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Abstract 

Under adverse igniting conditions, a reliable ignition can be obtained by passively 

Q-switched laser ignition systems. The aim of this work is to analyze the effect of 

the effective focal length on the laser initiated combustion of lean methane/air-

mixtures. Experiments are performed in a constant volume combustion chamber. 

An enhanced combustion behavior can be found for decreased effective focal 

lengths by igniting a quiescent mixture. However, the shortest focal length does not 

necessarily lead to the best result. By introducing a flow, the combustion is mainly 

dominated by the flow. An influence of the effective focal length on the 

combustion process is observed. Nevertheless, a pulse train ignition can improve 

the combustion process by choosing the correct pulse spacing. 

 
Introduction 

In many applications, a successful ignition is important either due to safety reasons 

or emission limits. The measures to improve engines like downsizing and lean-

mixture combustion impede the ignition process [1–4]. Thus, alternative ignition 

sources are of growing interest. In particular, laser ignition (LI) is studied with the 

aim to replace the conventional spark plug in the future. Cryogenic rocket engines 

[5], aeronautical combustion engines [6], scramjet engines [7], stationary gas 

turbines [8] but also stationary gas engines [9] and small reciprocating 

engines [10,11] are potential applications of LI. 

The benefits of LI in comparison to the ignition with a conventional spark plug of 

reciprocating engines have been emphasized by several studies. For example, the 

following effects have been demonstrated: higher maximum cylinder pressure, 

earlier pressure rise and a higher rate of heat release [12,13], reduced cyclic 

variations [10–12], enhanced lean limit and thermal efficiency by multi-point 

LI [10,14]. 

A future ignition system has to be robust and cost efficient. Furthermore, the size 

of the ignition system has to be comparable to a conventional spark plug. In 

contrast to laboratory bench-top lasers, passively Q-switched lasers (PQL) are able 

to meet these requirements [4,15]. Laser spark plugs based on Nd:YAG/Cr4+:YAG 

solid state lasers have been developed by several research groups in the last years 
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[11,16–18]. 

A laser ignition system is built up from a laser and one or more lenses to focus the 

laser beam. Thus, the ignition process can be influenced by the properties of the 

laser and of the focusing line. The aim of the presented study is to investigate the 

effect of the laser pulse energy Epulse and the effective focal length feff of the 

focusing lenses on the ignition and combustion process of quiescent and flowing 

lean methane/air-mixtures. The experiments are performed in an optically 

accessible constant volume combustion chamber at an initial pressure of 10 bar. 

The net heat release of the combustion is calculated to examine the influence of 

different pulse energies and effective focal lengths. The results are substantiated 

with high-speed schlieren records of the ignition and combustion process. 

 

Experimental 

The experimental setup is shown in Fig. 1. Ignitions are initiated by a PQL ignition 

system (1064 nm) pumped longitudinally by a diode laser (808 nm). The laser 

pulse energy can be varied in the range of 3.0 mJ and 6.2 mJ by changing the 

coupling efficiency of the pump pulse into the Nd:YAG crystal. The focusing line 

consists of an expanding and a focusing lens. By varying the lens distance, the 

effective focal length is modified in the range of 9.6 mm and 24.6 mm. More 

details about the laser ignition system are given in ref. [19]. The experiments are 

performed in an optically accessible combustion chamber (CVCC) at an initial 

pressure of 10 bar. A swirl flow is initiated by injecting a homogeneous 

methane/air-mixture under high pressure into the CVCC. Flow velocities up to 

10.8 m/s are applied in this study.  

 
Figure 1: Optically accessible combustion chamber and peripheral equipment for 

injection of a homogeneous methane/air-mixture. 
 

Ignition of Quiescent Methane/Air-Mixtures 

First, quiescent mixtures are ignited in order to analyze the influence of the 

effective focal length on the ignition and combustion process. Figure 2 summarizes 

the net heat release curves of the combustion after the ignition with a pulse energy 
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of 4.7 mJ and different effective focal lengths. A worse combustion behavior can 

be found for effective focal lengths of 24.6 mm and 19.7 mm. This is attributed to 

smaller initial flame kernels and a slower flame kernel growth due to a low energy 

and power density in the focal spot and is proven by simultaneously recorded high-

speed schlieren records. However, a significant difference in the net heat release 

traces of shorter focal lengths is not apparent. Comparable results are achieved by 

applying pulse energies of 3.0 mJ and 6.2 mJ. 

