditions. 

𝜂 = 1 −
1

𝜀𝑘−1
                                     (1-1) 

 

EGR is another technology to change the specific heat ratio, this technology allows the burned 

exhaust gas to be recirculated back into the intake manifold, and mixed with the fresh air in the next 

cycle to burn in the engine cylinder. Specifically, it can be divided into two methods: internal EGR 

and external EGR. Figure 1-2 shows the gas exchange of the internal EGR, the internal EGR [15] has 

a simple structure by adjusting the valve timing to increase the residual exhaust gas coefficient, but it 

is difficult to achieve precise control of the EGR rate. External EGR [16] includes low-pressure loop 

EGR and high-pressure loop EGR, as shown in Figure 1-3a, in low-pressure loop EGR, Exhaust gas 

goes into the turbine at first, and then into the compressor together with fresh air; while in the high-

pressure loop EGR of Figure 1-3b, in this structure, exhaust gas is from the upstream of turbine to the 

downstream of compressor or of the intercooler. However, such a high-pressure loop EGR must ensure 

that turbine upstream pressure is sufficiently higher than boost pressure.  

Exhaust gas recirculation technologies, either internal EGR or external EGR have introduced CO2 

and other gases into the combustion chamber, which consider an efficient way to improve engine 

performance. On the one hand, the mixture can be diluted, and the specific heat ratio of the mixture in 

the cylinder can be increased by means of CO2, etc., on the other hand, the diluted mixture reduced 

the combustion reaction speed and reaction temperature [14], which result in suppressing knocking 

and reducing NOx emissions. EGR technologies also lessen the throttling of intake air at part loads, 

which lowers the pumping loss of engine gas exchange cycling; Lean or dilute combustion improves 
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the potential thermal efficiency by increasing isentropic exponent and reducing heat loss because of 

the lowered combustion temperature [17] [18]. However, as the EGR ratio or dilution level increases, 

it may be difficult to maintain the combustion at its optimal location for the best fuel efficiency, which 

will also deteriorate cycle-to-cycle variations due to the partial burning [19]. Lean and dilute 

combustion is regarded as an effective way to improve the fuel efficiency for SI engines [20]. However, 

the excessive air dilution reduces the opportunities for forming an ignitable composition in the vicinity 

of the spark gap; the air dilution reduces the flame propagation speed, which makes ignition more 

difficult. 

 

 

 Figure 1-2 gas exchange of the internal EGR [15] 

 

 

 

Figure 1-3 Low pressure (a) and high pressure (b) of external EGR [16] 



5 

 

 

 

1.2.2 New types of injection  

New types of injectors and injection methods have been developed to improve engine performance. 

By these methods, gasoline direct injection (GDI) has been proved to improve thermal efficiency and 

reduce emissions (HC and NOx) as shown in Figure 1-4 [21,22]. However, GDI engines also have 

challenges of knock and particulate matter (PM) [23]. Thus, new technologies were developed for 

better application of GDI engines. Multi-hole injectors were designed for use in direct-injection 

gasoline engines. A V-type intersecting hole nozzle was designed and studied using X-ray and three-

fluid methods [24-26]. Results showed that non-cavitating internal flow improved the discharge 

coefficients of V-type intersecting hole nozzles. Spray-guided parts were designed and used to improve 

the stratified strategy in GDI engines [27,28].  

 

 

 Figure1-4. Port Injection Engines versus Direct Injection Engines [22] 

 

1.2.3 Alternative fuels 

Due to the crises of environmental degradation and lack of fossil fuels, alternative fuels were also 

studied and applied in internal combustion engines [29]. Figure 1-5 shows the primary energy sources, 

including fossil and regenerative energy, such as biomass, solar, and wind. A part of them can be 

produced by absorbing CO2 from the environment [30]. Alternative fuels are environmentally friendly 

to help ease the oil shortage and allow CO2 to reach balance in the atmosphere. In addition, it is also 

beneficial to improve engine efficiency and reduce exhaust emissions. Gong [31] has applied methanol 
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to port injection and direct injection engines. It proved that it was effective to extend the lean-burn 

range and improve the high indicated mean effective pressure (IMEP) by using methanol added with 

hydrogen. Due to the higher low heating value, faster combustion speed, and lower knock occurrence 

properties of methanol, it is beneficial to increase the compression ratio and engine efficiency [32]. 

Ethanol is a renewable, domestically produced transportation fuel. Whether used in low-level blends, 

such as E10 (10% ethanol, 90% gasoline), E15 (10.5% to 15% ethanol), or E85 (flex fuel), ethanol 

helps reduce emissions [33]. However, ethanol gasoline is corrosive to a certain extent, it will dissolve 

the long-term precipitation jelly in the oil circuit and bring it into the cylinder, resulting in a 

carbonization reaction at high temperature, and forming new carbon deposits, which also challenges 

the ignition system. 

 

 
Figure 1-5. Manufacturing paths of fossil and regenerative fuels [30] 

 

1.2.4 Engine downsizing, 

Downsizing was introduced to decrease the engine capacity for decades, as shown in Figure 1-6, 

such as turbocharged engines [34]. This allows reduces engine size and weight greatly both gasoline 

engines and diesel engines. Due to turbocharging system utilization, Engine downsizing did not 

deteriorate the performance of the engine, and loss the engine power. The engine downsizing technique 
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has become a kind of widely accepted technology for engine fuel consumption improvement and CO2 

emissions reduction, especially in turbocharged engines [35]. The reduction in greenhouse CO2 

resulting from downsizing engines is an effective method to meet the stringent emission regulations 

of global vehicles compared to large-size engines [36]. Nevertheless, the engine downsizing has 

demanded compacting the engine components and parts, which also challenges the ignition system to 

simplify for the SI engines. 

 

 Figure 1-6 Engine downsizing [34] 

 

1.2.5 Turbocharging 

Turbocharging techniques are widely applied to spark ignition (SI) engines. When under 

stoichiometric combustion of turbocharged gasoline engines, the engine output power is based on the 

air supplied by the intake system. While with a turbocharged system, the intake pressure is boosted to 

higher than atmospheric pressure, thereby increasing intake air density and the air mass flow rate. 

Under stoichiometric operation conditions, more air means more fuel injection in the cylinder to 

increase the engine power directly for a given engine displacement [37]. As usual, the engine output 

power is in proportion to the amount of air, and for naturally aspirated (NA) engines, it depends on 

the engine displacement. Turbocharging allows for reducing the required engine displacement for 

required engine power by boosting the intake pressure compared to conventional naturally aspirated 

engines [38]. Nevertheless, Turbocharging techniques have increased the intake the air mass flow rate, 

which also brings challenges to reliably generating a flame kernel under such high mass flow 

conditions for the ignition system.  

A high-performance ignition system is demanded four requirements: a high ignition voltage to break 
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down the gap between the plug electrodes; a high energy storage capacity to create a spark kernel of 

sufficient size to be reliable; a low source impedance or steep voltage rise; sufficient duration of the 

voltage pulse to ensure ignition. Therefore, the spark plug life is the other challenge as the discharge 

energy and duration increase. The erosion of electrodes comes in two ways. one aspect is sputtering, 

which is caused by the high voltage at the breakdown; Another is the oxidization, which is caused by 

the thermal plasma during the discharge, energy stored in the parasite capacitors will dump into the 

plasma if the arc channel forms, leading to severe electrode erosion. [39-42]. 

Due to the challenges mentioned above, the development of a next-generation spark ignition system 

is greatly needed to meet these challenges for SI engines.  

1.3 Fundamental of the ignition process in SI engines 

  Ignition is the trigger for the combustion in the SI engine. The electrical discharge produced between 

the spark plug electrodes by the ignition system after the compression stroke in the SI engines, the air 

mixture in the vicinity of the spark plug is initiated by the high-temperature plasma, which forms the 

initial flame kernel. Typically, the ignition duration will sustain several milliseconds for the initial 

flame kernel to develop into a self-sustaining flame and propagate downstream. Therefore, the process 

of ignition can be divided into three phases: the breakdown phase, the arc phase, and the glow phase 

[39].  

1.3.1 Breakdown phase 

  The process of a breakdown following the mechanism as shown in Figure 1-7, free electrons travel 

from the cathode to the anode and collide with the neutral gas molecules under the strong electric field 

between the two electrodes. The ionization of the neutral gas is promoted when the voltage exceeds a 

static breakdown threshold, producing a corona discharge, as a form of non-equilibrium plasma. When 

the voltage further increases to a dynamic breakdown threshold, an electron avalanche occurs and thus 

the equilibrium plasma is formed [43]. The breakdown phase is characterized by a high voltage 

(maximum at 10kv), peak current (maximum at 200A), and extremely short duration (within 10ns) 

[39]. The discharge plasma glows because the electron energy and number density are high enough to 

generate visible light by excitation collisions. 
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   Figure 1-7. Schematic of the breakdown phase [44] 

 

1.3.2 Arc phase 

After the end of the breakdown phase, the arc phase will follow immediately. During the arc phase, 

the ignition energy stored inside the cable and coil capacitances is released within several 

microseconds, the temperature will up to about 6000 K at the center of discharge plasma [41], and the 

voltage of the arc phase is lower than the breakdown phase. The arc phase is maintained by the 

numerous electrons emitted from the cathode surface, the thermionic emission produced an amount of 

molten hot spots resulting in electrode erosion. 

1.3.3 Glow phase 

  The glow phase is always followed after the end of the arc phase, as the decreasing of discharge 

current and discharge voltage. However, the glow phase usually sustains for several milliseconds, and 

the voltage drop between the spark plug gap is typically 300 to 500 V [41]. It is the longest phase 

during the ignition, most of the ignition energy will release during the glow phase. Due to the long-

last duration, the length of the discharge channel is affected by the flow field. For instance, the 

discharge channel will stretch with the flow crossing, and the discharge channel will shorten when the 

flow intensity is strong enough, short-cut and restrike shorten behaviors may occur across the spark 
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plug gap [44]. 

1.4 Advanced Ignition Techniques 

  Based on the mentioned above, the role of the ignition is to open a pathway to deliver the energy 

into the gas mixture and to generate the flame kernel. due to the glow phase being the most energy 

release duration during the ignition process, more and more advanced ignition techniques have been 

developed and applied to optimize the glow phase via the different forms of the energy supply. There 

are several kinds of promising ways of the follow-up energy supply that have been studied recently, 

which include capacitive discharge, radio-frequency energy discharge, laser ignition, and resistive 

discharge. 

1.4.1 The capacitive discharge 

  A capacitive discharge method has employed a capacitor coupled with the capacitive discharge 

ignition (CDI) system. As shown in Figure 1-8, the difference between the conventional ignition 

system and the capacitive discharge ignition system had been shown clearly. The left of Figure1-8(b) 

stands for the CDI system, which added the CDI module and directly connected to the spark plug unit 

via the discharge cables. In the CDI system, there is a tertiary circuit to create the ionized plasma 

kernel using a high-voltage capacitor, which includes a piezoelectric ceramic material [46].  

  Kwonse et al. [46-48] have investigated the capacitive discharge ignition on the discharge channel 

formation and initial flame propagation. Results have shown that CDI improved the flame propagation 

process by dielectric breakdown strength offered from capacitor-discharge, and improved the initial 

flame kernel growth between the spark plug gap. Koji et al. [49] investigated a newly developed 

plasma jet igniter in a combustion chamber, results show that the maximum combustion pressure 

increases and the burning period decrease with increasing the cavity volume. Sung et al. [50] analyzed 

the multi-spark capacitor discharge ignition system to improve the ignitability under the lean burn 

condition, results of the engine test with capacitor discharge ignition system showed about 10% 

extension of lean limit and a 5% increase of brake thermal efficiency than the single spark ignition 

system. Shui Yu et al. [51] compared the results of ignition flame kernel initiated between the pure 

inductive discharges and capacitive-coupled discharges. It can be seen from the early ignition flame 

images that the capacitive discharge ignition methods produced larger flame kernels than the inductive 
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discharge ignition methods under both stoichiometric and lean mixture conditions. 

 Figure 1-8. Schematic diagrams of (a) conventional ignition and (b) capacitive discharge ignition 

(CDI) systems [46] 

 

1.4.2 Radio-frequency energy discharge 

  There are two major methods to apply radio-frequency (RF) energy discharge during the ignition 

process, one is the RF spark ignition, and another is the RF corona ignition.  

  Nishiyama et al. [52] developed an ignition system employing a standard ignition coil for 

breakdown and adding a high-frequency coil for supplying current into the formed plasma kernel. As 

shown in Figure 1-9 of the schematic of the RF spark ignition system. The frequency of the alternating 

current ranged from kHz to MHz orders. The voltage amplitude was higher than the resistive discharge 

voltage but could be lower than the breakdown threshold. The standard ignition coil contributed about 

30mJ ignition energy, while the high-frequency coil supplemented 120mJ. The ignition system was 

evaluated by the engine tests conducted at 0.4 MPa IMEP and 2000 r/min with 20% EGR. Results 

indicated that the initial combustion period and IMEP were strongly correlated. Therefore, the stable, 

short initial combustion period led to a high IMEP and less combustion fluctuation. Heise et al. [53] 

have developed a high-frequency electrical resonance-based ignition concept to replace the 

conventional ignition systems. This concept employs an alternative method of generating high 

voltages, using inductors and capacitors trimmed such that the supplied energy steadily increases the 

output voltage. The high-frequency ignition system was evaluated on a direct injection gasoline engine 

and compared with a multi-charge ignition system. results show that over the EGR range up to 20% 



12 

 

 

 

at light loads no significant difference was observed between the HFIS and the multi-charge ignition 

system, while the HFIS offered a lower misfire tendency at 25% EGR. 

