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Introduction

Economic and environmental issues worldwide impose very stringent constraints on fuel consumption and exhaust emissions. Pollutants come from various industries using industrial furnaces or from the transportation sector. Those emitted by coming from motor vehicles and airplane engines causing various types of air pollution (CO2, SOx, NOx, soot, particles, etc.) are especially targeted. At present, research increasingly focuses on engines operating with lean and near stoichiometric mixtures with gas recirculation [1] and on the use of turbocharging to maximize engine power efficiency. Additionally, it is necessary for mixtures mixture to accelerate the combustion reaction using solutions such as catalysts (catalytic oxidation) [START_REF] Fiorenza | A comparison between photocatalytic and catalytic oxidation of 2-Propanol over Au/TiO2-CeO2 catalysts[END_REF][START_REF] Holbrook | Sulphated TiO2 for selective catalytic reduction of NOx by n-decane[END_REF][START_REF] Monteiro | Gas phase oxidation of n-decane and PCE by photocatalysis using an annular photoreactor packed with a monolithic catalytic bed coated with P25 and PC500[END_REF], and the injection or creation of high energy radicals such as O3 * [START_REF] Foucher | Influence of ozone on the combustion of n-heptane in a HCCI engine[END_REF] OH * , CH * , and NO * . High energy radicals can also be produced by multipoint laser high intensity breakdown or multipoint spark plugs. Preheating and pressure increases can also be points to focus on for ultra-lean mixtures using heat recirculation systems [1]. The latter can improve thermal efficiency by achieving a stable combustion of ultra-lean mixtures and increasing flammability limits in order to ensure low consumption.

Several studies in the literature deal with lasers. The first one, by [START_REF] Maiman | Optical and Microwave-Optical Experiments in Ruby[END_REF] [START_REF] Maiman | Optical and Microwave-Optical Experiments in Ruby[END_REF], dealt with the generation of coherent radiation by photoexcited ruby. Shortly afterwards, in 1963, the first investigation into laser-induced breakdown in air was conducted [START_REF] Meyerland | Gas breakdown at optical frequencies[END_REF]. Since then, this technology has been developed for several applications in physics and mechanics. The most popular application today is the ability possibility to use lasers as ignition systems in reactive mixtures for terrestrial and space propulsion [START_REF] Meyerland | Gas breakdown at optical frequencies[END_REF][START_REF] Cardin | Experimental analysis of laser-induced spark ignition of lean turbulent premixed flames[END_REF][START_REF] Cardin | Experimental analysis of laserinduced spark ignition of lean turbulent premixed flames: New insight into ignition transition[END_REF][START_REF] Cordier | Laser-Induced Spark Ignition of Premixed Confined Swirled Flames[END_REF]. These studies show that laser ignition enables an easy characterization of combustion by thanks to focusing of an intense monochromatic light beam at short powerful pulses with intensities ranging from 10 10 to 10 12 W/cm² [START_REF] Hatwar | Laser Ignition in Internal Combustion Engines[END_REF]. This makes it possible to investigate the effects of thermodynamic and physical parameters, such as energy deposited (photon absorption rate) on the breakdown zone that induces ignition of reactive mixtures, especially if enough radicals are created to prime the onset of the first flame front departure. However, the study by [START_REF] Moffett | Investigation of Statistical Nature of Spark Ignition[END_REF] [START_REF] Moffett | Investigation of Statistical Nature of Spark Ignition[END_REF] did not allow an accurate characterization of a spark plug ignition system: the considerable heat loss could not cannot be assessed in order to measure and hence the real deposited energy on the breakdown area could not be measured. Therefore, when using spark plugs, investigating the effects of certain parameters linked to breakdown and ignition leads to difficulties such as perturbation and high fluctuation of measured values.

Laser ignition was used in various experimental studies to determine the effect of optical parameters such as focal length, wavelength wave length, pulse duration time, or laser beam profile [START_REF] Phuoc | Laser spark ignition: Experimental determination of laser-induced breakdown thresholds of combustion gases[END_REF]. It was also used to examine the effect of flow velocity and temperature on the ignition of natural gas [START_REF] Griffiths | Effect of flow velocity and temperature on ignition characteristics in laser ignition of natural gas and air mixtures[END_REF]. In Griffiths et al.'s work, the two main initial parameters explored were the effects of pressure and equivalence ratio on breakdown and ignition.

