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Ignition of CH4:O2:Ar and n-C4H10:O2:Ar(N2) mixtures with initial temperatures between 650-950 K by a surface pulsed discharge
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II. Experimental setup

Experiments on plasma assisted ignition were performed on rapid compression machine (RCM) in PC2 laboratory of Lille University. All the experiments were performed in single pulse mode. Methane/oxygen and butane/oxygen mixtures diluted by 76 percent of argon and nitrogen were used in experiments in temperature and pressure ranges presented in Fig. 1. It should be noted that the conditions when autougnition was not possible were investigated for plasma-assisted ignition (see Fig 1).

Fig. 2a schematically represents the combustion chamber of rapid compression machine. The electrode system of the surface dielectric barrier discharge 1 was mounted instead of the endplate of the chamber. The discharge was initiated at the moment of maximal compression when the distance between the piston and the electrode surface is 15 mm.

The characteristic pulse applied to the electrode system to initiate the discharge (Fig. 2b) had the following parameters: amplitude ±(24-55) kV, 20 ns duration, 1 ns front rise time. The discharge at these conditions initiates near the edge of the HV electrode (orange color in Fig. 2a) and propagates over the dielectric surface (green color in Fig. 2a) in radial direction to the end of grounded electrode (grey color in Fig. 2a).

At the conditions described above the ignition occurs on the surface of electrode system with further propagation of flame in the chamber. The fast CMOS camera was installed in front of the optical window mounted in combustion chamber to visualize the flame propagation from electrode system to the piston. The length of cylindrical combustion chamber of RCM is 16 mm whereas the diameter of the window is 15 mm, which means that the window covers almost the whole length of the chamber except one millimeter near the end plate where the discharge electrode system is installed. The data obtained with the camera are in agreement with the data obtained with pressure indicator, i.e. sharp rise of pressure corresponds to the consequent ignition of fuel in combustion chamber by coming wave of flame.

The actual induction time was estimated with photomultiplier tube (PMT) installed infront of the optical window instead of the camera. The radiation collected by PMT incudes the radiation from the region at less than 1 mm apart the discharge where the ignition occurs. This system allows to establish the upper estimate of the induction time since the sharp rise of voltage at PMT will occur at the moment when after the ignition process the wave of flame reachs the region which covered by PMT and situated at less than 1 mm apart the ignition region.

This work represents only a certain part of the experimental results obtained before, more detailed description of the experiments and obtained results can be found elswhere 2, . 3

III. Definitions

For the rest of this paper under efficient induction time we will understand the period between the discharge initiation and the sharp rise of pressure in combustion chamber due to propagation of flame from the discharge, where ignition occurs, to the chamber. This value can be measured by pressure indicator mounted in the chamber.

Under the actual induction time we will understand the period between the discharge initiation and the ignition of the gas mixture in the discharge on the electrode surface. The upper estimation of this value can be made with the data obtained with the photomultiplier as it was described in the end of previous section.

IV. Experimental results and numerical modeling

The main aim of this paper is numerical analysis of chemical transformations in combustible mixture in the early afterglow of the discharge and the validation of the model on the basis of the experimental data. Using the experimental data obtained at conditions described in previous section (more details can be found in recent publication 2 ) one can estimate the energy deposited in the discharge. Fig. 3 demonstrates the dependence of the efficient induction time vs applied voltage for the lean methane mixtures diluted by argon. The numbers near the experimental points note the energy absorbed by discharge for different applied voltages. It is seen from the figure that when the discharge energy absorbtion is below a certain value the efficient induction time is equal to one that occurs in autoignition case. That means that in this case the ignition in the discharge doesn't occur which was verified by the vizualization of the ignition process with fast CMOS camera. When a certain value of the integral energy absorbtion is reached the efficient induction time drops significantly due to the ignition of gas mixture in the discharge and further flame propagation. The values of the deposited energy when the efficient induction time sharply decreases were used as the references for further numerical modeling, i.e. values when the influence of the discharge is significant.