 

 

 Figure 1-9. Schematic of RF spark ignition system[52] 

 

 

  The RF corona ignition technique has raised much attention in recent years, for the corona discharge 

uses a strong electric field to generate a plasma beam at the tip of a single electrode, which is released 

from the tip of the electrode [54]. Figure 1-10 shows a corona discharge plasma channel and its high-

frequency voltage and current signals. [55]. It can be seen from Figure 1-10 that corona discharge is a 

kind of volume discharge, and the coverage of the plasma channel is large, which is conducive to the 

formation of a large initial fire nucleus [56]. In addition, the power discharge tip has no ground 

electrode, which can effectively reduce the heat loss to the electrode. Figure 1-11 is an implementation 

circuit of AC corona discharge [55]. The DC voltage is converted into AC voltage through a two-

transistor circuit, which is initially boosted and supplied to the primary coil (300-500V AC) and then 

ignited. The coil generates a higher voltage alternating current, and the frequency of the alternating 

voltage is determined by the frequency of the control signal of the two-transistor logic circuit. Corona 

discharge mainly relies on the RLC series resonant circuit in the secondary coil, where C is the 

parasitic capacitance. When the operating frequency is close to the RLC resonant frequency, an ideal 

voltage amplitude (5-15kV) can be generated at the electrode tip. Burrows et al. [57] had also 

researched the RF corona ignition, it indicated that the increase of gas density significantly suppressed 

the corona discharge. Bellenoue et al. [58] compared the ignition abilities between the spark plug and 
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corona ignition, results showing that corona ignition results in faster combustion and a higher lean 

limit, it demonstrated that corona ignition can ignite in quiescent extremely lean conditions which 

cannot be realized using more powerful spark plug ignition. 

 

 

 Figure 1-10. RF corona ignition[55] 

 

 

 Figure 1-11. Schematic of corona discharge system[55] 
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1.4.3 Laser ignition 

  Laser ignition is a non-contact ignition method. Figure 1-12 shows the comparison between laser 

ignition spark plug and traditional spark plug [59]. Since the laser ignition source is not in direct 

contact with the surrounding metal, it can reduce the heat loss to the electrode of spark plugs and other 

devices in the early stage of ignition, which maximizes the use of ignition energy in the mixture. 

Takahashi et al. [60] investigated the possibilities of advanced laser ignition in a natural gas engine, it 

demonstrated that the lean burn limit is extended using laser ignition, especially for multi-point laser 

ignition. However, considering the reliability, cost and other issues, laser ignition technology has not 

been popularized. 

 

 

 Figure 1-12 Comparison of laser ignition and traditional spark plugs [59] 

 

1.4.4 Resistive discharge 

  Resistive discharge is a kind of transistorized coil ignition (TCI), TCI technology is currently the 

most mature and common ignition method. The schematic diagram of the TCI device structure is 

shown in Figure 1-13. When the insulated gate bipolar transistor (IGBT) is turned on, the power supply 

charges the primary coil of the ignition coil. When the IGBT is turned off, a strong induced current is 

generated in the secondary coil due to electromagnetic induction. The breakdown has occurred when 

the voltage at the spark plug gap exceeds a static breakdown threshold, and a plasma channel is formed 

at the gap [61]. The TCI ignition method can control the ignition time and charging time by controlling 
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the on-time and off time of the IGBT, and the charging time directly affects the discharge energy of 

the spark plug. In a conventional inductive ignition system, the majority of spark energy is deposited 

through the resistive discharge [19]. Due to the extremely short duration of the breakdown phase, the 

energy cannot be depleted, therefore, a subsequent resistive discharge has occurred after the 

breakdown phase, the ignition system resistance, and the turn-ratio of the coil transformer affect the 

resistive discharge energy. 

 

 

 Figure 1-13 Schematic of transistorized coil ignition system [62] 

 

 

Due to the resistive discharge being the most mature and common ignition method, plenty of 

research has been carried out to improve the ignition system basic on this method. Alger et al. [63-65] 

have developed a continuous discharge strategy in SI engines, as shown in Figure 1-14, this method 

uses two ignition coils to deliver the energy to a single spark plug in a multi-charge mode, with one 

ignition coil energizing during the dwell of the other. Therefore, a long-duration continuous resistive 

discharge can be created. This discharge strategy resulted in a larger improvement in burn rate and 

stability than the one coil in multi-strike mode. The high-energy continuous discharge ignition system 

has a significant expansion in the dilution tolerance of the engine. Which enabled an improvement in 

fuel consumption through typical dilution mechanisms - a reduction in knock, pumping work, and heat 

transfer. 
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  Figure 1-14 Schematic and discharge current of the ignition system [63] 

 

 

Figure 1-15 [66] shows a new rail plug ignition concept, it is a high-energy ignition system and adds 

a follow-on circuit to provide a high current (of the order of 100 A) after breakdown for accelerating 

the plasma down the rails. The results show that rail plugs have a very strong arc phase that can ensure 

the ignition of very dilute mixtures in a natural gas engine. 

 

 

 

 
Figure 1-15 Schematic and images of the new rail plug ignition [66] 

 

 

  Yu xiao [67] has proposed a boosted current ignition system, as shown in Figure 1-16, it can change 
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the current duration, current timing offset, and current level. The effect of discharge current level and 

discharge duration on the combustion has been studied in a single-cylinder engine, results show that 

increasing the discharge current result in a shorter ignition delay and higher combustion stability. 

However, this boosted current spark strategy also change ignition energy, so that, the results can be 

explained by the difference in the ignition energy. 

 

 

 

 Figure 1-16 Configurations of the spark ignition system and waveforms of the boosted discharge 

current [67] 

 

 

  
Figure 1-17 Discharge control ignition system configuration [68] 

 

 

  As shown in Figure 1-17, Naoto [68] employed a variable control device of discharge current instead 
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of the conventional ignition system, and they suggested that ideally, the ignition system should control 

the discharge current according to engine conditions. 

  Dongwon Jung [69] [70] et al. increased the discharge energy by combining ten spark coils to 

improve the stability of the lean limit in the SI engine. Figure 1-18 [70] shows the schematic of a high-

energy inductive ignition system. Results indicated that increased discharge energy of ten spark coils 

achieve the lean limit at λ=1.9 and with a thermal efficiency of 16.5% improvement. 

  As shown in Figure 1-19 [71]. Chen et al. developed a Variable Output Ignition System (VOIS) to 

control the ignition energy, duration, and phasing of two ignition coils per cylinder on a gasoline 

engine. Test results show that the spark plug gap size is the dominant factor impacting the EGR limit 

and combustion stability under the two engine conditions examined. small gap size has a lower EGR 

limit than the large gap size plug. 

 

 

 Figure 1-18 Schematic of high-energy inductive ignition system [70] 
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 Figure 1-19 Schematic and the current setting of the VOIS ignition system [71] 

 

1.5 Visualization method 

In order to get a deeper insight into the ignition process, the visualization experiment has to conduct 

to capture the images during the ignition process. Usually, the test is conducted in engines and 

combustion chambers, engines including the optical engines and the borescope method in normal 

engines.  

Dahms [72-75] has studied the ignition process in an optical engine, as shown in Figure 1-20, Dahms 

uses the CN*-radical emission imaging method during the ignition process. It has presented a new 

ignition model which contains the sub-grid scale turbulent velocity and mixture-fraction fluctuations, 

the model suggested that the ignition is a three-stage process. first is the spark channel formation, 

second is the spherical flame kernel formation and propagation, and third is the flame kernel 

development. results show that the local mixture ignitability is determined by a local Karlovitz-number 

criterion and influenced strongly along the spark channel. Peterson et al. [76-78] use an optical engine 

with the method of high-speed PLIF and PIV to analyze the spatial and temporal evolution of the fuel 

distribution and flow velocity on flame kernel development to better understand the nature of poor 

burning cycles at each dilution level. It is important to note that mixture conditions found in misfiring 

and partially burning cycles are within the ignitability range and fall within the general population of 

all cycles. Martinez et al. [79] [80] used an optical engine to investigate the flame propagation under 

lean conditions, as shown in Figure 1-22, the optical window is from the bottom of the cylinder in this 

optical engine. Results demonstrated increased flame distortion and center movement from the 

location of the spark plug compared to the stoichiometric case; engine stability decreased as the lean 
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flammability limit was approached.  

 

 

 

 

 Figure 1-21 Optical setup for combined PIV-PLIF experiments [76] 

 

 

 

 
Figure 1-20 Single-cylinder optical SG engine and images [72] 
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Figure 1-22  Schematic representation of (a) the experimental setup and (b) bottom field of view of 

the combustion chamber [79] 

 

 

In Figure 1-23, Jeffrey et al. [81] [82] used a direct injection optical engine to introduce a novel 

approach for the calculation of equivalent spherical flame radius for analysis of flame speed and stretch. 

And investigate the flow conditions in the vicinity of the spark plug during the ignition timing by an 

optical engine, flow field measurement by particle imaging velocimetry. It is observed that the flow 

motion near the spark plug varies significantly from cycle to cycle and can change direction from the 

bulk tumble flow near the time of ignition, especially when the ignition timing is late in the cycle at 

low tumble conditions. Wang et al. [83] changed the spark plug direction to study the effect of spark 

plug orientation on the initial flame formation. experiments conducted by using two kinds of spark 

plugs and selecting four directions, results revealed that the crossflow direction results in the largest 

and fastest growing initial flame kernel; the 0-degree index direction leads to the flame kernel 

convected onto the spark plug electrode, which produces the smallest and slowest growing flame 

kernel. Badawy et al. [84] used the optical engine to study the effects of spark plug gap on flame kernel 

growth and engine performance by the method of PLIF, as shown in Figure 1-24, the optical view is 

equipped with a triangular window that can capture the images around the spark plug, as a result, the 

flame kernel growth area increases with the spark plug gap increases, meanwhile, the engine 

performance increases slightly due to the reduction in cyclic fluctuation as the spark plug gap increases. 

Philipp et al. [85] used a single-cylinder optical engine to investigate the flame formation and 

propagation through the method of PIV and OH* flame imaging. As shown in Figure 1-25, this 
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research used two cameras to set up the optical method. The analysis here revealed that the 

combustion-phasing cycle-to-cycle variations (CCV) are established by the time of the notional 

laminar-to-turbulent flame transition that occurs by CA10, measured here from the flame-image 

growth. therefore, the ignition process is the crucial factor affecting the cycle-to-cycle variations. 

Atsushi et al. [86] used a conventional ignition system to investigate the flow velocity and discharge 

channel behavior in an optical SI engine. They also used two cameras to capture the images 

simultaneously (as shown in Figure 1-26) and observed that higher flow velocities increase the 

discharge channel stretching length and decrease the ignition delay. 

 

 

 

 

Figure 1-23 Single cylinder direct injection optical engine [81] 

 

 

 

Figure 1-24 The experimental system (a) Optical accesses of the single-cylinder engine, (b) schematic 

diagram of the PLIF setup [84] 
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Figure 1-25 TCC-III engine geometry, fields-of-view for optical measurements and sample  

OH* and PIV velocity flow field images. [85] 

 

 

 

Figure 1-26 Simultaneous setup for PIV/flame imaging and high-speed spark imaging, together with 

their sample raw images. [86] 
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Considering that the optical engine usually has a seal problem, the operation of the optical engine 

is usually under low speed and low load [81] [87]. Therefore, the Borescope is another method for 

getting the optical accessibly. This method needs to modify the engine for adding the borescope at the 

cylinder head. Sick et al. [88-90] used two high-speed infrared (IR) cameras with borescopes access 

to one cylinder of an HD NG engine, as illustrated in the re 1-27, the borescope had been mounted at 

the cylinder head of the engine. The effect of the ignition system on the early flame-kernel 

development and cycle-to-cycle variability (CCV) was investigated. The water emission of IR yielded 

as the initial flame kernel area in the test, three kinds of ignition systems with the energy of 65mJ, 

140mJ, and 300mJ were carried out to investigate the effect of ignition energy on the flame kernel 

growth. results show that a higher ignition energy system has a lower cyclic variation compared to a 

65mJ igniter under the lean or EGR diluted condition. Image-based metrics also revealed that early 

flame kernels located further from the head yielded better combustion, showing that borescope IR 

imaging can provide guidance for future engine design. Seima et al. [91] used a customized ignition 

system with 20 ignition coils to improve the operation lean limit at the excess air ratio of 2.1 in a 

single-cylinder high-compression ratio engine. The borescope optical measurements were conducted 

to capture the images around the spark plug in the cylinder. Figure 1-28 has shown the in-cylinder 

image around the spark plug through the borescope. Oryoji et al. [92] [93] investigated the ignition 

phenomena using an endoscope to realize the in-cylinder optical measurement. It demonstrated that 

the initial combustion period correlated with spark stretch before the 1st restrike and spark-stretch rate. 
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 Figure 1-27 The experimental setup used with the production engine. [88] 

 

 

 
 Figure 1-28 Experimental setup and the view of the in-cylinder around the spark plug. [91] 

 

 

 Figure 1-29 In-cylinder optical measurement area measured with the high-speed camera through 

borescope. [92] 
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  In addition, due to the limit of the engine bench test, the initial flame formation during the ignition 

process still had not been studied very well. Moreover, the in-cylinder ambient environment 

parameters, such as gas flow velocity, gas composition, and ambient pressure et al., are challenging to 

separate and analyze independently due to the complexity of such parameter interactions. On the other 

hand, the mixture concentration in the vicinity of the spark plug is not always the same at every firing 

cycle, and under the actual engine bench test, the ignition swing also will alter the indicating 

parameters of engine performance. While the experiments in a constant volume combustion chamber 

(CVCC) help fill in the gap in this aspect. First of all, several studies have been conducted in the 

combustion chamber under static conditions. In Lee’s study [94], as shown in Figure 1-30, the time-

resolved current and voltage measurements of a spark discharge for a standard inductive automotive 

spark system were carried out in a combustion chamber. Spark duration was found to decrease as 

pressure and spark gap size were increased. Yu et al. [95] also carried out the experiment in a 

combustion chamber under the static condition, as shown in Figure 1-31, the relationship between 

spark discharge characteristics and different inductive spark ignition circuit parameters has been 

investigated in this research. The extracted secondary circuit resistance indicates that the ion channels 

which formed during the spark discharge would become more resistive as the back pressure increases. 