In the present study, we first investigated the effect of pressure and equivalence ratio on the laser-induced breakdown of C10H22/N2+O2 mixtures. The influence Influence of the composition of unburnt and burnt mixtures on the breakdown absorbed energy was then explored in order to study the effect of EGR on the ignition phase (plasma). EGR acts as a dilution gas to decrease thermal losses and to control and minimize pollution by reducing some gas emissions of the engines. This was followed by a statistical study of breakdowns and ignitions. This study was performed in both lean and near stoichiometric mixtures for different initial pressures. The effect Effect of pressure on the Minimum Ignition Energy (MIE) was next performed and analyzed. MIE is an important parameter that can provide information on the ignition sensitivity of mixtures; for example, it can define fuel quality and the risk of explosion of different reactive mixtures. The final step was analysis of the pressure effect on the lower limits of ignitions and breakdowns as a function of the equivalence ratio and initial pressure value in lean and near stoichiometric mixtures. The study can contribute to assisting fire safety engineers and engine manufacturers in ignition mapping in spark ignition engines. The paper is structured as follows: section 2 presents the experimental setup and methods. Section 3 is dedicated to analysis of the results and discussion, and section 4 is a conclusion concludes the paper.

Experimental description and methods

Test bench

A schematic of the experimental bench (LIQUIM: Laser Ignition in Quiescent Mixture) is given in Figure 1. It has been described in detail in Tihay [START_REF] Tihay | Ignition study of acetone/air mixtures by using laser-induced spark[END_REF] and Rudz [START_REF] Rudz | Minimum Ignition Energy Measurements for α-Pinene/Air Mixtures[END_REF]. In the present experiments, the LIQUIM apparatus was equipped with different sensors to perform laser ignition measurements such as breakdown energy absorbed for Minimum Ignition Energy (MIE) characterization. Pressure recordings over time were also used in order to deduce the effect of initial pressure and equivalence ratio on breakdown and ignition probabilities. Some aspects of the setup are briefly recalled here. The reactive mixture (C10H22+N2+O2) is ignited for each trial by a focused laser beam provided by a Q-switched Nd:YAG laser (Quantel Brilliant) operating at a 1064 nm wavelength with a 4.48 ns pulse duration. Two antireflection coated windows provide free access for the laser beam to enter and exit the chamber. The laser incident energy transmitted through the mixture is measured by two Ophir Nova energy meters (see Figure 1). Incident energy (Einc) was calculated by exploiting the first energy meter located behind the beam splitter knowing the coefficient of the latter the last (ρ), see Eq. 1:
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Transmitted energy was measured by a second joule meter. Deposited energy related to breakdown (Eabs) was calculated knowing the transmission coefficient (τ) of the two antireflection coated windows and the focal lens, as follows:
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Coefficients (ρ) and (τ) were calibrated every day and for every change in the energy of the laser source. Slight variations were observed for both (ρ ≈ 0.014 ±0.001 and τ ≈ 0.97±0.01).

During the calibration process, the reactor was under vacuum.

Pressure was measured with a pressure sensor (Kistler 603B transducer) and amplified before being recorded by an oscilloscope. It was used to detect overpressure due to flame.

Experimental procedure

Tests were carried out in a clean reactor. The vessel was placed under vacuum by twostage pumping under P≈3x10 -3 mbar residual atmosphere. C10H22 n-decane liquid was then injected inside the chamber using a micrometric syringe. The chamber wall and intake air line were heated at T=347 K to avoid any condensation. The pressure of the evaporated n-decane was checked during each trial. Synthetic air (80%N2+20%O2) was then introduced into the chamber at a moderate rate to ensure a quiescent mixture.

The experimental design and studied compositions studied are reported in Table 1.

Equivalence ratios were calculated from mass fuel and initial fixed pressures. To keep the reactor clean, residual combustion products were removed. After each trial, the chamber was filled with synthetic air and vacuum-pumped three times. Inner walls Inner-walls and optics were regularly cleaned.

The probability of breakdown or ignition was defined as the ratio of positive trials and number of shots corresponding to a fixed incident energy. In this study, we performed 20 shots per incident energy (giving a total of around 3960 laser shots). Breakdown was defined as the formation of plasma without any accompanying chemical chain reactions (combustion) of the mixture, and ignition as breakdown involving flame development. This work takes both physical phenomena into account.

Stochastic studies were could be carried out on all trials concerning two phenomena (breakdown and ignition), for different mixture compositions. 

Method for statistical analysis

Experimental recorded data were statistically studied and fitted with a logarithmic distribution function in order to investigate breakdown and ignition probability. Previous studies used several distribution functions. For example, the study by Bane [START_REF] Bane | Statistical analysis of electrostatic spark ignition of lean H2/O2/Ar mixtures[END_REF]) used a logistic law. In the present investigation, we used Galton's law given by Eq.3:
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C1 and C2 are parameters to be optimized from experimental data concerning either breakdown or ignition probability. From the optimized parameters we can obtain mathematical expectation, median (E50%) and variance (Eq. 4, Eq. 5 and Eq. 6) of the two phenomena as a function of mixture composition, pressure effect and equivalence ratio. Eq. 6

The first study, which concerned only breakdown, investigated by investigating the effect of mixture composition effect. It was conducted in two stages: first, taking external perturbation into account, the parameter studied was incident energy (Einc); second, internal perturbation was taken into account and the parameter studied was absorbed energy (Eabs). All the results from this statistical analysis are presented in section 3.3 and section 3.4 (see also the appendix).