Fig. 4 provides the information about spacial structure of the surface nanosecond barrier discharge in argon/oxygen mixture. The image presented in Fig. 4 was obtained with camera gate equal to 2 ns in the middle of the pulse applied to initiate the discharge. The ratio between argon and oxygen and mixture density were chosen to correspond to the to the parameters in considered plasma-assisted ignition experiments. It is seen from the figure that the discharge develops as the set of streamers propagating from HV electrode to the edge of the grounded electrode. Assuming that the streamer channels have cylindrical shape and knowing from Fig. 4 the number of channels (around 120 channels) one can estimate the energy absorbtion per streamer and energy absorbtion per molecule. It should be also noticed that ICCD imaging presented in Fig. 4 was obtained in the mixture not containing hydrocarbons. It is well known that the addition of hydrocarbons can significantly change the spacial structure of the discharge. Nevertheless the fraction of hydrocarbons in combustible mixtures in considered experiments doesn't exceed four percent and we assume that the picture presented in Fig. 4 can be used as the base for the estimations.

According to the PMT measurements the sharp increase of voltage occurs at about 0.5 ms. This value can be used as the upper estimate for the actual induction time which is the combination of the induction delay time and of the period after which the wave of flame comes from the discharge to the region 1 mm apart the discahrge covered by PMT. The estimations of integral absorbed energy and actual induction time give the basis for numerical modeling.

It was assumed that discharge and combustion kinetics can be considered as two relatively independent problems since the characteristic discharge time is nanoseconds and characteristic combustion chemistry time at considered conditions is at least microseconds. Finally kinetic problems were considered consequently: first -discharge kinetics, second -combustion problem with initial conditions corresponding to the output parameters of discharge kinetic problem.

The combustion kinetic mechanism used for a modeling was C3. [START_REF] Healy | Oxidation of C1-C5 Alkane Quinternary Natural Gas Mixtures at High Pressures[END_REF] This mechanism was perfectly validated for the mixtures considered in this work in wide range of pressures and temperatures. The solver of differential equations ChemKin 5 was used for the solution of combustion kinetic problem.

The modeling was made in three steps with consequent increase of factors taken into account: 1) Approach A: Modeling was performed for butane/oxygen stoichiometric mixture diluted by 76 % of Ar. The discharge action was taking into account by only addition of atomic oxygen into initial conditions for combustion kinetics problem, i.e. discharge action on ignition process was considered only as dissociation of molecular oxygen. 2) Approach B: Modeling was performed for methane/oxygen stoichiometric mixture diluted by 76 % of Ar. The discharge action was considered as the atomic oxygen production like in approach A and also as the heating of the gas in the discharge.

3) Approach C: Modeling was performed for methane/oxygen stoichiometric mixture diluted by 76 % of Ar. The discharge action was considered as the production of five different active species and fast gas heating due to quenching and dissociation reactions was taking into account.

V. Approach A: partial O 2 dissociation.

The preliminary modeling of plasma assisted ignition was performed in suggestion that the discharge action can be taken into account by addition of certain amount of atomic oxygen into initial conditions for combustion problem. I.e. it was assumed that the whole discharge deposited energy is distributed to the dissociation of molecular oxygen, but not to the gas heating or production of other active species. This model is significantly simplified but allows to estimate certain trends for dependencies of pressure and induction delay time.

Fig. 5 and 6 demonstrate the results of the modeling for butane/oxygen stoichiometric mixture diluted by 76 % of argon. The dependencies of pressure and OH fraction vs time are presented in Fig. 5 for different percentage of dissociated oxygen. It is seen from Fig. 5 that at considered conditions the discharge action can significantly change pressure and chemistry on the scale of microseconds. It should be noted that the autoignition time at considered conditions is milliseconds. At the same time Fig. 6 demonstrate non-linear dependence of the induction time vs percentage of the dissociated oxygen. Decrease of the induction time is more significant at lower level of dissociated oxygen, i.e. at lower discharge deposited energy. That gives an idea about the optimal spatial distribution of the energy deposited in discharge per molecule if to consider the discharge as the application for plasma-assisted combustion. The rise of pressure in the combustion chamber is caused by the process of flame propagation from the discharge to the chamber.