In Figure 1-32 [47], Kim’s studies [46-48] have investigated the effects of the discharge method on 

ignition performance under the static condition.  

 

 Figure 1-30 Schematic of the experimental setup. [94] 
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Figure 1-31 Experimental setup schematics. [95] 

 

 

 

Figure 1-32 Schematic diagram of the static combustion system used in the experiment. [47] 
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Due to the static condition can only form the sphericity flame, as shown in Figure 1-33 [47], which 

is not imitated the in-cylinder conditions fully, other studies have considered the flow conditions and 

equipped the fan to generate the flow in the combustion chamber. In the re 1-34, Zhang et al. [96] used 

a combustion chamber equipped with a shrouded fan to investigate the ignition performance of a two-

strike discharge ignition system under the flow condition, the effect of delay time between two strikes 

on the combustion has been also studied. Results demonstrated that the turbulent flow has the effect 

of wrinkling the initial flame kernel into several separate smaller sized flames.   

 

 

 

Figure 1-33 The sphericity flame in the combustion chamber under static conditions. [47] 

 

 

With the development of the experimental method, the discharge channel behaviors under the flow 

conditions have been studied in recent years. In Shiraishi’s research [97] [98], the discharge channel 

formation was studied under different flow velocities and gas pressure in a combustion chamber, as 

shown in Figure 1-35[98], the flow was generated by the fan installed at the combustion chamber. 

Results indicated that the discharge channel stretching follows the gas flow velocity closely under 

relatively high gas pressure, there is a strong correlation between the maximum spark channel length 

before the first restrike and the average discharge current until 1ms after the onset of discharge. Raising 

the discharge current makes it possible to lengthen the time to the first restrike and to increase the 

spark channel length. Schneider et al. [99] investigated the effect of the discharge current level and 

profile, and flow velocity on the discharge channel formation, results showed that a higher current 

stabilizes the discharge channel and increases the maximum elongation of the discharge channel. 
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Sayama et al. [100-105] focus on the discharge channel shorten behaviors, it had developed the model 

of discharge channel shorten behaviors, which has illustrated the fundamental reason for discharge 

channel shorten behaviors. Chang et al. [106] investigated the effect of excess air ratio on discharge 

channel shorten behaviors, and results have shown that combustible mixture makes the short-cut easy 

to occur and prevented restrike events. Whereas, the changes of initial flame formation owing to the 

discharge channel behaviors are not well understood. As shown in Figure 1-36 [107], Zhenyi Yang 

[107-109] et al. used the schlieren photography method to investigate the initial flame formation. The 

results indicated that an attached flame kernel could be formed by either increasing the discharge 

current or prolonging the discharge duration under the flow velocity of 25m/s. 

 

 

 
 

Figure 1-34 Experimental setup equipped with a shrouded fan. [96] 

 

 

  

Figure 1-35 Experimental setup and the images of the discharge channel. [98] 
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Figure 1-36 Schematic diagram of the optical combustion chamber test platform.[107] 

 

1.6 Objectives of the thesis 

  Ignition systems are crucial for the future high efficiency clean spark-ignition engines, 

understanding the process of ignition and developing the advanced discharge strategies are both of 

great importance for developing the next generation ignition system. the main objectives of this work 

are shown as follows. 

 

(1) For a better understanding of the ignition process, the simultaneous visualization by a high-

speed infrared camera (FLIR X6900sc) and a conventional high-speed camera (FASTCAM 

SA-X) is built up to obtain deeper insights into the ignition process in a constant volume 

combustion chamber (CVCC).  

(2) Study the effects of discharge strategies on the discharge channel behaviors and the initial flame 

formation during the ignition process by the simultaneous visualization method.  

(3) Investigate the effects of discharge strategies on the ignition performance under different flow 

and dilute conditions.  
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(4) To confirm the suitable discharge strategies in the engine conditions, understanding the impacts 

of ignition performance on the EGR limit of the engine operation.  

1.7 Outline of the thesis 

The outlines of this thesis are shown as follows: Firstly, Chapter 1 introduces the background of this 

research, meanwhile, the challenges of the ignition system and the fundamentals and types of ignition 

techniques are also introduced. The experimental setup of CVCC is shown in Chapter 2, including 

constant volume combustion chamber (CVCC), ignition system, and a new simultaneous visualization 

method. Then, the visualization method is applied in the CVCC experiments. The effect of discharge 

current and discharge duration on the discharge channel behaviors and early flame formation are 

investigated by the simultaneous visualization method. In chapter 3, the impact of discharge 

characteristics on ignition performance under different diluted and flow conditions are studied. In 

addition, in order to confirm the results of CVCC in the actual engine conditions, the engine test is 

carried out on a four-stroke SI gasoline engine, the results of engine operation performance with 

different ignition coils under different flow conditions are shown in Chapter 4. Finally, the conclusions 

and future prospects are proposed in Chapter 5. 
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Chapter 2 Effects of discharge characteristic on the ignition 

process  

2.1 Constant volume combustion chamber  

The experimental study has been carried out in a cubical optically accessible constant volume 

combustion chamber (CVCC). Due to the limit of the combustion chamber design, many studies [1-5] 

investigate the ignition process in a combustion chamber under the static condition, thus, only the 

sphericity flame can be formed, which is not imitated in the in-cylinder conditions fully. However, as 

shown in Figure 2-1, in this research, the combustion chamber has equipped with a motor at the rear 

of the chamber, and the rotating speed of the motor can be read and controlled. In Figure 2-2 of the 

internal structure of the chamber. The CVCC features a pancake internal combustion chamber with a 

60 cm3 internal volume. Four pieces of sapphire windows are mounted in the four directions of the 

cubical CVCC. A commercially available spark plug (NGK DILKAR7C9H) with a 0.9 mm gap 

between the electrodes is installed at the top of the CVCC. The motor is connected with a fan for 

generating cross-flow in the chamber, the flow intensity can be varied by controlling the rotating speed 

of the fan. 

Figure 2-3 shows the right and left sides of the combustion chamber with the equipment assembly.  

On the right side of the chamber, a highly sensitive pressure sensor (Kistler 7061B) is installed at the 

lower right of the chamber, due to the small volume of the combustion chamber, the slight pressure 

variation can be detected during the ignition process via this highly sensitive pressure sensor. In 

addition, the stainless-steel body of the CVCC is equipped with four water pipes for the circulating 

water, which can keep the temperature of the CVCC by controlling the temperature of the circulating 

water. On the left side of the chamber, a temperature sensor is installed at the lower left of the chamber, 

the internal combustion temperature data can be stored during the ignition process. the gas port is 

designed at the top left of the chamber, it is used to let the mixture gas enter the combustion chamber 

before the ignition, and exhaust the gas after the combustion. 
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  Figure 2-1 The external structure of the constant volume combustion chamber 

 

  

Figure 2-2 The internal structure of the constant volume combustion chamber 

 

  

a. Right side b. Left side 

Figure 2-3 The Equipment assembly of the constant volume combustion chamber 
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2.2 Ignition system 

2.2.1 Discharge measurement  

As shown in Figure 2-4, the ignition system mainly includes an oscilloscope, a high-voltage probe 

(Tektronix-P6015A), a current probe (Pearson 110A Current Monitors), and a coil. The current probe 

directly measures the secondary current on the spark plug, and the high-voltage probe measures the 

secondary voltage on the spark plug electrode cable. The probe characteristics are shown in Table 2-2 

and Table 2-3, respectively. The oscilloscope (Tektronix DPO4034B) can record the voltage and 

current of the entire discharge process, and the ignition energy of different ignition coils can be 

obtained through integral calculation.  

The discharge energy of the ignition coil can be calculated via equation (1), where E stands for the 

total discharge energy; V is the second discharge voltage; I secondly discharge current; t is the 

discharge during.  

 

 

Etotal = ∫ v ⋅ I ⅆt
t

0
                                    (1) 

 

 

 Figure 2-4 Schematic of the discharge waveform measurement  
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Table 2-2 Specification of the high voltage 

probe 

Maximum input voltage 

DC + Peak AC 

Peak pulse 

 

20 kV 

40 kV 

Rise time 4.67 ns 

Loading 100MΩ / 3 pF 

Attenuation 1000: 1 ±3% 
 

 

 

Table 2-3 Specification of the current probe 

Sensitivity 0.1 V/A 

+1 / -0 % 

Maximum peak current 10 kA 

Maximum RMS current 65 A 

Rise time 20 ns 

Frequency range 1 Hz ~ 20 MHz 
 

 

 

2.2.2 Ignition coils 

Figure 2-5 shows the appearance of different types of ignition coils, this study tries to use three 

types of ignition coils to conduct the experiments. The waveform of discharge characteristics for the 

ignition coils is shown in Figure 2-6. This research takes coil A as the standard coil, coil B as the high 

current coil, and coil C as the high energy coil. The detailed specifications of the coils are shown in 

table 1. As described in Table 2-4, coil A and coil B have almost the same ignition energy, and coil C 

is the highest energy one. However, coil C has almost the same discharge duration as coil A, and coil 

B is much shorter than coil A and coil C. Coil B and coil C had almost the same discharge current 

which is much higher than coil A. 
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Figure 2-5 Types of ignition coils 

 

  a. Discharge energy b. Discharge current 

Figure 2-6. Discharge characteristics of the ignition coils 

 

Table 2-4. Detail specifications of the ignition coils 

 Coil A Coil B Coil C 

Discharge 

current[mA] 
65 170 180 

Discharge 

duration[ms] 
2.2 1.3 1.9 

Ignition 

energy[mJ] 
95.0 95.0 165.0 

 

Coil A Coil B 
Coil C 
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2.2.3 Spark plug  

As shown in Figure 2-7, the spark plug in this study is a commercially available spark plug (NGK 

DILKAR7C9H), the specification of the spark plug is described in Table 2-5, and the material of the 

center electrode is iridium with the diameter of 0.55mm, the thread length of this spark plug is 28.5mm, 

and the spark plug gap between the discharge electrodes is 0.9mm. 

 

 

 Figure 2-7 Overview of spark plug 

 

 

Table 2-5 Specification of spark plug 

Electrode diameter – material 

   Center electrode 

 

φ0.55 mm – Iridium 

Nominal designation of thread × width across flat M12 × 12.0 mm 

Thread length 28.5 mm 

Thermal value 7 (NGK) 

Internal resistance 5 kΩ 

Spark plug gap  0.9 mm 
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2.3 Gas mixture and test conditions 

2.3.1 Gas mixture production  

As shown in Figure 2-8, in order to control the composition of the mixture and reduce the 

experimental error, a gas mixing chamber was used to make the gas mixture. The chamber was 

equipped with a fan to stir and mix the gas during the mixture production.  

In the test of the constant volume combustion chamber, propane was used as the fuel. According 

to Figure 2-9, the composition of the gas mixture is set by the experimental conditions. First of all, a 

vacuum pump was used for removing all the air in the mixture chamber, until it was in a vacuum state; 

Then, open the valve of the propane tank for letting the propane into the mixing chamber, and the 

pressure sensor of the mixture chamber controls the gas mass of the propane, and close the valve when 

the chamber has reached the target pressure; After that, repeat the operation to fill the oxygen and 

nitrogen into mixing chamber; Finally, close all the valves of the gas tank, keep the mixture chamber 

stand for 10 minutes and wait for all the gas mix well. Oxygen and nitrogen were used to imitate the 

air; nitrogen was added to imitate the dilute condition.  

 

 

 

Figure 2-8 The gas mixture chamber 
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Figure 2-9 schematic of the gas mixture production 

 

2.3.2 Test conditions 

Test conditions are listed in Table 2-6. The temperature of the combustion chamber is fixed at 

358 K. Air-propane mixture with an equivalence ratio of 0.65 is used in the experiment, because the 

equivalence ratio of 0.65 is around the lean limit of coil A in the combustion chamber. The initial 

pressure is constant at 400 kPa for ensuring the initial conditions are consistent before each test, steady 

flow velocities are 8m/s with an anti-clockwise direction, and the value was calculated by 3-D 

numerical simulations of CONVERGE software. Each coil will be tested ten times to decrease the 

experimental error.  