Results and discussion

Pressure and equivalence ratio effects on laser breakdown (C10H22/N2+O2)

Initiation of laser breakdown is caused by interaction between high energy photons and gaseous composition which can be either a single gas (e.g. Argon) or different atoms and molecules (e.g. Ar. H2O. C10H22 and C2H6O) [START_REF] Gillard | Effect of moisture and argon on laser ignition of ethanol and decane[END_REF].

Gas ionization can be obtained by applying an intense electromagnetic field. The process can be generated by a variety of mechanisms i.e. cascade ionization (CI), multiphoton ionization (MPI) and tunnel ionization (TI). In the present work, multiphoton absorption and inverse

Bremsstrahlung were the main mechanisms used to expand the electron density in the focal zone.

Figure 2 reports the results of the effect of pressure and C10H22 concentration in N2+O2 synthetic air which was the composition of the ignited mixtures. It was found that low pressure increased the breakdown threshold energy for and affected the standard deviation of absorbed energy. At 3 bar initial pressure, the standard deviation was very low compared to other pressures. Figure 2 illustrates the effect of pressure on the breakdown threshold energy in lean (A) and near stoichiometric (B) mixtures. It can be seen that the equivalence ratio had little effect on the breakdown threshold because of the low partial pressure of n-decane.

Figure. 2. Effect of pressure and equivalence ratio on the average absorption rate of energy all at f= 100 mm. (A) Lean mixtures,(B) Near stoichiometric mixtures.

For example, the two mixtures at 1 bar are characterized for φ=0.65, by XiC10H22= 0.0087 (Pi=8.7 mbar) and for φ=1.1, by XiC10H22= 0.0147 (Pi=14.7 mbar).

Sircar [START_REF] Sircar | Laser induced breakdown of Ar, N2 and 02 gases using 1.064, 0.532, 0.355 and 0.266 gm radiation[END_REF] reported that threshold irradiance for breakdown can be fitted as a function of pressure by the relation given in Eq.9 where irradiance Ith is expressed in W/cm 2 . The latter is calculated knowing laser power and focal radius (Eq.7 [22] and Eq.8 [START_REF] Maxim | Laser Beams: Theory[END_REF]):
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In Eq.7: d=6 mm and represents the laser beam diameter, f = 100 mm is the focal length, λ=1064 nm, θ =0.3962 mrad, M 2 =1.7547 represents the beam profile quality factor [START_REF] Srivastava | Effect of focal size on the laser ignition of compressed natural gas-air mixture[END_REF], since at λ=1064 nm it ranged between -0.3 and -0.9 for all gases [START_REF] Sircar | Laser induced breakdown of Ar, N2 and 02 gases using 1.064, 0.532, 0.355 and 0.266 gm radiation[END_REF].

The same Same calculation can be carried out with incident energy, see Eq.10. Fitted results are reported on Figure . 3 for both irradiance and incident energy breakdown thresholds. of breakdown. 

Figure. 3. Effect of pressure and equivalence ratio on breakdown thresholds (f=100 mm)

Mixture composition effects on laser breakdown (combustion products effect)

Figure. 4 clarifies the utility of exhaust gas recirculation (EGR) and turbo-charging systems [START_REF] Rinaldini | Two-Stage Turbocharging for the Downsizing of SI V-Engines[END_REF] incorporated in IC engines, in particular spark ignition engines [22][START_REF] Maxim | Laser Beams: Theory[END_REF]. In this part of the study we focused only on the breakdown phenomenon. For combustion, which takes chemical kinetic reactions into account, see [START_REF] Srivastava | Effect of focal size on the laser ignition of compressed natural gas-air mixture[END_REF][START_REF] Rinaldini | Two-Stage Turbocharging for the Downsizing of SI V-Engines[END_REF][START_REF] Boretti | Water injection in directly injected turbocharged spark ignition engines[END_REF][START_REF] Xie | Influence of air and EGR dilutions on improving performance of a high compression ratio spark-ignition engine fueled with methanol at light load[END_REF]. To demonstrate the beneficial interest effect of EGR on the breakdown threshold, some specific parameters were calculated, such as Ith the threshold irradiance, Einc th the threshold incident energy and Ai the average absorption rate of four composition mixtures as reported in Table 1.

As shown in Figure . 4, the absorption rate was better with the burnt gases at φ=0.65, φ =1.1 and φ=2, and for unburnt gases at φ =1.1. This value was very low for the N2+O2 (80%N2+20%O2) mixture, as reported on Table 3. This result can be explained by the different photon absorption cross-sections of each component of the gas mixture, that are directly linked to the wavelength of laser beam photons emitted at λ=1064nm. It can also be explained by the effect of some excited wavelengths in the near infrared, linked to molecules such as CO, CO2 and H2O that can lead the process towards resonant breakdown. The probable Probable presence of soot for φ=1.1 and φ=2 is another point to take into consideration to explain the high absorption in this particular mixture. 

