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Introduction

Nowadays, the main objective for aircraft design and engineering is still to reduce fuel consumption. ACARE defined some fuel consumption reduction goals for 2050 (20% of fuel consumption reduction versus reference aircraft propulsion system produced in 2000 [START_REF]Flightpath 2050 Europe's Vision for Aviation[END_REF]) and beyond. Because of the high maturity level of the existent solution, new concepts need to be developed. Constant volume combustion (CVC) is one of the break-through technologies under study to reach these goals. CVC is based on the Humphrey thermodynamic cycle which considers a constant volume combustion. However, optimizing this technology provides new challenges. One of them is to characterize the combustion regime transition related to the occurrence of auto-ignition, for fuels representative of aeronautic engines applications. Indeed, depending on the reactive mixture properties, the end-gas auto-ignition during a CVC cycle may have desastrous effects on the system integrity due to strong pressure oscillations (like in piston engine and called knock). By contrast, in well controlled conditions, it can be an efficient way to control the CVC process. Indeed, auto-ignition is the principal mode of combustion of the so called shockless explosion combustion concept [START_REF] Westbrook | A comprehensive detailed chemical kinetic reaction mechanism for combustion of nalkane hydrocarbons from n-octane to n-hexadecane[END_REF]. In the both cases, a good knowledge of the deflagration to auto-ignition transition is required. One of the related fundamental issues consists in characterising the influence of the compression history on auto-ignition process. A large number of studies measure the auto-ignition delay using experimental set up such as Rapid Compression Machine (RCM) [START_REF] Kumar | Auto ignition of n-decane under elevated pressure and low-tointermediate temperature conditions[END_REF][START_REF] Bradley | Interpretation of Auto-ignition Delay times measured in defferent rapid compression machines[END_REF][START_REF] Westbrook | A comprehensive detailed chemical kinetic reaction mechanism for combustion of nalkane hydrocarbons from n-octane to n-hexadecane[END_REF][START_REF] Houidi | Interpretation of auto-ignition delays from RCM in the presence of temperature heterogeneities: impact on combustion regimes and Negative Temperature Coefficient behaviour[END_REF][START_REF] Houdi | Auto Ignition of Diesel Surrogate Fuels Under HCCI Conditions in a RCM: Impact of Cetane Number on Ignition Delay and Heat Release Rate[END_REF]. Several studies report ignition delay values measured in RCM depend on the compression history, see for instance [START_REF] Mittal | Dimethyl ether auto ignition in a rapid compression machine: Experiments and chemical kinetic modelling[END_REF]. In particular, simulations reported by Mittal et al. [START_REF] Mittal | Dimethyl ether auto ignition in a rapid compression machine: Experiments and chemical kinetic modelling[END_REF] show that radical initiation processes occur before the end of compression, which affects post-compression reactive processes. Furthermore, Bradley et al. [START_REF] Bradley | Interpretation of Auto-ignition Delay times measured in defferent rapid compression machines[END_REF] reports different RCM acquisition data obtained in the framework of the RCM workshop initiative for the same mixture in the same thermodynamic conditions. The authors work on a criterion to uniformize the different RCM results. In particular, it appears that every RCM is different and some differences in autoignition delays are reported for the same target conditions at the end of the compression [START_REF] Bradley | Interpretation of Auto-ignition Delay times measured in defferent rapid compression machines[END_REF]. Different factors can be at the origin of these differences: different heat losses in the systems, reaction during the compression duration, non-uniform ignition among others [START_REF] Bradley | Interpretation of Auto-ignition Delay times measured in defferent rapid compression machines[END_REF]. The authors propose a method based on Livengood-Wu integral (LWI) to extrapolate the results obtained from the different RCMs. The aim is to obtain the auto-ignition delay that would be measured with an instantaneous compression, e.g. for LWI = 0:

𝐿𝑊𝐼 = ∫ 𝑑𝑡 𝜏 𝑡 𝐸𝑂𝐶 𝑡 0 = 𝑐𝑠𝑡 < 1 (1) 
Where t EOC -t 0 is the compression duration and 𝜏 is the auto-ignition time. For each thermodynamic state, several coefficients LWI are obtained corresponding to all the RCM experiments, e.g. to different compression durations. By making LWI tend towards 0 by a linear interpolation, a generalized self-ignition delay is obtained for an infinitely rapid compression.