 

Table 2-6. Summary of test conditions 

Mixture 3.07% C3H8, 15.28%O2, 81.65%N2 

Equivalence ratio 0.65 

Initial temperature 358 K 

Initial pressure 400 kPa 

Flow velocity 8m/s 



50 

 

 

 

2.4 Simultaneous Visualization method  

2.4.1 Weakness of the schlieren photography method 

 

 
Figure 2-10 Schematics of schlieren method. 

 

 

Most researchers use high-speed photography to investigate the discharge channel behaviors and 

the initial flame kernel during the ignition process. The discharge channel is relatively easy to be 

directly detected by natural imaging since the discharge channel typically emits a visible glow. 

However, the initial flame kernel is not easy to detect because it is invisible on a visible band [6, 7]. 

Schlieren photography method is wide to be used to investigate the initial flame kernel in the 

combustion chamber. The schematics of the schlieren photography method has been shown in Figure 

2-10, a light source is set at the focal point before the primary lens, thus, parallel rays pass through the 

observation department between the primary lens and the second lens, and the image of the light source 

S is formed at the focal point K of the second lens; Therefore, the camera lens G capture the image of 

the point Q in the observation unit to the point P on the screen. When the density does not change in 

the observation department, the light rays passing through Q and the rays passing through Q' are 

perfectly matched at the focal point K as shown by the solid line, and a clear image of the light source 

is obtained; When the density gradient of only Q is different from that of other points in the observation 

department, the light rays passing through Q will be refracted like a dotted line, and the image will be 

slightly different from the image formed by the light rays passing through Q'. That is to say, variations 

in refractive index caused by density gradients in the fluid distort the collimated light beam. This 

distortion creates a spatial variation in the intensity of the light, which can be visualized directly with 
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a shadowgraph system [8].  

However, the schlieren photography method has some weaknesses when applied in the study of 

ignition. As shown in Figure 2-11, even under no fuel conditions, the preheated zone was still detected 

by the schlieren imaging [9]. Therefore, this method is hard to distinguish between the preheated zone 

and initial flame, because the schlieren method visualizes the density gradient in the optical path as a 

shadow, the preheat zone caused by the discharge channel can be also visualized. As a result, the initial 

flame will be detected inaccurately. 

 

 

 
Figure 2-11 schlieren image under the no fuel condition. 

2.4.2 Infrared camera 

In recent years, the technologies of cooling infrared cameras have been improved and accessible in 

many fields. Mancaruso [10] et al. applied a high-speed infrared camera to the bottom view of an 

optical visualization diesel engine to observe the spray combustion of biofuels in the CO2 and HCs 

bands. Due to this, it is possible to detect the reaction immediately after SOC of the pilot injection and 

after the end of visible combustion in the infrared range. Also, it is possible to evaluate the spray 

evaporation and mixing process, and the combustion evolution after the main injection. In addition, 

Okabe [11] et al. measure the temperature of spark plugs as an example of applying the near-infrared 

Preheat zone still been detected 

under no fuel condition. 
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region to a spark-ignition engine; The results indicated that the factors of pre-ignition depend on the 

engine operating conditions. 

Therefore, in this study, as shown in Figure 2-12, a high-speed infrared camera was used to detect 

the initial flame because most of the combustion products, such as carbonic oxide (CO), carbon 

dioxide (CO2), and water (H2O), absorb specific infrared wavelengths and radiate the infrared when 

the components turn to be hot. The specifications of the infrared camera are shown in Table 2-7 [12], 

the infrared camera (FLIR X6900sc) is a sensor-cooled infrared camera equipped with an indium 

antimonide (InSb) element and can store standard 1-inch filters inside. It is possible to shoot at 1000 

fps with total pixels (640 * 512 pixels) and at a maximum of about 30000 fps. 

 

 

  

a. Front image of the infrared camera b. Rear image of the infrared camera 

Figure 2-12 The infrared camera (FLIR X6900sc) 

 

Table 2-7 Specification of the infrared camera [12] 

Resolution 640 × 512 pixels 

Detector Pitch 25 µm 

Spectral Range 1.5 – 5.0 µm 

Detector Type FLIR indium antimonide (InSb) 

Dynamic Range 14-bit 

Filtering 4-position motorized filter wheel, standard 1-inch filters 

Max Frame Rate [Full 

Window] 
1,000 fps 

Standard Temperature Range -20°C to 350°C 

Focus method Manual 
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Figure 2-13 shows the filters of the infrared camera, there are two kinds of filters prepared in this 

study, the passed spectral range for the left one is 4675~4765nm, and the right one is 4492.5~4627.5nm. 

According to the NIST Chemistry WebBook [8], as shown in Figure 2-14 of the infrared radiation (IR) 

absorbance spectrum, carbonic oxide (CO) has two high absorbances around 4600nm and 4700nm in 

the spectral range compared with carbon dioxide (CO2) and water (H2O). Due to the relatively high 

absorbance of carbon dioxide, the brightness of CO2 images is accessible to saturation. At the same 

time, the absorbance of water is too low. Thus, the bandpass 4560 ±135nm filter is utilized in the high-

speed infrared camera for capturing the infrared radiation images of carbonic oxide (CO).  

 

 

 Figure 2-13 filter of the infrared camera 

 

 Figure 2-14 IR absorbance spectrum [13] 
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2.4.3 Normal high-speed camera 

  A high-speed camera captures momentary movements and short-term high-speed phenomena that 

cannot be seen by the human eye or a general video camera. In the ignition research, discharge is a 

very short duration phenomenon, thus, discharge channel behaviors are difficult to capture by the 

normal speed camera. As a result, high-speed cameras are necessary for capturing the images, and it 

also required not only to improve shooting speed, but also to improve total performance, including 

improved sensitivity. 

  Figure 2-15 shows the high-speed camera of FASTCAM SA-X, this camera is a high-sensitivity 

camera of the Photron company. The specifications of the high-speed camera are shown in Table 3-2 

[9], the frame rate can reach 12,500 frames per second (fps) under the full resolution of 1024 × 1024 

pixels, the maximum memory of the camera is 64 GB, which support the camera recorded the images 

for a long time with the maximum shooting speed of 324,000 fps.  

 

 

 Figure 2-15 High-speed camera (FASTCAM SA-X) 
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Table 2-8 Specification of the high-speed camera [14] 

Resolution 1024 × 1024 pixels 

Max Frame Rate [Full resolution] 12,500 fps 

Maximum memory  64 GB 

Image sensor C-MOS image sensor 

Dynamic Range 36-bit 

Maximum shooting speed 324,000 fps 

PC connector Gigabit Ethernet 

Image recording format AVI, BMP, JPEG, TIFF, RAW, etc. 

Product dimensions 171 (H) x 160 (W) x 350 (D) mm 

 

2.4.4 Simultaneous visualization setup 

As shown in Figure 2-16, A high-speed infrared camera with a 50mm lens and a conventional high-

speed camera equipped with an 18-135mm lens were used in this study. In order to capture the images 

simultaneously for both cameras, a special infrared dichroic mirror is necessary, because two cameras 

cannot be set in the same direction at the same time, as shown in Figure 2-17, the infrared dichroic 

mirror is utilized in this study, the dichroic mirror can reflect the ray with 3000~12000nm wavelength 

and pass the ray with 400~700nm wavelength. Thus, as illustrated on the left of Figure 2-16, the ray 

of infrared wavelength will be reflected by the dichroic mirror to the infrared camera direction, while 

the visible wavelength ray will pass the dichroic mirror to the high-speed camera direction.  

 

 

 

Figure 2-16 Schematics of the simultaneous visualization method 
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Figure 2-17 The special infrared dichroic mirror 

 

 

Considering the optical scope and the shooting speed of the cameras, the infrared camera captures 

the infrared radiation images of carbonic oxide with 5,000 frames per second (fps), meanwhile, the 

high-speed camera is set up for taking the natural imaging of the discharge channel with 20,000 fps in 

the visible band. Therefore, to ensure that both cameras capture the images at the same time, the sync 

adjuster is necessary to control the shooting signal. The sync adjuster control unit is shown in Figure 

2-18, which can integrate or divide the input signal with the range from 1/10 to 1, and output the target 

signal frequency. Figure 2-19 shows the specification of the control signal for the simultaneous 

visualization. First of all, the trigger signal generator creates the manual signal to the sync adjuster 

control unit, and then, the sync adjuster unit outputs the adjusted signal to the function generator for 

the coil charge signal, meanwhile, the adjusted signal is also to the cameras for starting shooting, to 

ensure that both cameras capture the images at the same time, the shooting signal of the high-speed 

camera will output to the sync adjuster unit, which integrates the signal into 1/4, and then output the 

integrated signal to the IR camera. It can ensure that both cameras can shoot in sync and the high-

speed camera takes every four images, and the infrared camera takes one image.  

Figure 2-20 illustrates the control signal of all the equipment, the cyan line stands for the manual 

signal, which generates from the trigger signal generator; The blue line of the adjusted signal is created 
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by the sync adjuster, which is the trigger for three equipment, one is the pressure data recorder of the 

WE800, the second is the cameras, and the third is the function generator. When receiving the trigger 

signal for the equipment, WE800 starts to record the pressure data of the combustion chamber, cameras 

are on standby for shooting the images, function generator creates the signal for the coil charging. 

 

 

 
Figure 2-18 The sync adjuster control unit. 

 

 

Figure 2-19 The specification of the control signal for the simultaneous visualization 
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Figure 2-20 The control signal of all the equipment 

 

 

2.4.5 Simultaneous visualization confirmation 

 a.  With no fuel condition 

 b.  With fuel condition 

Figure 2-21 Direct and CO radiation images on static fields with/without fuel conditions (top: CO 

radiation images (aim to detect the initial flame kernel)/ lower: direct images (aim to capture the 

discharge channel)) 
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In order to confirm whether the preheat zone affects the results of infrared images, the test was 

conducted under both fuel and no fuel conditions. Under no fuel condition, there was no initial flame 

kernel generated. Still, the preheat zone will change the temperature in the vicinity of the spark plug 

via the discharge channel formation. Hence, it is necessary to confirm whether the preheat zone affects 

the filtered signal in the infrared images or not. Results have been shown in Figure 2-21, the upper 

part is the no fuel condition, and the lower part is the fuel condition. In each part, the top line is the 

CO radiation images taken by the infrared camera, and the lower line is the direct images taken by the 

conventional high-speed camera. The brightness of the initial flame kernel is saturated in the infrared 

image under fuel conditions, while under the no fuel condition, the brightness of CO radiation is very 

weak and hardly be confirmed between the spark plug gaps. Figure 2-22 shows the brightness of the 

infrared images at 1.0ms, the x-axis is the horizontal position centered on the center axis of the spark 

plug gap, and the y-axis is the brightness of the infrared images. it can be found from the figure, that 

the brightness of preheat zone can be ignored compared with the brightness of the initial flame kernel.  

Thus, it confirmed that the CO radiation images can eliminate the interference of the preheat zone, 

and detect the area of the initial flame kernel more accurately than the schlieren imaging. 

 

 Figure 2-22 The brightness of the infrared images at 1.0ms 
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2.5 Effect of discharge current 

The relationship between the discharge channel and discharge current under flow conditions is 

investigated. Figure 2-23 shows the direct images of coil A and coil C. For both of the coils, a flow 

velocity of 8 m/s was taken into consideration and the flow direction was set from right to left. 

According to the Townsend discharge law [15] [16], the electron avalanche occurs when the discharge 

voltage exceeds the breakdown voltage across the spark plug gap. Following the breakdown, the 

discharge channel is formed by electrons and ions. With the higher discharge current level, a higher 

energy supply of discharge channel between the spark plug gap. According to Figure 2-23, the profile 

of the discharge channel with low luminosity was shown with the white line, one thing can be noted 

that the luminosity of the discharge channel is much higher when using coil C at 0.05ms after the 

breakdown. It can be considered that the discharge channel of coil C has a much higher energy supply 

due to the higher discharge current, which caused a higher luminosity than that of coil A. 

 

 

  

 Figure 2-23 Direct shot images on coil A and coil C 

 

 

Meanwhile, when gas flows through the spark plug gap, the discharge channel expands following 
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the gas flow. Therefore, the discharge channel is completed through a longer path with higher 

resistance. Once the gap resistance is too high to maintain the spark channel, restrike occurs with the 

discharge channel shortening. Unlike the lower discharge current coil, the higher discharge current 

coil produced a longer channel stretch, by the reason of lower resistance and higher energy supply, 

because the breakdown voltage is following the Paschen law, which means that breakdown voltage is 

a function of gas density and spark plug gap size, while these two factors are almost the same in the 

combustion chamber. Therefore, the higher discharge current coil has a higher energy supply during 

the discharge, which supports the discharge channel to keep stretching without shortening and 

increasing the contact area between the discharge channel and the mixture gas. It can be found in Fig. 

5 that restrike occurs with respect to coil A at 0.55ms after spark onset, and the original discharge 

channel dissipated was accompanied by the new channel formed at 0.6ms. In contrast, the discharge 

channel of coil C kept on extending until 1.6ms and expanding the discharge channel extension length. 