Mixture effect on the breakdown probabilities (combustion products)

Figure. [START_REF] Foucher | Influence of ozone on the combustion of n-heptane in a HCCI engine[END_REF] represents the breakdown stochastic-law (S.L from Eq 3) developed from analyses of breakdown experimental data. Results suggest that burnt mixtures are very sensitive to breakdown, as 100% of breakdown was reached at 30 mJ incident energy.

Figure. 5. Mixture composition effect on breakdown probability (f=150mm).

The N2+O2 mixture was less receptive to breakdown. An abrupt variation in breakdown probability occurred at energies above 60 mJ, and 100% was reached for Einc=70 mJ. The (C10H22/N2+O2) mixture at φ= 1.1 fell between the results of burnt mixtures and that of the N2+O2 mixture; breakdown probability covered a wide range, from 10mJ to 90mJ. The statistics Statistics reported in Table 4 show a high standard deviation for the C10H22/N2+O2 mixture. This result can be explained by the geometrical, physical and thermodynamic characteristics of the C10H22 molecule. It can be seen that with a near stoichiometric (C10H22/N2+O2 (φ= 1.1)) mixture and burnt gas from a near stoichiometric mixture, we have a sudden rise in the stochastic law that can be seen by a very low standard deviation (see Figure. [START_REF] Maiman | Optical and Microwave-Optical Experiments in Ruby[END_REF] and Table 5). The N2+O2 mixture required more than 1.8 mJ of absorbed energy to reach the breakdown threshold. The statistical Statistical parameters related to this case are given in Table 5. The burnt Burnt gas mixture (combustion product) generated at φ=2.0 was the most sensitive;

the average energy for a 50% probability of breakdown was EA50%b =0.74 mJ. The unburnt mixture at φ=1.1 gave EA50%b =0.94 mJ. In this case the value corresponds to the MIE of a near stoichiometric mixture.

In conclusion, with regards to breakdown of the considered mixtures, EGR can promote the formation of breakdown and for such mixtures (burnt gas (H2O+CO2+CO+soot…) +C10H22+N2+O2) can be a catalyst, promoting ignition. The only Only problem is to b ur nt g a s φ=2.0 (S.L) determine the optimum fraction added (burned exhaust gas) to the mixture, since this point has to be far from the inhibitor mixture limit. This will be investigated in future work.

Pressure effect on E50% of ignition at lean and near stoichiometric mixtures (Statistics)

Our goal in this part of study was to investigate the effect of pressure effect on flammable mixtures. Two cases were considered: lean and near stoichiometric mixtures. Investigating these two configurations will be a crucial point to specify the best configuration of ignition and breakdown. Initial pressure is a very important parameter in of ignition probability. As shown before in Figure . 2, the absorption rate is very low for low pressures. This work can be a useful database for engine manufacturers, as it can also be used by security institutions for risk assessment in different areas or configurations containing n-decane (e.g. leaks on aircraft tanks). Some work has already been performed to investigate the effect of pressure on the ignition of this kind of mixtures. For example, n-decane(94%)/air mixtures were studied by Strozzi [START_REF] Kumar | Laminar flame speeds and extinction limits of preheated ndecane/O2/N2 and n-dodecane/O2/N2 mixtures[END_REF].

In the case of lean mixtures, the statistical approach presented in section 2.3 was used here and results concerned ignition and breakdown probability in lean mixtures (φ=0.65).

Incident and absorbed energies were the parameters used for the probability characterization of these two phenomena.

The results of Figure. [START_REF] Meyerland | Gas breakdown at optical frequencies[END_REF] show that the n-decane/air mixture is very sensitive to ignition at pressures P0=0.5 bar, P0=1 bar and P0=1.5 bar. The ignition probability falls for a pressure of P0=0.25 bar, due to the low molecular density. As previously discussed, low pressure can be associated with a low absorption rate of laser energy (section 3.1). For P0=3 bar the ignition probability was mediocre but the absorption rate related to breakdown was very efficient. In the case of lean mixtures ignition is challenging as it requires more incident energy.