At considered conditions the efficient induction time is limited due to flame propagation speed. Therefore the decrease of the actual induction time will not change significanly the efficient induction time. At considered conditions flame propagation characteristic time is milliseconds. According to the results presented in Fig. 6 actual induction time will be shorter than efficient induction time if more than one percent of oxygen is dissociated, i.e. if the deposited energy per molecule is high enough to dissociate 1 % of oxygen. Energy deposition per molecule strongly depends on the geometry of the electrode system used to initiate the discharge. The highest deposited energy per molecule can be reached in pin-to-pin geometry of the electrode system. Work 6 describes the experimental results obtained for nanosecond discharge in pin-to-pin geometry. According to the authors of 6 the percentage of the dissociated oxygen reaches up to 50 %. At the same time pin-to-pin geometry provides the ignition in a point but not volumetric. There is a possible problem that the energy density necessary for ignition is reached but the minimal ignition volume may be not reached. The optimal electrode system should provide both -enough high deposited energy and enough big volume where this energy is reached.

VI. Approach B. Partial O 2 dissociation and gas heating.

The next improvement of kinetic model was made by taking into account of the gas heating in discharge. It was assumed that the whole deposited energy is shared between two channels: dissociation of oxygen by electron impact and heating. The part of the energy spent to the dissociation in ogygen/argon mixture was calculated with BOLSIG+ software [START_REF] Hagelaar | Solving the Boltzmann equation to obtain electron transport coefficients and rate coefficients for fluid models[END_REF] and the rest was assumed to be spent to the gas heating. This improvement relatively to approach A is still significantly artificial since in reality deposited energy distributes between heating and production of many different species and the process is accompanied by chemical transformations. At the same time this approach allows to compare the importance of different factors for ignition chemistry: heating by the discharge and production of active particles in the discharge. Fig. 7 demonstrates the dependence of the induction time vs deposited energy calculated with using of approach B. The percentage of dissociated oxygen and temperature increase due to the discharge action are signed near the point corresponding to the different deposited energies per molecule. The dependence of the induction time on the deposited energy is very strong -variation of the deposited energy two times leads to the change in induction time in 20 times.

VII. Approach C. Kinetic scheme with different active species and fast gas heating.

In this section another more general approach to the discharge modeling for combustion problem is considered. Approach C includes the calculations of the electronic distribution function, chemical transformations and corresponding heat release during the discharge. The calculations were performed for methane/oxygen stoichiometric mixture. The cross-sections for hydrocarbon-electron reactions are known significantly better for methane than for other hydrocarbons which makes CH 4 content mixtures more convenient for numerical analysis of the discharge. The output results of discharge kinetic problem were used as the initial conditions for the combustion kinetic problem as it was done before.

A. Discharge modeling

The calculations of the discharge kinetics were performed with the set of reactions presented in table 1. There is a significant production of O-atoms and CH 3 radicals in combustible mixture during the discharge development at considered conditions. The generation of CH 3 radical in the discharge is caused by two reactions:

CH 4 + e → CH 3 + H, (1) 
CH 4 + O( 1 D) → CH 3 + OH. ( 2 
)
The contribution of reaction (2) to CH 3 production is more significant 8 than the contribution of reaction (1). This partially solves the problem that the cross-section of methane dissociation by electron impact are not known perfectly. [START_REF] Morgan | A critical evaluation of low-energy electron impact cross sections for plasma processing modeling[END_REF] It is necessary to note that in the discharge systems with significant concentrations of O-atoms and CH 3 radicals the fast transformation of O( (

This means that the O( 3 P) atoms will disappear in the reaction with CH 3 whereas the CH 3 density will remain will be not changed rapidly. It should be noted that the reaction ( 5) can be accelerated due to vibrational excitation of OH molecules. Fig. 8 demonstrates the evolutions of the active species in discharge calculated with the kinetic mechanism described above for E/N=100 Td, P=15 bar, T=940 K and deposited energy W=0.05 eV/molecule. It should be noted that the estimation of the reduced electric field in the discharge on the base of experimental data is complicated. Therefore the choice of the reduced electric field value for kinetic calculations is also difficult.