According to the Kim's research [17], it has studied the relationship between the convection velocity 

near the spark plug gap and the discharge channel length via a flow apparatus at the ignition timing, a 

model was developed for assuming the discharge channel length, and the result of equation (1) can 

evaluate the resistance of the discharge channel during the ignition process. Where Rspk means the 

resistance between the spark plug, Lspk is the discharge channel length, i stands for the discharge 

current, and P is the pressure. As the equation shows that higher discharge current results in a lower 

resistance when under the same discharge channel length. However, the discharge channel shorten 

occurs once the resistance is too high to maintain the discharge channel, hence, the higher discharge 

current will maintain the discharge channel stretch longer due to the lower resistance. 

 

Rspk(t) = 40.46 Lspk(t) i(t)-1.32 P0.51                                    (1) 

 

Figure 2-24 shows all the test results of 1st discharge channel extension length. As the previous 

paragraph described, the higher discharge current got a higher discharge channel luminosity and kept 

the discharge channel extending without shortening. It can be found from Figure 2-24 that high current 

coil C gets a longer 1st discharge channel extension duration under the flow conditions and gets the 

larger discharge channel extension length compared with lower discharge current coil A. Since almost 

the 1st discharge channel extension was finished before 1.0ms after breakdown, when investigating 

the flame area at 1.0ms after breakdown, as Figure 2-25 shows, a larger discharge channel extension 

length has increased the initial flame area because the initial flame was formed along the discharge 
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channel. Higher discharge current coil C results in a larger initial flame area than coil A due to the 

longer discharge channel extension length. 

 

 

 Figure 2-24 Discharge channel extension length of coil A and coil C 

 

 

 

Figure 2-25 Initial flame area at 1.0ms after the breakdown of coil A and coil C 
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2.6 Effect of discharge duration 

Figure 2-26 shows the direct shot images of coil B and coil C, and it can be found that there is 

not much difference in the discharge channel between coil B and coil C before the 1st short-cut 

phenomenon (1.05ms). After that, the difference occurred between these two coils, the discharge 

channel of coil B gradually vanished until 1.6ms, while coil C still has the discharge channel at 1.6ms 

since coil C has a longer discharge duration which in turn will increase the heating duration of the 

discharge channel to the mixture gas. Figure 2-27 shows the discharge channel extension length and 

duration of 1st discharge. The gray points stand for coil C, and the orange points represent coil B. The 

discharge channel length of 1st discharge for coil B and coil C is almost the same since the discharge 

current for these two coils is nearly the same. Also, Figure 2-28 shows that the flame area at 1ms for 

these two coils is at the same level. Owing to the initial flame generated along the discharge channel, 

according to Figure 2-28, the 1st discharge channel stretch length is almost the same from the range 

of 3mm to 5mm for the two coils, and the initial flame at 1.0ms also fluctuate around the 40 mm2, 

which caused by the same discharge current of these two coils.  

Combining the previous results above, the discharge current is the dominant factor in influencing 

the discharge channel compared with the discharge duration. Since improving the discharge current 

will increase the discharge channel extension length by keeping the discharge channel extended 

without restrike, the longer discharge channel enlarged the flame area. While expanding the discharge 

duration will not change the discharge channel before the 1st discharge, which results in the same 

flame area generated. 

However, the discharge channel cannot extend during the whole ignition process, which means 

that the discharge channel will shorten during the ignition process. As the initial flame was formed 

along the discharge channel, discharge channel shortening behaviors will affect the flame formation 

and development as well. Discharge channel shortening behaviors after 1st discharge channel 

extension are discussed in the next section.  
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Figure 2-26 Direct shot images of coil B and coil C 

 

 Figure 2-27 Discharge channel extension length of coil B and coil C 

 

 



65 

 

 

 

 

Figure 2-28 Initial flame area at 1.0ms after the breakdown of coil B and coil C 

 

2.7 Effect of discharge channel shortening behaviors 

As the previous section found that after the electrical breakdown at the spark plug gap, a discharge 

channel was formed and stretched downstream with the flow. However, the original discharge channel 

cannot extend continuously during the whole discharge duration. A short circuit of the discharge 

channel occurred with the shortening of the original discharge channel. When analyzing the results of 

high discharge current coil C, two kinds of discharge channel shortening behaviors were found and 

named restrike and short-cut. Restrike, as shown in Figure 2-29a is used to describe the phenomenon 

where the short circuit is formed at the spark plug gap while short-cut is as shown in Figure 2-29b. 

This figure describes the phenomenon where the short circuit is formed inside the original discharge 

channel circuit. The difference between these two kinds of phenomena is the location and the length 

of the short circuit at the beginning of the phenomenon where it occurred. 

A simultaneous visualization was carried out via a high-speed infrared camera and a normal high-

speed camera, and the results are shown in Figure 2-30. Restrike and short-cut are two kinds of 

phenomena that occur in the discharge channel extension process. It was observed that the initial flame 

area and its development were affected by the behaviors of the discharge channel. 

According to Figure 2-30, two groups of discharge images about the restrike phenomenon and 

short-cut phenomenon from the high-speed camera are shown. Each group contains two kinds of 

images. The top one is the CO radiation images taken by the infrared camera, which can reveal the 
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initial flame zone and the lower images are the direct photographs by the normal high-speed camera. 

It can be found that after the breakdown, the discharge channel formed at the spark plug gap. 

Meanwhile, the initial flame was generated along the discharge channel immediately. After that 

discharge channel stretched as the flow moved downstream, the initial flame was developed with the 

discharge channel stretch. Since the ignition conditions were almost the same for each test case in the 

constant volume combustion chamber, there are not many differences between the restrike case and 

the short-cut case at the beginning of the discharge. However, after 1st discharge channel extension 

finished and the shortening behavior occurred, the initial flame of two cases with different kinds of 

discharge channel shorten behaviors was developed in different situations.  

 

 

(a) Restrike phenomenon 

 

(b) Short-cut phenomenon 

Figure 2-29 Direct shot images on different discharge channel shorten behaviors  

 

According to Figure 2-30a, it can be observed that restrike shortening behavior occurred at 1.0ms 

after the breakdown and a new initial flame kernel was formed immediately due to the new discharge 

channel. Then the new initial flame kernel growth moved downstream with the flow, until 1.4ms 

overlapped with the original flame kernel. Unlike the restrike shortening behavior, according to Figure 

2-30b, the short-cut shortening behavior occurred at 0.8ms after breakdown, since the new discharge 

channel was formed in the middle of the original discharge channel, the new flame kernel was 

developed near the original flame kernel and overlapped at 1.0ms, which is better for the flame overlap. 

It demonstrated that the discharge channel shortening behaviors affect the initial flame formation by 

The new short circuit is formed inside 

the original discharge channel. 

Short-cut 

The new short circuit of discharge channel is 

formed at the spark plug gap. 
The discharge channel stretched 

by the flow after breakdown. 

Restrike 
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the different locations of new flame kernel formation. Compared with the short-cut shortening 

behavior, the new flame kernel of restrike shorten behavior was formed far away from the original 

flame kernel, which suppresses the flame development. 

 

Figure 2-31 shows the flame area of the two cases with different shortening behaviors. It revealed 

that the flame area shows not much of a difference in the early phases of the ignition process. After 

the shortening behaviors occurred, the difference in the flame area for the two kinds of shortening 

behaviors appeared. Short-cut shortening behavior resulted in a larger flame area than the restrike 

shortening behavior. Therefore, one thing can be noted that the short-cut and restrike phenomenon 

affects the initial flame kernel growth in the discharge period. The reason can be explained that once 

the discharge channel shortening occurred, the flame kernel that had been generated by the original 

discharge channel flowed downstream with the flow, while another new flame kernel formed 

immediately by the re-formed short channel. Therefore, the features of the new discharge channel are 

essential for flame kernel growth. When the restrike shortening behavior occurs, the new discharge 

channel starts at the spark plug gap, and the new flame kernel is also formed along with it. Unlike the 

restrike shortening behavior, when the short-cut shortening behavior occurred, the new flame kernel 

was generated in the middle of the original discharge channel circuit which led to the development of 

a new flame that is much closer to the previous flame kernel, which is easier for overlapping with the 

original flame kernel. Hence, the short-cut is better than the restrike for the flame kernel overlap and 

enlarges the flame area in the same condition. 
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(a) Restrike shortening behavior case 

 
(b) Short-cut shortening behavior case 

Figure 2-30 Simultaneous Visualization on different discharge channel shorten 

behaviors (top: CO radiation images / lower: direct shot images) 

 

In addition, as the combustion was carried out in a small combustion chamber with 60cm3, small 

pressure changes can be detected during the ignition period. Therefore, according to the R-W(Rasswei-

Withrow) model [18], due to the volume being constant, the pressure changes are only caused by the 

combustion in the constant volume combustion chamber, the heat release rate consequently can be 

calculated from the pressure data during the ignition process, and the results are shown in Figure 2-
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32. The black line stands for the short-cut case, and the red line stands for the restrike case. Because 

the short-cut shortening behavior has some benefits to the initial flame overlap and resulted in a large 

flame area than the restrike shortening behavior, after shortening behaviors had occurred at 1.0ms, the 

heat release rate between the two cycles began to have a difference. The Short-cut case has a much 

faster rate than the restrike, which will result in a decrease in the ignition delay. 

 

 

 Figure 2-31 Initial flame area of short-cut and restrike cases 

 

 

 

Figure 2-32 Heat release rate of short-cut and restrike cases 
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2.8 Effect of discharge channel behaviors on ignition delay 

This section shows the effect of the discharge channel behaviors on ignition delay. As shown in 

Figure 2-33, the x-axis is the 1st discharge channel extension length, and the y-axis represents the 

period from the IG (ignition timing) to the MFB1 (1% mass fraction burned), which was considered 

to be the ignition delay in this study. Figure 2-33a~c stands for the coil A~ coil C respectively. When 

comparing all the experimental cases of each coil, black points stand for the short-cut shortening 

behavior cases, and red points stand for the restrike shortening behavior cases. We can note that the 

short-cut shortening behavior results in a better ignition delay than the restrike shortening behavior 

compared to the cases with almost the same 1st discharge channel extension length. The reason can 

be explained that the initial flame was formed along the discharge channel, and the new initial flame 

kernel of the short-cut shortening behavior case was formed close to the original flame kernel, which 

has some benefits to the initial flame development, leading to a higher heat release rate as discussed 

in the previous section. 

Moreover, Figure 2-34 shows the frequency of the two kinds of shorten behaviors after 1st 

discharge, the black column stands for short-cut behavior, and the red column stands for the restrike 

behavior. It can be found that short-cut shortening behavior is easier to occur after the end of 1st 

discharge for all the coils. Higher discharge current coil B and coil C got a higher proportion of the 

short-cut shortening behavior compared with coil A. Namely, increasing the discharge current results 

in a higher possibility of short-cut shortening behavior. Discharge duration does not affect the 

discharge shortening behaviors because of the same proportion of the discharge shortening behaviors 

for coil B and coil C. It confirmed that discharge current is more influence than the discharge duration 

on the discharge channel behaviors, including extension and shorten behaviors. 
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a. Coil A 

 

b. Coil B 

 
c. Coil C 

Figure 2-33 Relationship between discharge channel extension length and ignition delay of all 

experimental cases 

 

Short-cut 

Restrike 

Short-cut 

Restrike 

Short-cut 

Restrike 
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Figure 2-34 The frequency of two kinds of shorten behaviors 

 

 

2.9 Summary 

In this chapter, the weakness of the schlieren photography method had been introduced, which is 

hard to distinguish between the preheated zone and initial flame. In order to improve the visualization 

method and get a deeper insight into the process of discharge, a new visualization method, using a 

high-speed infrared camera (FLIR X6900sc) and a conventional high-speed camera (FASTCAM SA-

X) simultaneous, has been set up. 

 

In this chapter, the experiment setup of CVCC has been introduced in detail, including the constant 

volume combustion chamber, the ignition system, and the simultaneous visualization method. Besides, 

the effects of discharge current and discharge duration on discharge channel behaviors and initial flame 

formation have been investigated under the same condition. The key features identified are 

summarized below: 

 

1. To confirm whether the preheat zone affects the results of infrared images, the test was 

conducted under both fuel and no fuel conditions. The result has confirmed that the high-speed 

infrared images can ignore the interference of the preheat zone caused by the discharge channel. 
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Because the infrared images had hardly any brightness around the spark plug under the no fuel 

condition, while the discharge channel still formed during the ignition process. 

 

2. Discharge current is the dominant factor that influences the discharge channel behaviors as 

compared with the discharge duration. The reason can be explained that increasing the 

discharge current is seen to enlarge the discharge channel extension length and keep the 

discharge channel extending without shortening, which increases the contact area between the 

discharge channel and the mixture gas and improves the early flame development during the 

ignition process.   

 

3. Restrike and short-cut are the two kinds of discharge channel behaviors that occurred in the 

ignition period under flow conditions. Simultaneous visualization of the discharge channel and 

initial flame area shows clearly that these two kinds of discharge channel behaviors affect the 

flame kernel overlap. Because the new flame kernel is closer to the original flame when short-

cut behavior occurred, which has some benefits for the flame overlap. Short-cut shortening 

behavior results in a larger initial flame kernel, and a shorter ignition delay. Therefore, short-

cut has some benefits to the flame development and enlarges the early flame during the 

discharge duration compared to the restrike behavior. 
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Chapter 3 Effects of experimental conditions on the ignition 

performances 

3.1 Coils and different test conditions 

After the discussion in chapter 2, the effects of discharge characteristics on the discharge channel 

behaviors and initial flame formation have been studied under the same condition, this chapter will 

investigate the ignition performances under different conditions. Figure 3-1 shows the discharge 

characteristics of three types of ignition coils. This research takes coil A as the standard coil, coil B as 

the high current coil, and coil C as the high energy coil. The detailed specifications of the coils are 

shown in table 1. As described in table 1, coil A and coil B have almost the same ignition energy, and 

coil C is the highest energy one. However, coil C has almost the same discharge duration as coil A, 

and coil B is much shorter than coil A and coil C. Coil B and coil C had almost the same discharge 

current which is much higher than coil A. 