The second Second interesting result is the effect of pressure effect on the incident energy (E50%) required to reach a 50% ignition probability and E50%b to reach a 50 % breakdown probability. Results, reported in Figure . 7, show that in the case of a lean mixture, E50% forms approximately a U-shaped curve. The lowest values of E50% correspond to the pressures 0.5, 1 and 1.5 bar for ignition. For breakdown, E50%b decreases linearly up to a pressure of 1.5 bar and then remains constant up to 3 bar. It can also Another thing that can be seen that the standard deviation associated to E50% is much greater than that related to E50% b. The result corresponding to 3 bar is very special: in the case of laser breakdown, the probability of ignition collapses in this case compared to the other results and was also seen in another experimental study, see [START_REF] Rudz | Effect of low initial pressures on ignition properties of lean ndecane/air mixtures for laser induced breakdown[END_REF]. The results concerning 3 bar in lean mixture case can be explained by the recombination rate (inhibition) that is often higher than the decomposition rate (combustion) of the fuel mixture because of the high density of the mixture characterized in particular by a high mass fraction of N2+O2. On the other hand, the increase in pressure facilitates breakdown as can be seen by the E50% which decreases with the increase in pressure Results show that EA50% increases with the increase in pressure except for P0=0.25 bar where a moderate growth was recorded. EA50%b ranges between 0.7 and 1.5 mJ, and a low linear increase was observed for low pressures P0=0.25, P0=0.5, P0=1 bar in the case of lean mixtures.

The same statistical analysis of experimental results was carried In the second hand for the near stoichiometric mixtures the same statistical analysis of experimental results was carried out for the near stoichiometric mixtures to characterize pressure effects in a homogeneous equilibrium mixture (high combustion pressure, high flame speed [START_REF] Kumar | Laminar flame speeds and extinction limits of preheated ndecane/O2/N2 and n-dodecane/O2/N2 mixtures[END_REF], more heat release energy [1]). Near stoichiometric mixtures related to 3 bar (Figure. Figure. [START_REF] Cardin | Experimental analysis of laser-induced spark ignition of lean turbulent premixed flames[END_REF] shows the pressure effect on E50% and E50%b incident energy required for near stoichiometric mixtures. Pressures of 1 bar and 1.5 bar were the most sensitive to ignition. For breakdown, E50%b decreases with an increase in pressure increase. In near stoichiometric mixtures the standard deviation associated with the E50%b parameter is higher than in shows more important values compared to lean mixtures with towards low pressure and this value decreases as the pressure increases. 10. EA50% forms a U-shaped curve as a function of pressure. The minimum Minimum value was found at 1 bar. The EA50%b for breakdown increases with a rise in pressure pressure.

Finally, comparing the two mixtures, it can be seen that the lean mixture is characterized by high values of E50% and EA50%; on average it needs an energy higher than 50 mJ to succeed in igniting. Unlike stoichiometric mixtures which are characterized by a very high ignition sensitivity and requires, on average, an incident energy that is twice as low as for lean mixtures. The case at 3 bar is special because the mixture is saturated at the operating temperature of the experiments conducted (347 K). At this pressure of 3 bar near stoichiometric mixtures reach condensation which makes the mixtures even poorer i.e. less than the equivalence ratio value considered for the experiment.

MIE (atmospheric pressure Focal length=100mm)

MIE is an energy parameter determined for mixtures between the upper and lower flammability limits limit [START_REF] Catoire | Estimation of temperature-dependent lower flammability limit of pure organic compounds in air at atmospheric pressure[END_REF]. The MIE value quantifies the risk of occurrence of an ignition (explosion). This value is related to the nature of flammable mixtures and it was has been determined by spark ignition by using approach of Moorhouse et al. [START_REF] Moorhouse | An investigation of the minimum ignition energies of some C1 to C7 hydrocarbons[END_REF] for some hydrocarbons. Eckhoff studied the MIE of propane/air mixtures [START_REF] Eckhoff | On the minimum ignition energy (MIE) for propane/air[END_REF], while Wähner performed studies on hydrogen, ethane and propane [START_REF] Wähner | Determination of the Minimum Ignition Energy on the Basis of a Statistical Approach[END_REF]. Furthermore, MIE can be determined using the same approach as Moorhouse with using a laser beam as ignition source.

Some interesting results were reported by Phuoc and White [START_REF] Phuoc | Laser-Induced Spark Ignition of CH 4 / Air Mixtures[END_REF] for methane CH4/Air, and by Tihay concerning the ignition of acetone/air mixtures [START_REF] Tihay | Ignition study of acetone/air mixtures by using laser-induced spark[END_REF]. In the present study, MIE was investigated by considering absorbed energy.

Figure. 11. Minimum Ignition energy of n-decane(99%)/N2+O2 mixture.