Furthermore, Reyes et al [START_REF] Strozzi | Experimental and Numerical Study of the Influence of Temperature Heterogeneities on Self-Ignition Process of Methane-Air Mixtures in a RCM[END_REF] defined two different auto-ignition delays if the mixture is instantly brought to thermodynamic conditions (« ignition delay ») or if the mixture thermodynamic conditions vary with time before the auto-ignition (auto-ignition time »). For convenience, the auto-ignition time defined by Reyes et al. [START_REF] Strozzi | Experimental and Numerical Study of the Influence of Temperature Heterogeneities on Self-Ignition Process of Methane-Air Mixtures in a RCM[END_REF] will be called auto-ignition delay in this study. Anyway, the ignition delay or the auto-ignition time are mesured to be an interval between the time when the mixture is in a considered thermodynamic (P,T) state and the time when the heat release becomes significant. In the present work, the end of compression t EOC is chosen as a reference instant to define ignition delay.

Specific Objectives

In the present work, a numerical tool is developed to model auto-ignition of mixtures submitted to a prescribed compression stroke. A parametric study is performed to further investigate the influence of the compression duration over the auto-ignition delay. Then auto-ignition results are compared with an experimental pressure signal for validation purposes, in the case of deflagration induced auto-ignition in a constant volume chamber.

Numerical tool

The main part of the study is based on the use of a combustion software Cantera. It is an opensource software developped in python that allow the user to include complex chemistry to combustion computations. The kinetic scheme used in this study is the livermore's scheme described by Westbrook et al [START_REF] Westbrook | A comprehensive detailed chemical kinetic reaction mechanism for combustion of nalkane hydrocarbons from n-octane to n-hexadecane[END_REF]. The code is used here to calculate auto-ignition delay after a compression of the end gases.

During the simulation, a volumetric compression is orchestrated by the displacement of an adiabatic wall in an adiabatic reactor containing the studied mixture.

User controls the increase of the mixture pressure. The wall's displacement speed is adapted to obtain the aimed pressure at each iteration in the reactor. In another way, the wall is used as an RCM piston whose speed is controlled by the aimed pressure time evolution in the chamber (Figure 1). This numerical tool is useful to study the behavior of the reactants during the compression phase and to investigate the influence of the compression speed over the auto-ignition delay. Once the mixture is injected in the combustion chamber, homogeneity is insured by diffusion (waiting time is 20 minutes). The combustion pressure evolution is recorded at a 2.5 MHz frequency.

Validation of the numerical auto-ignition tool

Concerning the numerical tool, the first point to check is the temperature of the end-gas just before the end of the combustion. It should be closed to the temperature obtained by an iterative calculation with a frozen chemistry. A second verification concerns the hypothesis of isentropic compression. First, the end-gas temperature is studied. A known pressure increase in the reactive mixture is imposed to the system (fresh gas). As the pressure increase is adiabatic, an iterative resolution method is used to calculate the end fresh gas temperature, e.g. temperature of the unburned mixture. It is iteratively defined by the following equation:

∫ 𝛾(𝑇) 𝛾(𝑇) -1 𝑑 ln(𝑇) = ln ( 𝑃 𝐸𝑂𝐶 𝑃 0 ) 𝑇 𝐸𝑂𝐶 𝑇 0 ( 2 
)
This equation is validated for an inert mixture with a frozen chemistry and is compared with results obtained from Gaseq software with the same thermodynamic conditions. The error found is less than 0.1%. The objectives here is to use the numerical tool to study the influence of the compression duration over the auto-ignition mechanism and more particularly over the auto-ignition delays. An ideal case of a compression with a linear rise in pressure is considered to this purpose. The Figure 3 defines the compression duration t C , the time between the beginning and the end of the imposed compression (blue). The auto-ignition delay 𝜏 is also defined as usual as the time interval between the end of imposed compression and rate of pressure rise. 2.Thermodynamic conditions for the numerical simulation. *T EOC is constant provided that negligible heat release occurs before the end of compression. Figure 4 shows the strong influence of compression duration over the auto-ignition delay. The faster the compression and the longer the auto-ignition delay. The data can be divided in two separate parts: positive and negative auto-ignition delays. In the first case, auto-ignition appears after the end of compression. If the compression duration is considered infinitely small, the auto-ignition delay would correspond to that defined by Reyes et al [START_REF] Strozzi | Experimental and Numerical Study of the Influence of Temperature Heterogeneities on Self-Ignition Process of Methane-Air Mixtures in a RCM[END_REF]. In the other cases, e.g. negative values of auto-ignition delay, auto-ignition occurs before the end of the compression. For instance, such a phenomenon can be observed when knocking combustion occurs in spark ignition engines. The influence of the initial pressure is also investigated in Figure 4. As expected, higher initial pressure (corresponding to higher final pressure) results in decreased auto-ignition delays. A critical domain is observed for compression duration ranging between 10 and 15 ms. Indeed, depending on the initial pressure, auto-ignition occurs either before or after the end of compression. The observed influence of pressure on ignition delay is expected to be less important than that of temperature. As, the same compression ratio is imposed for each simulation, temperatures are identical at the end of compression, provided that heat release during compression stroke can be neglected. This is mostly the case for positive ignition delay values. Therefore a similar pressure effect is observed for an infinitely fast compression and for compression durations lower than 15 ms. The influence of the compression duration over the auto-ignition delay is justified be the early start of auto-ignition reaction before the end of the compression. To verify this hypothesis the progress variable c is defined by the following equation:

𝑐(𝑡) = 1 - 𝑌 𝐶 10 𝐻 22 (𝑡) 𝑌 𝐶 10 𝐻 22 𝐼𝑁𝐼 (3) 
A particular point of this progress variable is studied at the end of the compression, for 𝑡 = 𝑡 𝐸𝑂𝐶 . Figure 5 reports the progress variable c(𝑡 𝐸𝑂𝐶 ) as a function of the compression duration. The shorter the compression, the smaller the progress variable. This directly confirms that for long compression strokes, chemical reactions already started before the end of compression. Another interesting point is the linear relation between the logarithm of the progress variable and the compression time at tc greater than 3 ms. 

Analysis of deflagration induced auto-ignition

Numerical simulation is finally compared with experimental results, in the case of end-gas autoignition experiment in the previously described chamber. In this respect, an electrical discharge is triggered at the top of the vessel described above. It is previously filled with a stoichiometric n-decane/O 2 /Ar mixture with molar ratios of 0.21O 2 /0.79Ar. Initial pressure is equal to 3 bar. The chamber is heated at an external wall temperature of 408 K. The non-uniform temperature distribution inside the chamber was characterized by a K thermocouple, see Figure 6. The average temperature inside the chamber is 425 K. These moderate non-uniformities lead us to examine the influence of various initial temperature values. Therefore auto-ignition is simulated for three different initial temperature values: 420 K, 425 K, and 430 K corresponding to the temperature range inside the chamber. Compression law resulting from the flame propagation is imposed following the experimental pressure trace until auto-ignition begins. For the simulation compression is then stopped at 31.5 ms. Figure 7 shows the calculated time evolution of pressure for three different initial temperature values around the chamber mean temperature (420 K, 425 K, and 430 K) and the experimental pressure signal. This experimental pressure signal is obtained for a stoichiometric n-decane/O 2 /Ar mixture with a 3 bar initial pressure and the temperature profile reported in figure 6.

Figure 6. Temperature evolution inside the chamber for a 408 K both wall and inside chamber temperature regulation.

After 31.5 ms, it can be assumed that pressure evolution is only driven by auto-ignition mechanisms.

The results for the three initial temperatures overestimate the measured auto-ignition delay by more or less one millisecond. This difference is relatively moderate, but investigations will be performed to further investigate the cause of this discrepancy. It is remarked the measured pressure oscillations result from the strong heat release rate induced by auto-ignition. They cannot be represented with the model employed here. The first part of the present manuscript highlights the strong influence of compression history on ignition delay values. This influence is further investigated in conditions related to the present deflagration-induced compression history. In particular, the results reported above are analysed at the light of constant volume simulations. In this respect, an auto-ignition temperature T Ai and an auto-ignition pressure P AI are defined: they correspond to thermodynamic conditions encountered by the unburned mixture during the flame induced compression, see Figure 7.

The auto-ignition conditions (T AI , P AI ) are listed in Table 3 for different instants t AI . The related autoignition delays are calculated as the difference between t AI and the maximum rate of pressure rise corresponding to thermal runaway. 

Conclusion

This study is part of the reflexion related to autoignition in constant volume combustion applications (CVC). Using a numerical tool, it is demonstrated that the compression duration strongly affects the autoignition delay values. This has consequences over the different experimental auto-ignition delays obtained with different experimental devices like RCMs for instance, especially compared to shock tube experiments. It is also observed that ignition delays are closely related to the progress variable at the end of compression. Different temperature conditions at the end of compression will be investigated in the future.

In the second part of the study, end-gas auto-ignition induced by flame propagation is simulated. Ignition delays are close but overestimated in comparison to the experiment. The strong influence of compression history is confirmed in this specific configuration.

Figure 1 :

 1 Figure 1: Compression mechanism used by Cantera to simulate an RCM mechanism Experimental Set-up A square section combustion chamber is used in this work. A deflagration front is initiated at high pressure and low temperature from the top of the chamber and it propagates down to the visualisation area, a 40*40 square window (Figure2). The combustion chamber is heated by heating cartridges controlled by a PID regulator. The chamber temperature is controlled by a K thermocouple. The chamber pressure is recorded using a pressure sensor Kistler 6123 positionned at the bottom of the combustion chamber (opposite position of ignition system). Mixture in the combustion

Figure 2 .