This problem can be partially solved by the taking into account the fact that G-factors are changing rather smoothly with the reduced electric field in range 80-120 Td. Fig. 9 represents the dependencies of G-factors on E/N calculated for methane/oxygene stoichiometric mixture diluted by 76 % of argon. It is seen that above E/N=80 Td the dependence of G on E/N is rather smooth. The value E/N=80 Td is definitely above the reduced electric field in the discharge at considered conditions. The reduced electric field E/N=80 Td was used for further kinetic calculations.

The gas heating mainly occurs due to the reactions of dissociation of CH 4 and O 2 molecules by electron impact and due to reactions of quenching of electronically exited O( 1 D) and Ar( 3 P 0,2 ) atoms by O 2 and CH 4 molecules. The processes of quenching of O( 1 D) and Ar( 3 P 0,2 ) at considered conditions are very fast and their characteristic times do not exceed 10 ns what is less than the duration of the pulse applied to initiate the discharge. That means that effective gas heating occurs during the discharge development.

Table 2 represents the results of calculations with the kinetic mechanism described above for methane/ogygen stoichiometric mixture diluted by 76 % of argon. Two cases were considered: a) when the reactions including O( 1 D) were involved into kinetic scheme b) when these reaction were not included. Table 2 contents the molar fractions of different active species corresponding to the instance of t=10 ns, i.e. to the middle of the pulse applied to initiate the discharge. It is seen that the increase of the temperature is higher in case when the reactions with O( 1 D) are not taking into account. At the same time in case when the reactions with O( 1 D) are included into kinetic scheme more energy is distributed into active species production. The results of calculations presented in table 2 were used as the initial conditions for further solution of combustion problem. 

R27 e + O2 → e + O2(a 1 ∆g) k = k(E/N ) 14 ,15 R28 O2(A) + O( 3 P) → O2(b 1 Σg) + O( 3 P) 0.9 • 10 -11 2.54 16 R29 O2(A) + O2 → O2 + O2(b 1 Σg,ν) 2.9 • 10 -13 2.8 16 R30 O2(A) + CH4 → CH4(ν) + O2(b 1 Σg) > 1.0 • 10 -12 (estimation) 2.8 p.w. R31 O2(b 1 Σg) + O2 → O2(a 1 ∆g) + O2(ν) (5) 4.0 • 10 -17 0.65 19 R32 O2(b 1 Σg) + CH4 → O2(a 1 ∆g) + CH4(ν) (5) (7-10) • 10 -14 0.65 19 R33 O2(a 1 ∆g) + O2 → O2(ν) + O2(ν) 2.0 • 10 -18 0.98 19 R34 O2(a 1 ∆g) + CH4 → O2 + CH4(ν) 1.4 • 10 -18 0.98 19 R35 O2(a 1 ∆g) + HO2 → O2 + HO * 2 2.0 • 10 -11 0.98 22 R36 O2(a 1 ∆g) + H → O( 3 P) + OH 1.3 • 10 -11 • exp(-2530/T) 22 R37 O2(a 1 ∆g) + H → O2 + H 5.2 • 10 -11 • exp(-2530/T) 0.98 22 R38 O2(ν = 1) + O( 3 P) → O2(ν = 0) + O( 3 P) 1.2 • 10 -12 • (T/300) 23 R39 O2(ν) + CH4 → O2(ν = 0) + CH4(ν) (6) k νν ′ (T) 24 R40 CH4(ν) + CH4 → CH4(ν = 0) + CH (7) 4 
k νT (T)

25 -27 * Dimensions for two-body reactions is cm 3 /s; dimensions for tree-body reactions is cm 6 /s. 