We recall that n-decane has a 99% degree of purity and that the study was carried out with a 100mm focal length. The MIE value found in this configuration was 0.47±0.19 mJ at an equivalence ratio of φ=1.3. Our measured value is lower than the value (0.95 mJ) reported by

Strozzi [START_REF] Strozzi | Laser-Induced Spark Ignition of Gaseous and Quiescent N-Decane-Air Mixtures[END_REF] concerning 94% pure n-decane with ambient air. This value was measured at φ=1 using a focal length of 150 mm. A previous study using 150 mm as focal length and working with pure n-decane(99%)/N2+O2 mixtures reported an MIE of 0.67±0.19 mJ at an equivalence ratio of φ=1.6 in our laboratory [START_REF] Mokrani | Laser ignition of n-decane / air mixtures : ' Effect of Ar , H 2 O , Impurities , Ignition delay and MIE measurements[END_REF]. Present results show that there is an observable effect of choice of focal length, quality of experimental air and purity of fuel used. For more information about focal length see Beduneau [START_REF] Meyerland | Gas breakdown at optical frequencies[END_REF][START_REF] Wähner | Determination of the Minimum Ignition Energy on the Basis of a Statistical Approach[END_REF] The present Present section deals with pressure effects on ignition/breakdown threshold energy in lean and near stoichiometric mixtures.

Figure . 12. Pressure Effect on ignition/breakdown threshold energy of n-decane(99%)/N2+O2 mixtures using 100 mm focal length .

The investigation Investigation was carried out in order to evaluate the sensitivity of mixtures in engines but also the risk of accidental mixture explosion mixtures at low or high pressures, an extremely important consideration for automotive researchers, the fuel industry and aviation safety. The choice of two configurations was due to environmental constraints and also to limit the number of experimental trials which can take takes months. Figure . 12 presents the effect observed at four pressures P0=0.5 bar, P0=1 bar, P0=1.5 bar, and P0=3 bar. The latter configuration is the limit of n-decane saturation (condensation begins on C10H22). It can be said that in this configuration both gas and liquid phases coexist, thus explaining the high upper limit of breakdown at P0=3 bar. However, pressure increases the threshold energy sensitivity to ignition and breakdown, as reported in Figure . 12. Pressures of 1 and 1.5 bar were characterised by a small breakdown area compared to the other two at 0.5 and 3 bar. 
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In this kind of study the such study addition of gases such as argon, moisture [START_REF] Gillard | Effect of moisture and argon on laser ignition of ethanol and decane[END_REF] or other gases (EGR) can change the results presented here.

Conclusion

The effect Effect of pressure and equivalence ratio on laser-induced breakdown characteristics in n-decane/N2+O2 mixtures was experimentally studied and analyzed using a statistical approach. It was found that pressure increases the average absorption rate and decreases the corresponding standard deviation; an increase in the equivalence ratio promotes photon absorption slightly. It was also found that breakdown threshold irradiance decreased following a pressure power law.

Mixture composition was also investigated by considering five different mixture configurations in order to determine the absorption rate of each mixture. It was found that burnt mixtures had the best absorption rate followed by the C10H22/N2+O2 (φ=1.1) mixture with a moderate photon absorption. The N2+O2 mixture presented the worst absorption rate.

The breakdown Breakdown probability of these mixtures was studied, and the sensitivity of burnt mixtures was demonstrated using a logarithmic distribution function taking into consideration incident or absorbed energy as parameters in the stochastic law. These results reveal the utility of exhaust gas recirculation and turbo-charging systems in the on ignition phase (spark ignition and laser ignition) of a mixture containing fuel (C10H22), oxidant (O2) and a portion of the same gaseous combustion products.

Using the same stochastic procedure, the effect of initial pressure was investigated for both lean and near stoichiometric mixtures. A pressure Pressure increase promoted breakdown probability and consequently, ignition depended on the equivalence ratio. It can be noted that probability data collected for near stoichiometric mixtures presented the best ignition configuration; this can be seen by comparing the E50% and EA50% parameters for ignition and the E50%b and EA50%b for breakdown of each mixture considered.

The MIE of an n-decane/N2+O2 mixture was also investigated using a 100 mm focal lens.

The value found (0.47±0.19 mJ) was lower than Strozzi's results and also lower than our previous results using a 150 mm focal length, as reported in [START_REF] Mokrani | Ignition delay and MIE measurement for ndecane/air mixture induced by laser-spark[END_REF]. It was also found that pressure rises promoted the breakdown area and raised the ignition threshold energy.

The originality Originality of the results presented in this article is that a disturbance parameter, representing the quantification of absorbed energy quantification, was included, which has never been done beforehand. The next Next step will be to carry out tests to assess effect of initial temperature and EGR.

Appendix: fitted curve of probability results

Lean mixture ignition, breakdown probability distribution

Figure. [START_REF] Hatwar | Laser Ignition in Internal Combustion Engines[END_REF] shows the lean mixture pressure effect on ignition (Figure . 13 left side) and breakdown probability (Figure . 13 right side). Figure. [START_REF] Hatwar | Laser Ignition in Internal Combustion Engines[END_REF] right side shows that breakdown probability increases with increase in pressure. Figure. [START_REF] Griffiths | Effect of flow velocity and temperature on ignition characteristics in laser ignition of natural gas and air mixtures[END_REF] shows that with fitted data for P0=1 bar and P0=1.5 bar there is a sudden ignition probability jump and that these mixtures are highly sensitive. The worst result concerns the case at P0=3 bar which requires more than 5 mJ of absorbed energy to begin igniting. 