 

 

 

a. Discharge energy 
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b. Discharge current 

Figure 3-1 Discharge characteristics of the ignition coils 

 

The experiments were carried out under three conditions: basic condition, high dilute condition, 

and high flow condition to determine the suitable discharge strategy under different conditions. 

Experimental conditions are listed in Table 3-2. The basic condition is the base condition in the three 

conditions, which has both lower dilution (N2 dilution 24%) and lower flow velocity (8 m/s). Due to 

the single variable method, the high diluted condition has a higher dilution (N2 dilution 28%) than the 

basic condition, and has the same flow velocity compared with the basic condition; while the high 

flow condition only has a higher flow velocity (18 m/s) than the basic condition, the N2 dilution is 

same with the basic condition.  

In addition, the initial condition parameter, such as temperature and pressure, are fixed at 358 K 

and 400 kPa respective for ensuring the same initial conditions of each test. Each condition of each 

coil is tested ten times to eliminate the experimental error. 

 

Table 3-1. Detail specifications of the ignition coils 

 Coil A Coil B Coil C 

Discharge current[mA] 65 170 180 

Discharge duration[ms] 2.2 1.3 1.9 

Ignition energy[mJ] 95.0 95.0 165.0 
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Table 3-2. Summary of experimental conditions 

Conditions 
Basic  

condition 

High diluted 

condition 

High flow   

condition 

Nitrogen (N2) dilution  24% 28% 24% 

Mixture composition 

C3H8:3.06%, 

O2:15.29%, 

N2:81.65% 

C3H8:2.90%, 

O2:14.49%, 

N2:82.61% 

C3H8:3.06%, 

O2:15.29%, 

N2:81.65% 

Flow velocity 8 m/s 8 m/s 18 m/s 

Equivalence ratio 1 

Initial temperature 358K 

Initial pressure 400 kPa 

 

3.2 Combustion results in different conditions 

Figure 3-2 shows the ignition probability of all the coils under different conditions. Ignition 

probability is the ratio of the successful ignition cases and the total number of experimental cases (10 

times). The blue column stands for coil A (standard coil), the orange column denotes coil B (high 

current coil), and the gray column represents coil C (high energy coil). According to Figure 3-2, it can 

be observed that three types of coils have the same ignition probability ratio at the basic condition. 

There is no misfire case under the basic condition for all the coils. However, the differences among 

the three coils occur when increasing the mixture dilution ratio or enhancing the flow velocity, high 

current coil B gets the lowest ignition probability when under the high diluted condition compared 

with other coils, while standard coil A and high energy coil C still have no misfires cases under such 

condition. When under the high flow condition, standard coil A gets the lowest ignition probability 

while high energy coil C gets the highest ignition probability. High current coil B is better than the 

standard coil A. It reveals that the high energy coil C resulted in high-level ignition probability under 

all the conditions. This means that enhancing the ignition energy can improve the ignition probability 

remarkably. However, high energy will increase the wear and tear of the spark plug due to the increased 

discharge current and prolonged discharge duration, thence, coil A and coil B with the same lower 

ignition energy need to be considered in particular. Standard coil A with a longer discharge duration 

has a better ignition probability under the high diluted condition. In contrast, high current coil B with 
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a higher discharge current has a better ignition probability under the high flow condition. Ignition 

probability can reflect the ignition performance by and large, when comparing results of the basic 

condition and the high diluted condition, due to the lowest ignition probability ratio of coil B under 

the high diluted condition, one thing can be found that discharge duration is more important than the 

discharge current to affect the ignition probability when only in-creasing the mixture dilution ratio; 

when focusing on the results of the basic condition and high flow condition, one thing can be noted 

that discharge current becomes the dominant factor compare with discharge duration when enhancing 

the gas flow velocity since coil A gets the lowest ignition probability. 

 

 Figure 3-2 Ignition probability of all the conditions 

 

 

Figure 3-3. Ignition delay of all the conditions 

 

Due to the small internal volume of the combustion chamber, the small pressure changes can be 

detected by a highly sensitive pressure sensor, and the results of ignition delay are shown in Figure 3-
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3. Ignition delay is defined as the period between the start of discharge to the MFB1 (mass fraction 

burn of 1 percent). It can be found that coil B with a high discharge current results in the longest 

ignition delay in the high diluted condition, while when in the high flow condition, coil A with the 

extended discharge duration results in the longest ignition delay. The difference in initial flame 

formation is largely affected by ignition. Hence, given that coil A has the same ignition energy as coil 

B, it shows that coil A with extended discharge duration favors more in improving the ignition 

performance than coil B with higher discharge current under high diluted conditions. Nevertheless, 

such a result comes to the opposite under high flow velocity conditions, the higher the discharge 

current is more important under the high flow condition. 

According to the R-W(Rasswei-Withrow) model, the pressure changes are only caused by the 

combustion in the constant volume combustion chamber since the volume is constant in it, the heat 

release rate consequently can be calculated from the pressure data. Figure 3-4 illustrates the heat 

release under different conditions of all the experimental cases about three types of coils. As shown in 

Figure 3-4, combustion time is defined as the period from the start of discharge to the point of peak 

heat release. The graph of heat release can reflect the combustion speed via the length of combustion 

time and embodies the combustion stability by the fluctuation of combustion time in all the cases. 

From Figure 3-4a of the basic condition, all the coils have no significant difference from each other in 

heat release histories, additionally, the combustion speed and combustion stability have a high level 

in all the cases; From Figure 3-4b of the high diluted condition, combustion becomes slower and 

unstable as compared with the basic condition, the timing of the peak heat release point is put off, 

which means the combustion time is extended. Also, the combustion fluctuation of case-to-case is 

increased, high current coil B has the slowest combustion case and even has the misfire cases under 

the high diluted condition. Although standard coil A and high energy coil C have the same ignition 

probability, coil C combustion cases keep a smaller combustion fluctuation than that of coil A. In 

Figure 3-4c of the high flow condition, the combustion time of the fastest case of coil C shows slightly 

shorter compared with the fastest case of coil C under the basic condition, but the combustion 

fluctuation is increased, which reveals that increasing the flow velocity may improve the combustion 

speed only when the ignition energy is increased correspondingly. According to these results, one thing 

should be noticed that increasing the mixture dilution ratio will decrease the combustion speed even 

increasing the ignition energy cannot reach the combustion speed of low diluted condition, while 

increasing the flow velocity may improve the combustion speed only if increasing the ignition energy 

correspondingly. Besides, the combustion stability will decrease no matter increasing the mixture 
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dilution ratio or the flow velocity, while compared with the low ignition energy coils, increasing the 

ignition energy can decrease the combustion fluctuation, making the combustion more stable. 

 

a. Basic condition 

 

       b. High diluted condition 

 

c. High flow condition 

Figure 3-4 Heat release under different conditions 
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As described in combustion results, several interesting results can be found. On the one hand, 

increasing the mixture dilution ratio will decrease the combustion speed even increasing the ignition 

energy cannot reach the combustion speed of low diluted condition, when focusing on the same 

ignition energy coils, prolonging the discharge duration is more important than increasing the 

discharge current for the ignition performance. On the other hand, increasing the flow velocity may 

improve the combustion speed only if increasing the ignition energy correspondingly, additionally, if 

constant the ignition energy, increasing the discharge current has more benefits than prolonging the 

discharge current for improving the ignition performance.  

Since the experiments were carried out in the combustion chamber, the combustion results were 

mainly affected by the ignition process. Therefore, in order to explain the reason for combustion results, 

a detailed investigation of simultaneous visualization for the spark discharge channel behaviors and 

initial flame kernel formation was carried out during the ignition process. The results are shown in the 

next section. 

3.3 Simultaneous visualization results 

Figure 3-5a-c shows the simultaneous visualization results under different experimental 

conditions. Each figure contains three rows of images representing three types of coils, and each row 

of images includes two kinds of photographs. The top one is the CO radiation images taken by the 

high-speed infrared camera and the lower one is the direct photographs taken by the normal high-

speed camera. The profile of the spark plug was drawn with a white line to show the location of the 

spark plug. 

 As shown in Figure 3-5a, high current coil B and high energy coil C have a higher luminance 

of the discharge channel during the ignition process. Furthermore, after 1.5ms, the initial flame 

propagates farther than the standard coil A. However, all the coils are holding the initial flame around 

the spark plug at 2.5ms. It is found that all the coils can form an attached flame kernel after discharge 

duration under the basic condition. This means all the coils in this study can produce the self-sustained 

flame after the discharge process so that the flame grows and propagates rapidly. Therefore, the 

combustion can complete with a shorter duration and high stability. 

Under the high diluted condition, according to Figure 3-5b, the initial flame of high current coil 
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B is detached from the spark plug at 2.5ms, while the standard coil A and high energy coil C can hold 

the flame attached. Comparing standard coil A with high current coil B, the initial flame of coil B 

propagates farther than coil A at 1.5ms due to the higher current. However, the propagation distances 

of the initial flame front are almost the same after 2.0ms, and the rear of the flame moved downstream. 

Hence, it is more difficult to form the self-sustained flame for coil B under low flow and high diluted 

conditions, which results in a lower ignition probability and lower combustion stability. On the other 

hand, from the CO radiation images, the initial flame of high diluted condition develops slower than 

the basic condition. Even in the high energy coil C, comparing the images of the basic condition and 

high diluted condition at 2ms, the initial flame of the high diluted condition is smaller than that of the 

basic condition. This may cause the result that increasing the mixture dilution ratio will decrease the 

combustion speed even increasing the ignition energy cannot reach the combustion speed of low 

diluted condition. The reason can be explained that increasing the dilution ratio only has the influence 

on decreasing the speed of flame kernel formation and flame propagation, shortening the discharge 

duration results in the initial flame kernel being detached from the spark plug, which contributed to 

lowering the combustion stability. Due to the little effect on the discharge channel behaviors, the initial 

flame kernel was smaller than that in the low dilution ratio condition even using the high ignition 

energy coil C. 

When under the high flow condition, comparing the direct photographs at 0.5ms of coil C in 

Figure 3-5a and Figure 3-5c, it should be noticed that the discharge channel length of the high flow 

condition is longer than that of the basic condition. That is to say, the discharge channel stretches faster 

when enhancing the flow velocity. Due to the initial flame being formed along with the discharge 

channel, a longer discharge channel length results in the initial flame propagating farther. As shown in 

Figure 3-5c, all the initial flames detach and move downstream at 2.5ms for all the coils, which 

prevented the initial flame from forming the self-sustained flame. Nevertheless, high current coil B 

and high energy coil C have a larger flame area at 1.5ms than that of the standard coil A which indicates 

that high current could ensure the initial flame generates under such enhanced flow conditions. While 

standard coil A with a lower discharge current results in a smaller initial flame kernel that is even 

disappeared after the discharge process. On the other hand, the high flow velocity not only lengthens 

the discharge channel length but also wrinkles the initial flame. As shown in Figure 3-5c of coil A, the 

luminance of the initial flame is lower than the basic condition (Figure 3-5a). Furthermore, according 

to Figure 3-5c of coil B, the initial flame starts to detach the spark plug at 1.8ms which is earlier than 

the high diluted condition (Figure 3-5b). However, the high energy coil C maintains the initial flame 
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growth well for the higher luminance of the initial flame and holds the initial flame around the spark 

plug more time compared with low ignition energy coils. Thus, it can be considered that increasing 

the flow velocity may improve the combustion speed only if increasing the ignition energy 

correspondingly because the flow intensity has both influence on the discharge channel stretching and 

flame kernel formation. 

The quality of initial flame generation affects the combustion directly, and quantitative analysis 

of the initial flame helps support the explanation of the combustion results. Therefore, the value of the 

flame area and the mean luminance are measured to estimate the growth of the initial flame, and the 

results are shown in the next section. 

 

 

 

a. Basic condition 
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b. High diluted condition 

 

c. High flow condition 

Figure 3-5 Simultaneous visualization results of different ignition coils (upper: CO radiation 

images / lower: direct photographs. Basic condition with the N2 dilution of 24% and flow velocity 

of 8m/s, high diluted condition with the N2 dilution of 28% and flow velocity of 8m/s, and high 

flow condition with the N2 dilution of 24% and flow velocity of 18m/s. ) 

 

3.4 Quantitative analysis of the flame area and luminance  

In order to get a deeper understanding of the initial flame kernel, the initial flame area and initial 
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flame luminance were quantitatively measured for all experimental cases. The initial flame area was 

calculated via CO radiation image binarization. As shown in Figure 3-6, firstly, a threshold value was 

set, then the raw infrared image was binarized and the flame contour could be determined. And the 

projected initial flame area was achieved by measuring the pixel of the binary image. The average 

value of the flame area and error bar for all the cases are shown in Figure 3-7a-Figure 3-9a under 

different conditions. The mean luminance of the initial flame was calculated by the integral luminance 

value divided by the flame area value, and the results are shown in Figure 3-7b-Figure 3-9b. The blue 

line stands for the standard coil A, the orange line represents the high current coil B, and the gray line 

represents the high energy coil C. Both flame area and flame luminance help to evaluate the initial 

flame generation and reaction intensity. 