B. Results with Approach C

The calculations with Approach C were performed for methane stoichiometric mixture at P=15 bar and in temperature range T=400-960 K. The concentrations of active species generated in discharge and temperature increase due to fast gas heating were calculated with the kinetic scheme described in previous subsection. Then these parameters were used as the initial conditions for combustion kinetic problem. Fig. 10-12 demonstrate the results obtained with Approach C. Fig. 10 demonstrates the importance of the inclusion into discharge kinetic scheme of reactions with O( 1 D). Solid line in Fig. 10a represents the case when the reactions with O( 1 D) were included into discharge kinetic scheme and dashed line when the reactions with O( 1 D) were not included. The difference in combustion kinetics for "with" O( 1 D) and "without" O( 1 D) cases demonstrates the importance of reactions with O( 1 D) in the discharge kinetic scheme. The dependencies of temperature for "with" O( 1 D) and "without" O( 1 D) cases are presented in Fig. 10b. It is seen that even despite lower temperature increase due to fast gas heating in "with" O( 1 D) case (see table 2) the temperature takes higher values in this case due to higher concentrations of active species in the discharge. This is another demonstration of necessity to include the reactions with O( 1 D) into discharge kinetic scheme.

Fig. 11 represents the dependence of the induction time vs initial gas temperature for three cases: a) when the reactions with O( 1 D) were included into discharge kinetic scheme b) when the reactions with O( 1 D) were not included c) when it was assumed that the whole deposited energy was distributed to the gas heating. Case c) is equivalent tot the autoignition case at higher initial gas temperatures. Fig. 11 shows that the reactions with O( 1 D) are important at lower temperatures. This figure also demonstrates that at the same discharge deposited energy the decrease of the induction time is occurs more due to active species production than to the heating. This allows to ignite, with the same amount of energy, the mixture which cannot be ignited by only heating.

Fig. 12 represents the kinetic curves for different species for 400 K and 960 K. These temperatures were chosen as the limiting cases in the investigated range of parameters. Fig. 12 demonstrates that at the considered conditions after approximately 1 µs the chemical reforming due to generated by discharge active species is complete and species concentrations reach the stationary level.

VIII. Conclusions

Numerical study of the parameters of plasma-assisted ignition has been performed for methane/oxygen stoichiometric mixture diluted by 76 % of Ar at P=15 bar and T=400-960 K. The dependence of the induction time vs discharge deposited energy per molecule was calculated and appeared very sharp. The energy necessary for significant decrease of the induction time was found relatively low. That demonstrates the advantage for ignition application of the discharge with spatially distributed and relatively low deposited energy per molecule before the discharge with high energy per molecule but released in the point. The synergetic effect due to production of active species and increase of the temperature due to fast gas heating leads to efficient ignition of combustible mixtures even at conditions when autoignition is not possible. The kinetic curves for main active species in early discharge afterglow were calculated. The importance of the reactions with O( 1 D) in discharge kinetic scheme at lower temperatures was demonstrated. According to the calculations, the chemical reforming due to the active species produced by discharge is complete in 500 µs at considered conditions. HV electrode (d=20 mm) 
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 4526101112 Figure 4. Characteristic ICCD image of the discharge in argon/ogygen=3.7/1 mixture. Pressure is 3.2 bar. Camera gate is 2 ns.