Figure. 1 .

 1 Figure. 1. Global schematic diagram of LIQUIM experimental setup. The combustion vessel is a cylindrical chamber of 10 -3 m 3 (L = 0.2 m and D = 0.8 m) filled with synthetic air (80% N2, 20% O2, CO2 <1 ppm, CO<1 ppm, H2O < 3 ppm, CnHm < 0.1 ppm). The reactive liquid is n-decane (C10H22) provided by ALFA AESAR (reference A14732.AP) with a 99 % degree of purity.
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Figure. 4 .

 4 Figure. 4. Mixture composition effect on breakdown absorption rate (f=150 mm)Figure.4 also shows that the standard deviation of the absorption rate was very high for C10H22+N2+O2 mixtures but low for other mixtures. This difference can be explained by the

  The same Same work was done using absorbed energy as a parameter for the breakdown probability distribution (S.L). Results are shown in Figure.6. 

  Figure. 6. Mixture composition effect on breakdown probability (f=150 mm).

1

  Absorbed energy [ mJ] Probability of bre akdown b ur nt g a s φ=2.0 (0 or 1)d a ta 80%N2+20%O2 (S.L) C10H22+N2+O2 φ=1.1 (S.L) b ur nt g a s φ=0.65 (S.L) b ur nt g a s φ=1.1 (S.L)

Figure. 7 .

 7 Figure. 7. Lean mixture pressure effect on incident required energy required (E50% , E50%b)

  because this is the saturation limit of n-decane (presence of condensation). Breakdown sensitivity (probability) increases with rise in pressure.

Figure. 9 .

 9 Figure. 9. Near stoichiometric mixtures: pressure effect on incident energy required (E50%, E50%b).

Figure. 10 .

 10 Figure.[START_REF] Cardin | Experimental analysis of laserinduced spark ignition of lean turbulent premixed flames: New insight into ignition transition[END_REF]. Near stoichiometric mixtures: pressure effect on the absorbed energy EA50%, EA50%b.

Figure. 10

 10 Figure. 10 shows that for P0=1 bar and P0=1.5 bar there is a sudden ignition probability jump (see the Appendix Figure. 16) which can be seen by a very low standard deviation on EA50%. These mixtures are highly sensitive. The worst result concerns the case at P0=3 bar which needs more than 5 mJ of absorbed energy to begin igniting. The characteristics Characteristics concerning EA50% and EA50%b are represented in Figure.
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 25 [ A.U] A b s o r b e d e n e r g y [ m J ] -Pressure of 3 bar-Ig nitions Brea kd owns Limit of ig nitions Limit of brea kd owns Upper limit of brea kd owns

Figure. 13 .

 13 Figure. 13. Pressure effect on lean mixtures: (left side)) Ignition probability and (right side)Breakdown probability (f=100mm).In the next section the same procedures were employed. Incident energy was replaced by absorbed energy and the results are shown in Figure. 14 (Figure. 14 left side for ignition and right side for breakdown).

Figure. 14 .

 14 Figure. 14. Lean mixtures pressure effect on: (left side) Ignition probability (right side)Breakdown probability (f=100 mm).
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  Figure.[START_REF] Phuoc | Laser spark ignition: Experimental determination of laser-induced breakdown thresholds of combustion gases[END_REF] shows that ignition is enhanced with increasing pressure.

Figure. 15 .

 15 Figure. 15. Pressure effect on near stoichiometric mixtures ignition and breakdownprobability (f=100 mm).

Figure. 16 .

 16 Figure. 16. Near stoichiometric mixtures pressure effect on ignition and breakdown probability. An interesting observation concerns the opposite effect of pressure on breakdown for incident energy (Figure. right side related to breakdown) and for absorbed energy (Figure. 16 right side). Figure. 16 right side shows that low pressure needs a low deposited energy (Eabs) togive rise to breakdown. As a result, the probability of breakdown decreases with the rise in pressure when absorbed energy is used as the parameter.

  1) data P=0.5 bar P=0.5 bar φ=1. 1 P=1.0 bar φ=1. 1 P=1.5 bar φ=1. 1 P=3.0 bar φ=1. 1 P=0.5 bar φ=1. 1 (S. L) P=1.0 bar φ=1. 1 (S. L) P=1.5 bar φ=1. 1 (S. L) P=3.0 bar φ=1. 1 (S. L) 1) data P=0. 5 bar bre akdowns P=0. 5 bar φ=1. 1 P=1. 0 bar φ=1. 1 P=1. 5 bar φ=1. 1 P=3. 0 bar φ=1. 1 P=0. 5 bar φ=1. 1 (S . L) P=1. 0 bar φ=1. 1 (S . L) P=1. 5 bar φ=1. 1 (S . L) P=3. 0 bar φ=1. 1 (S . L) φ=1. 1 (S. L) P=1. 0 bar φ=1. 1 (S. L) P=1. 5 bar φ=1. 1 (S. L) P=3. 0 bar φ=1. 1 (S. L) φ=1. 1 (S. L) P=1. 0 bar φ=1. 1 (S. L) P=1. 5 bar φ=1. 1 (S. L) P=3. 0 bar φ=1. 1 (S. φ=1. 1 ( S toc hastic law) P=1. 0 bar φ=1. 1 ( S toc hastic law) P=1. 5 bar φ=1. 1 ( S toc hastic law) P=3. 0 bar φ=1. 1 ( S toc hastic law)