In order to get a deeper understanding of the initial flame kernel, the initial flame area and initial 

flame luminance were quantitatively measured for all experimental cases. The initial flame area was 

calculated via CO radiation image binarization. As shown in Figure 3-6, firstly, a threshold value was 

set, then the raw infrared image was binarized and the flame contour could be determined. And the 

projected initial flame area was achieved by measuring the pixel of the binary image. The average 

value of the flame area and error bar for all the cases are shown in Figure 3-7a-Figure 3-9a under 

different conditions. The mean luminance of the initial flame was calculated by the integral luminance 

value divided by the flame area value, and the results are shown in Figure 3-7b-Figure 3-9b. The blue 

line stands for the standard coil A, the orange line represents the high current coil B, and the gray line 

represents the high energy coil C. Both flame area and flame luminance help to evaluate the initial 

flame generation and reaction intensity. 

 

 

  

a. Raw infrared image b. Binary image 

Figure 3-6 procedure for determining the initial flame area 
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According to Figure 3-7 of basic condition, high current coil B and high energy coil C generate 

almost the same flame area because of the same discharge current until 1.5ms. The speed of initial 

flame growth of high current coil B decrease after 1.5ms, while high energy coil C keeps the high 

speed until 2ms. Standard coil A has the lowest initial flame growth speed and results in a smaller 

initial flame size. However, it can keep the growth speed and gets the nearly initial flame size at 2ms 

compared with coil B. It can be explained that although higher discharge current results in a larger 

initial flame, the initial flame growth slowed down after the end of the discharge of coil B (discharge 

duration: 1.3ms). Coil A and coil C keep the speed of initial flame growth because the discharge 

continues until 2ms. Initial flame luminance indicates the above results more clearly. As shown in 

Figure 3-7b, the mean luminance of the initial flame for high current coil B decreases immediately 

after the end of discharge duration at 1.3ms, while coil A and coil C keep increasing until 2ms.  

Under the high diluted condition in Figure 3-7, initial flame area growth is slower than in the 

basic condition. Also, high current coil B firstly has a faster speed of initial flame growth than that of 

the standard coil A. After the end of the discharge duration of coil B (1.3ms), the growth speed 

decreases. However, the flame area of coil B is reduced to less than coil A until 2ms under such high 

diluted conditions. The flame luminance of coil C has the same trend as that of coil B and is less than 

coil A at 2ms. Therefore, coil B, with the shorter discharge duration, gets the worst ignition 

performance under such conditions.  

As the image results are shown under the high flow condition, the initial flame has out of the view 

scope after 1ms, so we investigate the flame area and flame luminance before 1ms under such 

conditions. The results show the initial flame area keeps increasing rapidly until 1ms for all the coils 

in Figure 3-9, but standard coil A with a lower discharge current has the smallest flame area. 

Furthermore, the mean luminance of initial flame for standard coil A starts to decrease after 0.5ms, 

which can infer that the enhanced flow increased the speed of initial flame growth, but this also 

increased heat transfer between the initial flame kernel and unburned gas. The initial flame kernel 

generated by the low discharge current will disperse or even be eliminated. Thus, the flame luminance 

starts to decrease after 0.5ms. So that, coil A with the lower discharge current gets the worst ignition 

performance under such conditions. 
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a. Initial flame area b. Initial flame luminance 

Figure 3-7 Basic condition 

 

 

  

a. Initial flame area b. Initial flame luminance 

Figure 3-8 High diluted condition 

 

  

a. Initial flame area b. Initial flame luminance 

Figure 3-9 High flow condition 
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3.5 Summary 

In this chapter, the ignition performance under different experimental conditions has been further 

analyzed by using different discharge characteristics. The key features identified are summarized 

below: 

 

1. Under the high diluted and low flow conditions, prolonging the discharge duration has more 

benefits to improve the ignition performance compared with the high discharge current at the 

same ignition energy. Because the long discharge duration extends the heating time to the gas 

mixture, which can keep the initial flame growth speed and form the self-sustained flame by 

holding the initial flame around the spark plug. 

 

2. When comparing the same ignition energy coils under the enhanced flow condition, discharge 

current has a significant impact on the ignition performance compared with the discharge 

duration. The reason can be explained that enhanced flow stretches and wrinkles the initial 

flame kernel, and may prevent the initial flame from forming the self-sustain flame, the initial 

flame generated by the low discharge current may easily be quenched under the enhanced flow 

condition, and high discharge current ensures the initial flame generation and propagation. 
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Chapter 4 Engine confirmed experiments  

4.1 Single cylinder engine 

In this study, the engine test is carried out on a single cylinder from the JUKE four-stroke SI gasoline 

engine, as shown in Figure 4-1 of the intake view and Figure 4-2 of the exhaust view, the intake and 

exhaust manifold of the engine had been reformed for using the 1st cylinder, during the experiment, 

only 1st cylinder can be ignited, while for the other three cylinders the fuel injection and ignition are 

stopped. 

The specifications of the engine were given in Table 2-1. The displacement of this engine is 404 

cm3, and the compression ratio is 14.1, The bore is 80 mm, the stroke is 81 mm, and the combustion 

chamber shape is a pent-roof type. The opening and closing times of the engine intake and exhaust 

valves are controlled by a hydraulic variable valve timing actuator that is controlled by an electronic 

control unit (ECU), the maximum valve lift is 8.89mm for the intake valve and 8.66mm for the exhaust 

valve. The fuel injection method is the port injection, a rotary supercharge and a water-cooled 

intercooler are installed in the intake path, and the supercharge can control the intake pressure by 

changing the rotation speed. The water-cooled intercooler is also used to control the intake air 

temperature by changing the water flow rate.  

The measuring equipment is described in Figure 4-3. A crank angle detector (Onosokki: CP-7520A) 

was used to measure the crank angle, and adjust the TDC signal to match the TDC of the piston 

behavior. A piezoresistive pressure sensor (Kistler: 6041B) was installed around the spark plug to 

measure in-cylinder pressure. Another two pressure sensors (Kistler: 4049A5SP22) were installed at 

the inlet of the intake port and the outlet of the exhaust port respective, and the pressure was measured 

at every 0.1-degree crank angle, the pressure data were recorded by a high-speed data logger (Kistler: 

KiBox To Go Type 2893). Regarding the temperature related to engine performance, intake air 

temperature, exhaust temperature, cooling water inlet temperature, cooling water outlet temperature, 

and oil temperature, were also measured. 

In this system, the exhaust gas temperature was reduced to 65°C after through the EGR cooler, and 

then inducted into the intake mixed with fresh air, the EGR valve was used to control the EGR rate. In 

order to keep the temperature of the intake air, a part of mixed air was increased the temperature by 
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the air heater, the throttle control the mixture gas flow, and eventually, the temperature sensor installed 

at the intake port ensure the temperature of the intake air to 34°C(±0.5°C). The mechanical 

supercharging was installed to increase the intake airflow and adjust the inlet pressure. The radiator 

for cooling water was used to constant the cylinder wall at 80°C(±0.5°C). A gas measuring device

（MEXA-7100D HORIBA）was used to measure carbon dioxide(CO2), carbon monoxide(CO), 

oxygen(O2), total hydrocarbons(THC), nitric oxide, and nitrogen oxide(NOX) at both intake and 

exhaust. The EGR rate was calculated as the ratio between the CO2 level in the intake and the CO2 in 

the exhaust.  

 

 

 Figure 4-1 Intake side of the engine 
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Figure 4-2 Exhaust side of the engine 

 

 

Table 4-1 Specification of the test engine 

Engine Type 4-stroke gasoline engine 

Bore × Stroke Φ80mm × 81mm 

Displacement 404 cm3 

Fuel supply System Port injection 

Compression Ratio 14.1 

Valve Timing(1mm lift) 

Intake 
11°ATDC 

59°ABDC 

Exhaust 
136°ATDC 

4°BTDC 

Max Valve Lift 
Intake 8.89 mm 

Exhaust 8.66 mm 

 

 



93 

 

 

 

 

Figure 4-3 Schematic of the measuring equipment for the engine 

4.2 High tumble nozzle for improving the flow field 

It has been demonstrated in chapter 4, the discharge current has a significant impact on the ignition 

performance compared with the discharge duration when under high flow conditions. while prolonging 

the discharge duration has more benefits to improve the ignition performance compared with the high 

discharge current when under high diluted and low flow conditions.  

  

 

Figure 4-4 high tumble generation nozzle 
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In order to confirm the results of CVCC, the experiment has been carried out in a 4-stroke 

gasoline engine. As shown in Figure 4-4, in order to set up the different flow fields in the engine 

cylinder, the high tumble nozzle was designed to enhance the flow intensity. Before the engine test, 

the simulation has been conducted by using the CONVERGE software, Figure 4-5 shows the model 

of the engine, the nozzle was installed at the intake port, the airflow from the intake manifold can 

be enhanced, and we set the point around the spark plug for calculating the flow velocity and TKE 

(turbulence kinetic energy) of the flow. The numerical simulation has been carried out to recognize 

the flow field both with and without the high tumble nozzle. The results have been shown in Figure 

4-6, the left figure is the comparison of flow velocity, and the right figure is the comparison of TKE, 

in each figure, the orange line stands for the results with the high tumble nozzle, while the blue line 

is the results without the tumble nozzle. It can be found that the flow velocity with the high tumble 

nozzle is significate higher than that without the nozzle. Moreover, the turbulence kinetic energy of 

the high tumble nozzle is almost five times higher than that without the nozzle. 

The numerical simulation has demonstrated that the high tumble nozzle can improve the strength 

of the flow field around the spark plug remarkably. 

 

 

 

Figure 4-5 The model of numerical simulation 

 

High tumble nozzle 

Engine cylinder 
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a. Comparison of flow velocity b. Comparison of TKE 

Figure 4-6 The numerical simulation results around the spark plug 

4.3 EGR experimental conditions 

The engine test is intended to confirm the ignition performance of three kinds of discharge strategies 

in the engine operation, hence, several engine parameters need to be controlled, as shown in Table 5-

1 of engine test conditions, the engine speed is constant at 2000 rpm, and the intake temperature is 

controlled at 34°C. To suppress variation in mixture formation in the cylinder, fuel is supplied using a 

port-injection system at a flow rate of 0.26 g/s, and the air flow rate is controlled to obtain the 

stoichiometric air-fuel ratio. The fuel is high-octane gasoline with an octane number of 99.8. The H/C 

ratio of the fuel is 1.708, and the stoichiometric air-fuel ratio is 14.37. The EGR rate is set from 0% to 

the EGR limit, the spark timing is changed every two degrees interval from the ignition limit to the 

combustion limit under each EGR rate condition. The COV of IMEP is used to estimate the engine 

operation, due to the misfire and partial burning, the combustion is considered unstable and the engine 

cannot be operating when the COV is excess to 3%. Ignition limit means that the ignition advance 

degree increased enough to make the knock occur in the cylinder, which also leads to the engine cannot 

be operated. 

The high tumble flow field around the spark plug has been created by using the high tumble nozzle, 

therefore, the comparison between the high tumble flow and low tumble flow can be confirmed in the 

engine experimental conditions. 

 

 

 

Table 4-2. Summary of experimental conditions of engine test 

With nozzle 

Without nozzle 

With nozzle 

Without nozzle 
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Engine speed 2000 rpm 

Intake temperature 34 °C(±0.5°C) 

Coolant temperature 86°C 

IMEP 600 kPa 

Air-fuel ratio 14.37 

EGR rate 0% ~ limit 

Spark timing Ignition limit ~ combustion limit 

4.4 The results under different EGR rates 

  a. Without the high tumble nozzle b. With the high tumble nozzle 

Figure 4-7 Engine experimental results on COV of IMEP under different EGR rates 

The engine test is carried out on a four-stroke SI gasoline engine to confirm the results in the 
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constant volume combustion chamber. In this experiment, EGR technology was used in the engine test 

to evaluate the effect of discharge strategies on combustion performance under engine-like conditions. 

As depicted in Figure 4-7, all the record data on COV of IMEP were shown with different ignition 

timing under each EGR rate, the left figure of Figure 4-7a is the results without the high tumble nozzle 

and Figure 4-7b is the results with the high tumble nozzle. In order to obtain the EGR limit more 

accurate, EGR rates setup were at different values for the two kinds of flow conditions after the 25% 

EGR rate, low flow condition (without the high tumble nozzle) was set up at 30%, and 33%, while 

high flow condition (with the high tumble nozzle) was set up at 28% and 30%. Due to the COV of 

IMEP can indicate the cycle-to-cycle variations in the in-cylinder combustion, we defined 3% COV 

of IMEP as the operating limit of the engine condition for investigating the EGR limit.  

From Figure 4-7a, when under the low flow condition. There is not much difference in COV of 

IMEP for three kinds of coils before the EGR rate at 25%, and when investigating the COV of IMEP 

from the EGR rate of 0% to 25%, it can be found that the COV of IMEP decreased when advancing 

the ignition timing and the ignition timing cannot be further advanced by the reason of knocking. 