 2 Figure 2. Auto-ignition chamber visualization.

Figure 3 .

 3 Figure 3. Evolution of the control pressure and reactor pressure. Definition of the compression duration tc and the auto-ignition delay 𝜏 For the different initial pressure values, the imposed pressure control signal is defined by four (P, T) couples. They correspond respectively to the simulation start, the compression's start, the end of compression and the end of simulation. By varying those couples, compression duration t C varies from 0.1 to 25 ms and a parametric study is performed in terms of sensitivity to ignition delay. These values are chosen to be representative of durations ranging between those of shock tubes and those of RCMs. The same volumetric compression is imposed for all the computations: in the absence of heat release, it corresponds to a constant pressure ratio 𝛼 = 𝑃 𝐸𝑂𝐶 / 𝑃 0 = 8 . The results are presented in Figure 4.Temperature and pressure values at the beginning and at the end of compression are reported in Table2.

Figure 4 .

 4 Figure 4. Variation of the auto-ignition delay with the compression duration tc for different initial pressures.

Figure 5 .

 5 Figure 5. Variation of the progress variable c (t EOC ) with the compression duration tc for different initial pressure values.

Figure 7 .

 7 Figure 7. Pressure evolution during auto-ignition of n-decane/O 2 /Ar at the stoichiometry. Comparison with numerical simulation with different initial temperature (P 0 =3 bar, T 0 =420 K, T 0 =425 K and T 0 =430 K)

Figure 8

 8 reports the results of the different autoignition simulations at constant volume, e.g. without compression history. All the auto-ignition delays are longer in the absence of compression history, but the delay values decrease for increasing values of t AI . Finally at t AI = 31.5 ms, e.g. at the end of compression, the constant volume ignition delay is about twice larger than the value obtained with historical pressure evolution simulation. This confirms the strong influence of compression history in the case of endgas auto-ignition induced by flame propagation.

Figure 8 .

 8 Figure 8. Comparison between auto-ignition delays with or without compression history (respectively solid lines and dashed lines).

Table 1 :

 1 21O 2 /0.79Ar). The results are summarized in Table1for a compression speed of 10 bar/ms. Of course, the smaller the time step is, the smaller the temperature variation is, and the error with (2). For future calculations, the time step is fixed in order to imposed Δ𝑇 < 0.2 𝐾, verifying by the way that the constant 𝛾 hypothesis during a time step provides results close to reality. Influence of the time steps over TEOC and comparison with (2) TEOC = 1162 K.

	0.001	0.3	1168	0.5%
	0.005	2	1153	0.77%
	0.01	6	1119	3.7%

In the model, compression is considered as isentropic and 𝛾 as constant between two time steps. A parametric study is made to evaluate the influence of Δ𝑇 over T EOC for a compression ratio set at 𝛼 = 𝑃 𝐸𝑂𝐶 /𝑃 0 = 8 (maximum value of compression by flame propagation in a constant volume chamber), for 3 an inert mixture (0.

Δ𝑡 (ms) Δ𝑇 (K) T EOC (K) Error with

(2) 

Table 2 .

 2 

	P 0 (bar)	T 0 (K) 𝛼 =	𝑃 𝐸𝑂𝐶 𝑃 0	(bar) P EOC	T EOC (K)
	2	400	8	16	744*
	3	400	8	24	744*
	4	400	8	32	744*
	5	400	8	40	744*
	Table				

Table 3 :

 3 Thermodynamic conditions (P AI ,T AI ) for constant volume auto-ignition delay 𝜏, e.g. calculated without compression history.

	t AI (ms)	P AI (bar)	T AI (K)	𝜏 (ms)
	28	14.0	675	15.1
	29	15.2	691	9.26
	29.5	15.8	699	7.36
	30	16.6	708	5.73
	30.5	17.5	719	4.3
	31	19	736	2.87
	31.5	20.18	750	2.12

Digital proceedings of the 8th European Combustion Meeting, 18-21 April 2017, Dubrovnik, Croatia

Acknowledgements

This work is part of an industrial Chair CAPA, a research program on alternative combustion modes for air-breathing propulsion (Combustion Alternatives pour la propulsion Aérobie) supported by SAFRAN, MBDA Missiles systems and the Agence Nationale de la Recherche. The authors gratefully acknowledge Quentin Michalski, Laurence Bonneau and Alberto Caceres for their help during this work.