  → CH 3 + H 2 .

	generation: 10	
	H + O 2 + M → HO 2 + M,	(3)
	HO 2 + O( 3 P) → OH + O 2 ,	(4)
	OH + CH 4	

3 P) atoms into formaldehyde is possible in reaction O( 3 P)+CH 3 → CH 2 O+H, k=1.4•10 -10 cm 3 /s (see 10 ) At the same time there are the sources of fast CH 3

Table 1 :

 1 System of reactions involving charged and electronically-excited particles in CH4 : O2 : Ar mixture

	No	Reaction	Rate constant *	ε k , eV	Ref
	R1	e + Ar → Ar + + 2 • e	k = k(E/N )		8
	R2	e + O2 → O + 2 + 2 • e	k = k(E/N )		8
	R3	e + CH4 → CH + 4 + 2 • e	k = k(E/N )		9
	R4	Ar + + O2 → Ar + O + 2	1.0 • 10 -10	3.2	10
	R5	Ar + + CH4 → Ar + CH + 3 + H	6.5 • 10 -10		10
	R6	Ar + + CH4 → Ar + CH + 2 + H2	1.4 • 10 -10		10
	R7	CH + 4 + O2 → CH4 + O + 2	5.0 • 10 -10	0.5	10
	R8	O + 2 + e → O( 3 P) + O( 1 D)	2.0 • 10 -7 • (300/Te) 0.7	5.0	11
	R9	CH + 4 + e → CH3(ν) + H + e	1.7 • 10 -7 • (300/Te) 0.5	8.5	10
	R10	CH + 4 + e → CH2(ν) + 2 • H + e	1.7 • 10 -7 • (300/Te) 0.5		10
	R11	CH + 3 + e → CH2(ν) + H + e	3.5 • 10 -7 • (300/Te) 0.5		10
	R12	CH + 2 + e → CH(ν) + H + e	2.5 • 10 -7 • (300/Te) 0.5		10
	R13	e + CH4 → e + CH3(ν) + H	k = k(E/N )	3.4	9
	R14	e + Ar → e + Ar *	k = k(E/N )		8
	R15	Ar * + O2 → Ar + O( 3 P) + O( 1 D) (1)	2.0 • 10 -10	5.4	10 ,12
	R16	Ar * + CH4 → Ar + CH2(ν) + 2 • H	3.3 • 10 -10	2.3	10 ,13
	R17	Ar * + CH4 → Ar + CH + H2 + H	5.8 • 10 -11	2.4	10 ,13
	R18	Ar * + CH4 → Ar + CH2(ν) + H2	5.8 • 10 -11	6.8	10 ,13
	R19	Ar			

* + CH4 → Ar + CH3(ν) + H 5.8 • 10 -11 7.1 10 ,13 R20 e + O2 → e + O( 3 P) + O( 3 P) (2) k = k(E/N ) 1.0 14 ,15 R21 e + O2 → e + O( 3 P) + O( 1 D) (2) k = k(E/N ) 1.0

Table 1 :

 1 System of reactions involving charged and electronically-excited particles in CH4 : O2 : Ar mixture

	No	Reaction	Rate constant *	ε k , eV	Ref
	R22	O( 1 D) + O2 → O( 3 P) + O2(b 1 Σg,ν)	3.2 • 10 -11 • exp(67/T)	0.34	16
	R23	O( 1 D) + CH4 → CH3 + OH (3,4)	2.2 • 10 -10	1.86	17
	R24	O( 1 D) + Ar → O( 3 P) + Ar	7.7 • 10 -13	1.97	18
	R25	e + O 2 → e + O 2 (A,c,C)	k = k(E/N )		14 ,15
	R26	e + O2 → e + O2(b 1 Σg)	k = k(E/N )		14 ,15

Table 2 :

 2 Production of active species in CH4:O2:Ar=8:16:76 mixture.

	P=15 bar, T=960 K, E/N=80 Td, W=0.07				
		O( 3 P)/N	H/N	OH/N	CH3/N	CH2/N	O2(b)	δT, K
	with O( 1 D)	7.15•10 -3	1.74•10 -3	3.47•10 -3	4.73•10 -3	2.41•10 -4	4.28•10 -3	58
	without O( 1 D)	1.06•10 -2	1.75•10 -3	0	1.27•10 -3	2.42•10 -4	3.21•10 -3	64

,15 
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