 

 
Figure 2: Net heat release after laser ignition of a quiescent methane/air-mixture 

(λ = 1.4) with different effective focal lengths (Epulse = 4.7 mJ). 
 

Ignition of a flowing methane/air-mixture 

In the following, methane/air-mixtures are ignited by single pulses and pulse trains 

of two and four pulses with a pulse spacing of 100 µs and 200 µs. First, the ignition 

with a single pulse is discussed. 

 

Single pulse ignition 

The effect of different flow velocities on the flame kernel expansion is depicted in 

Fig. 3. In each case, a mixture with an air/fuel-equivalence ratio λ of 1.4 is ignited 

by a 4.7 mJ laser pulse and an effective focal length of 14.5 mm. The focused laser 

beam and the ignition location is indicated by the white triangles (t = 2.5 ms). The 

flame kernel is moved away from the ignition location by the flow. This effect 

increases with higher flow velocities. The flame kernel is stretched and is pulled to 

the center of the combustion chamber due to the lower density compared to the 

unburned gas. This effect is enhanced by high flow velocities. Moreover, the flame 

expansion is significantly accelerated by the flow. The flame kernel requires a 

duration of more than 45 ms to fill the combustion chamber at a flow velocity of 

1.8 m/s. By increasing the flow velocity to 10.8 m/s, this time duration can be 

shortened to 14 ms. 
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Figure 3: High-speed Schlieren records of the flame kernel expansion after laser 

ignition of methane/air-mixture (λ = 1.4) with different flow velocities and an 

effective focal length of 14.5 mm. 
  

The effect of the effective focal length on the ignition and combustion of flowing 

mixtures is described below. The net heat release traces of the combustion of a 

methane/air-mixture with flow velocities between 1.8 m/s and 10.8 m/s after the 

ignition with a 4.7 mJ laser pulse and five different focal lengths are displayed in 

Fig. 4. Assessing the results, an influence of the effective focal length on the 

combustion process of flowing mixtures cannot be detected. Independently of the 

flow velocity, no distinct difference between the net heat release traces is found. It 

seems that even at a flow velocity of 1.8 m/s the combustion process is mainly 

dominated by the flow. Similarly, this behavior occurs by applying a pulse energy 

of 3.0 mJ and 6.2 mJ. However, the application of a 3.0 mJ laser pulse leads to 

longer combustion durations at all tested flow velocities.  

 

 
Figure 4: Net heat release after laser ignition of a flowing methane/air-mixture 

with different effective focal lengths (Epulse = 4.7 mJ). 
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Pulse train ignition 

A PQL emits pulse trains within a single pump pulse by increasing the pump 

energy. In this study, pulse train ignitions with two and four pulses are compared to 

a single pulse ignition at a flow velocity of 5.4 m/s. The pulse energy is set to 

4.7 mJ and pulse spacing of 100 µs and 200 µs are applied. The net heat release 

traces of these combustions are given in Fig. 5. For each parameter setting of the 

pulse trains, ignitions with five different effective focal lengths are performed. As 

in the case of a single pulse ignition, an influence of the focal length on the 

combustion process is not apparent. Therefore, all traces of a parameter setting are 

displayed in the same color in Fig. 5. The results show that the rise of the net heat 

release trace is increased by a pulse spacing of 100 µs. This suggests a higher heat 

release rate and a shorter combustion duration. This behavior can be noticed for a 

pulse train with two and four pulses. However, a higher pulse number does not 

improve the combustion process. This suggests that the third and fourth laser 

pulses of the pulse train do not contribute to the ignition process. High-speed 

schlieren records prove this assumption. Results of pulse train ignitions with a 

pulse spacing of 200 µs are comparable to single pulse ignitions. 

 
Figure 5: Net heat release after pulse train ignition of a flowing methane/air-

mixture (υs = 5.4 m/s, λ = 1.4) with a 4.7 mJ laser pulse and different number of 

pulses n and pulse spacing Δt. 
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