When increasing the EGR rate to 30%, the difference between three kinds of coils has occurred when 

comparing the most advanced ignition timing, the COV of IMEP of high energy coil C is under 3% 

and the ignition timing cannot be further advanced because of the knock occurred. While coil A and 

coil B exceeded 3% due to the unstable combustion.  

From Figure 4-7b, when under the high flow condition. It can be noted that the ignition timing is 

later than the low flow condition. Misfire occurred and damaged the combustion stability significantly 

for coil B and coil C at the EGR rate of 28%, however, coil A cannot be operated at the EGR rate of 

28%, because the COV of IMEP exceeded 3% for all the ignition timing. This means that the EGR 

rate of 28% is around the EGR limit for coil B and coil C under such flow conditions, and exceeded 

the EGR limit for coil A. The reason has been illustrated in the CVCC results, on the one hand, the 

higher flow increases the speed of the flame generation and propagation, thus, the ignition timing 

needs to be put off for avoiding the knock. On the other hand, the higher flow wrinkles the flame and 

extinguishes the initial flame, therefore, the misfire occurred and damaged the combustion stability 

significantly.   

In addition, according to Figure 4-8 of the ignition delay, the results also confirmed that the 

enhanced flow increases the combustion speed, because the duration of the ignition delay under the 

high flow condition is much shorter than in the low flow condition.   

Therefore, as discussed above, it can be noted that increasing the EGR rate needs to advance the 
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ignition timing for obtaining the lowest cycle-to-cycle variations, knocking is the obstacle to 

advancing the ignition timing further when under the low EGR rate conditions; when increasing the 

EGR rate to the EGR limit, misfire becoming the obstacle to enlarge the ignition advanced timing. 

 

  a. Without the high tumble nozzle b. With the high tumble nozzle 

Figure 4-8 Engine experimental results on ignition delay under different EGR rates 

 

 

Figure 4-9 shows the operating range of ignition timing under different EGR rates, as mentioned 

above, we defined 3% COV of IMEP as the operating limit of the engine condition, and the two 

operation limits of ignition limit and the combustion limit are determined by varying ignition timing 

[1]. When advancing the ignition timing, knocking occurred under low EGR rates or misfire occurred 

under high EGR rates, leading to ignition limit. In contrast, retarding the ignition timing, the flame 

propagation rate becomes late for the piston speed, leading to incomplete combustion. In general, the 
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ignition limit induces knockings or misfires, while the combustion limit does increase cycle-to-cycle 

variations. the EGR limit was determined at the point where the two limits cross each other. As shown 

in Figure 4-9, both ignition limit and combustion limit of three kinds of coils are almost the same until 

the EGR rate of 20%, when the EGR rate exceeds 20%, the high energy coil C enlarges the operating 

range for not only increasing the ignition limit but also increasing the combustion limit, especially 

around the EGR limit. It can be explained that when under the low EGR dilute conditions, the flame 

grows relatively fast, so that ignition performance has little influence on the engine combustion 

performance, thus, these three kinds of ignition coils have no difference on the engine performance. 

Nevertheless, when under the high EGR dilute conditions, the low combustion temperature slows 

down the speed of flame growth and development, and the initial flame has a great impact on the flame 

propagation, as the results have been shown in the CVCC, the coil C results in a bigger initial flame 

area which is benefits for flame growth and development, thus, coil C has a large operating range than 

the coil A and coil B by decreasing the cycle-to-cycle variations under the high EGR dilute conditions.   

Besides, according to Figure 4-10, the minimum COV of IMEP under different EGR rates has been 

shown. It revealed the EGR limit for these three kinds of ignition coils, the high energy coil C has the 

highest EGR limit than coil A and coil B for all the flow conditions. When under the low flow 

conditions, the difference in EGR limit between coil A and coil B is small, and the minimum COV of 

IMEP of coil B has slightly higher than that of coil A. However, when under the high flow condition, 

the EGR limit of coil B is higher than coil A, which has confirmed the results that a high discharge 

current has more benefits to improve the ignition performance under the enhanced flow conditions. 

 

  a. Without the high tumble nozzle b. With the high tumble nozzle 

Figure 4-9 Operating range of ignition timing under different EGR rates 
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  a. Without the high tumble nozzle b. With the high tumble nozzle 

Figure 4-10 The minimum COV of IMEP under different EGR rates 

 

4.5 The results around the EGR limit 

Figure 4-11 to Figure 4-13 investigated the engine performance around the EGR limit for all the 

coils under the same ignition timing, we choose the MBT (minimum advance for best torque) of coil 

B for comparison, the ignition timing is -63 deg ATDC (after the top dead center) of EGR 30% for the 

low flow condition, and -31 deg ATDC of EGR 28% for the high flow condition.  

Figure 4-11 illustrated the in-cylinder pressure of two kinds of flow conditions to depict the overall 

combustion, the in-cylinder pressure results were averaged from 500 consecutive cycles. As can be 

observed that coil C has the highest peak in-cylinder pressure for all the flow conditions. Furthermore, 

the apparent rate of heat release also demonstrated this trend as shown in Figure 4-12, coil C has the 

fastest heat release rate of maximum 15 J/deg under low flow conditions, and about 17 J/deg under 

high flow conditions.  

When focusing on the same ignition energy coil A and coil B, there is not much difference in the in-

cylinder pressure and heat release rate under the low flow conditions, however, according to the Figure 

4-13 of all the record cycles of IMEP, the orange points represent the coil B has more cycles lower the 

580Kpa, which result in a higher cycle-to-cycle variation and the combustion are more unstable. 

When focusing on the same ignition energy coil A and coil B under the high flow condition, coil B 

with the higher discharge current results in a higher peak in-cylinder pressure, moreover, the heat 

release rate is also faster and higher than coil A.  
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a. Without the high tumble nozzle (low 

flow condition, EGR rate of 30%) 

b. With the high tumble nozzle (high flow 

condition, EGR rate of 28%) 

Figure 4-11 The in-cylinder pressure around the EGR limit 

 

 

  
a. Without the high tumble nozzle (low 

flow condition, EGR rate of 30%) 

b. With the high tumble nozzle (high flow 

condition, EGR rate of 28%) 

Figure 4-12 The apparent rate of heat release around the EGR limit 
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a. Without the high tumble nozzle (low 

flow condition, EGR rate of 30%) 

b. With the high tumble nozzle (high flow 

condition, EGR rate of 28%) 

Figure 4-13 The IMEP of all the 500 record cycles around the EGR limit 

 

 

  

  

  
a. Without the high tumble nozzle (low flow 

condition) 

b. With the high tumble nozzle (high flow 

condition) 

Figure 4-14 The thermal efficiency of different EGR rates 

 

Figure 4-14 shows the thermal efficiency under the different EGR rates for those three kinds of 

ignition coils, different colors stand for the different EGR rates, and different kinds of lines stand for 

the different ignition coils. it can be found in Figure 4-14, that the highest thermal efficiency occurred 

at the EGR rate of 30% under the low flow condition, while when under the high flow condition, the 

highest thermal efficiency occurred at the EGR rate of 28%. It has been demonstrated that the highest 

thermal efficiency has occurred at the EGR limit. Due to the shorter ignition delay under the high flow 

condition, the enhanced flow has increased the combustion speed. Thus, coil C with the higher ignition 
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energy coil has increased the thermal efficiency by around 0.53% when under the high flow condition. 

The results confirm that high energy coil C has a better ignition performance for reducing the cycle-

to-cycle variations and increasing the in-cylinder pressure and accelerating the heat release under both 

low and high flow conditions, which has been demonstrated by many researchers [2-5]. Besides, when 

focusing on the same ignition energy, prolonging the discharge duration has more benefits to improve 

the engine performance under low flow conditions, because coil A has a lower COV of IMEP and 

fewer cycles lower the 580Kpa at 30% EGR rate of low flow conditions. By contrast, due to the higher 

in-cylinder pressure and faster heat release rate of coil B under the high flow conditions, the discharge 

current plays a more vital role in perfecting the engine performance than the discharge duration. 

 

 

4.6 Summary 

In this chapter, the engine experiment results of three kinds of ignition coils under the two kinds of 

flow conditions have been analyzed in detail. It has confirmed the results of the CVCC under the real 

engine conditions, the key features identified are summarized below: 

 

1. Increasing the EGR rate needs to advance the ignition timing for obtaining the lowest cycle-to-

cycle variations, knocking is the obstacle to advancing the ignition timing further when under 

the low EGR rate conditions; when increasing the EGR rate to the EGR limit, misfire becomes 

the obstacle to enlarging the ignition advanced timing. 

 

2. When focusing on the same ignition energy, prolonging the discharge duration has more 

benefits to improve the engine performance under low flow conditions, while the discharge 

current plays a more vital role in perfecting the engine performance than the discharge duration 

under the high flow condition. 
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Chapter 5 Conclusions and Recommendations for Future 

Works  

5.1 Conclusions 

In this study, the ignition performance has been studied in detail with different ignition strategies 

under different conditions, in order to get a deeper insight into the ignition process, a simultaneous 

visualization method by a high-speed infrared camera (FLIR X6900sc) and a conventional high-speed 

camera (FASTCAM SA-X) has been set up in CVCC experiment, the discharge channel behaviors 

and initial flame formation had been investigated fully, furthermore, the influencing factors of 

conditions, such as flow velocity, local temperature, pressure, and dilute ratio can be separated and 

controlled in the CVCC, thus, the suitable ignition strategy under different conditions can be studied 

quantitatively in the CVCC experiments. 

In addition, the conditions of the CVCC experiments imitated the engine conditions, the results in 

CVCC need confirmed in the actual engine conditions, so that, the engine experiment for three kinds 

of ignition coils under the two kinds of flow conditions have been analyzed in a 4-storke engine. It has 

confirmed the results of the CVCC under real engine conditions. 

The key conclusions identified are summarized in three parts. 

 

1. Simultaneous visualization method 

In order to improve the visualization method and get a deeper insight into the process of ignition, a 

new visualization method, using a high-speed infrared camera (FLIR X6900sc) and a conventional 

high-speed camera (FASTCAM SA-X) simultaneously, has been set up. Test results have confirmed 

that the high-speed infrared images can ignore the interference of the preheat zone caused by the 

discharge channel. 

 

2. Experiment in the CVCC 

The CVCC experiment has investigated the effect of discharge characteristics on the discharge 

channel behaviors during the ignition process. Discharge current is the dominant factor that influences 

the discharge channel behaviors as compared with the discharge duration. Increasing the discharge 
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current is seen to enlarge the discharge channel extension length and keep the discharge channel 

extending without shortening, which increases the contact area between the discharge channel and the 

mixture gas and improves the early flame development during the ignition process. Restrike and short-

cut are the two kinds of discharge channel behaviors that occurred in the ignition period under weak 

flow conditions. Simultaneous visualization of the discharge channel and initial flame area shows 

clearly that these two kinds of discharge channel behaviors affect the flame kernel overlap. Short-cut 

has some benefits to the flame development and enlarges the early flame during the discharge duration 

compared to the restrike behavior. Furthermore, higher discharge current results in a higher possibility 

of short-cut shortening behavior after the end of 1st discharge.   

  In addition, the ignition performance with different coils was also investigated under different 

conditions. results revealed that increasing the mixture dilution ratio will decrease the speed of initial 

flame growth, which results in the decreasing of combustion speed even increasing the ignition energy 

cannot reach the combustion speed of low diluted condition. While increasing the flow velocity may 

improve the combustion speed only if increasing the ignition energy correspondingly. On the one hand, 

under the high diluted and low flow conditions, prolonging the discharge duration has more benefits 

to improving the ignition performance compared with the high discharge current at the same ignition 

energy. Because the long discharge duration extends the heating time to the gas mixture, which can 

keep the initial flame growth speed and form the self-sustained flame by holding the initial flame 

around the spark plug. On the other hand, when comparing the same ignition energy coils under the 

enhanced flow condition, the discharge current has a significant impact on the ignition performance 

compared with the discharge duration. The enhanced flow stretches and wrinkles the initial flame 

kernel, and may prevent the initial flame from forming the self-sustain flame. High discharge current 

ensures the initial flame generation and propagation. 

 

3. Experiment with the 4-stroke engine 

The engine experiment is aimed to confirm the results of CVCC in the actual engine conditions. 

After the engine experiment under the EGR experimental conditions, it can be found that the EGR rate 

needs to advance the ignition timing for obtaining the lowest cycle-to-cycle variations, knocking is 

the obstacle for advancing the ignition timing further when under the low EGR rate conditions; when 

increasing the EGR rate to the EGR limit, misfire becoming the obstacle to enlarge the ignition 

advanced timing. 

When focusing on the same ignition energy, prolonging the discharge duration has more benefits to 
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improve the engine performance under low flow conditions, while the discharge current plays a more 

vital role in perfecting the engine performance than the discharge duration under the high flow 

condition. 

5.2 Recommendations for Future Works  

This study has proposed an appropriate method for investigating the ignition, that is by the 

simultaneous visualization in the CVCC firstly and verified in the engine test bench secondly. The 

conclusions in this research are based on three kinds of ignition coils, in the future, to further optimize 

and improve the performance of the ignition system, the more different types of ignition coils, such as 

two-strikes coil, constant current coil, and multiple discharge coil, are meaningful for further study. In 

addition, the lean combustion experimental conditions in the engine test are worth carrying out for a 

better understanding of the ignition performance, and a more detailed and comprehensive analysis is 

interesting and meaningful. 
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