Table 1 : Experimental design and compositions studied Composition Study parameters Focal length Total trials Phenomena investigated

 1 

	Lean mixture Φ=0.65. 0.9	P0[bar] = [0.25. 0.5. 1. 1.5. 3] Einc from 10 to 100 [mJ]	100 mm	2000 shots laser	Ignition. breakdown
	Near stoichiometric mixture Φ=1.1	P0[bar] = [0.25 0.5 1 1.5 3] P0=1[bar] Einc from 10 to 80 [mJ]	150 mm 100 mm	760 shots laser	Ignition. breakdown
					320	Ignition.
	Rich mixtures Φ=1.3. 1.6	P0= 1 bar Einc from 10 to 80 [mJ]	100 mm	shots laser	breakdown
					200	
		From lean mixtures Φ=0.65	P0= 1 bar Einc from 10 to 100 [mJ]	150 mm	laser shots	Breakdown
	Burnt gas (combustion products)	From near stoichiometric mixture Φ=1.1	P0= 1 bar Einc from 10 to 100 [mJ]	150 mm	200 laser shots	Breakdown
		From rich mixtures Φ=2.0	P0= 1 bar Einc from 10 to 100 [mJ]	150 mm	200 laser shots	Breakdown
			P0= 1 bar	150 mm	200	
	(80%N2+20%O2)	Synthetic air	Einc from 10 to 100 [mJ]		laser	Breakdown
					shots	

Table 2 :

 2 Κ, ξ and β optimized experimental optimized parameters.

	Equivalence ratio	[W/cm²] κ	[mJ] ζ	β
	Φ=0.65	4.247 11	23.46	-0.5590
	Φ=1.10	4.291 11	23.70	-0.4637

Κ, ξ and β are optimized parameters calculated from the experimental data reported in Table

2

. The value Value determined for β is in close agreement with the results of Sircar et al.

Table 3 :

 3 Specific threshold breakdown parameters of mixtures explored.

	Mixture composition Experimental parameters	Φ=0.65 burnt gas	Φ=1.1 burnt gas	Φ=2.0 burnt gas	Φ=1.1 gas Unburnt	N2+O2
	Einc th [mJ]	7.772	8.054	8.171	30.82	46.6
	Ith [W/cm²]	1.40 11	1.45 11	1.47 11	5.58 11	8.43 11
	mixture Average absorption rate A	0.807	0.854	0.904	0.754	0.347

Table 4 :

 4 Breakdown statistical parameters as a function of Einc for the studied mixtures.

	Parameters			Expectation	standard	Median
		C1	C2	value	deviation	(E50%b)
	Compositions			[mJ]	[mJ]	[mJ]
	N2+O2	4.16	0.04	63.98	2.73	63.92
	C10H22 at φ= 1.1	3.79	0.30	46.10	14.26	44.04
	Burnt gas from φ= 0.65	2.52	0.39	13.49	5.51	12.48
	Burnt gas from φ= 1.1	2.42	0.38	12.09	4.80	11.24
	Burnt gas from φ= 2.0	2.32	0.42	11.13	4.83	10.21

Table 5 :

 5 Breakdown statistical parameters as a function of Eabs for the studied mixtures.

	Parameters			Expectation	standard	Median
		C1	C2	value	deviation	(EA50%b)
	Composition			[mJ]	[mJ]	[mJ]
	N2+O2	0.69	0.05	0.10	0.10	1.99
	C10H22 at φ= 1.1	-0.06	0.01	0.01	0.01	0.94
	Burnt gas from φ= 0.65	0.26	0.36	0.50	0.50	1.29
	Burnt gas from φ= 1.1	0.15	0.01	0.01	0.01	1.16
	Burnt gas from φ= 2.0	-0.29	0.43	0.37	0.37	0.74

Pressure effect on ignition/breakdown threshold (lean and near stoichiometric mixtures)

  . A short focal length promotes a low MIE but increases the energy required for ignition or breakdown threshold near flammability limits (cases of lean and rich mixtures), as shown by comparison between a focal length of 100 mm and the black continuous curve with 150 mm as the focal length in Figure. 11.
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	Similar results were obtained by Beduneau [41].		
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