R Le Dortz 
  
C Strozzi 
  
J Sotton 
  
M Bellenoue 
  
Evaluation of the surrogates capacity to reproduce the laminar burning velocities and the sensitivity to stretching of a commercial kerosene under constant volume combustion conditions

Keywords: laminar burning velocity, kerosene surrogate, spherical flame

ou non, émanant des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

For many years, aeronautical industry has favoured heavy fuels due to their safety characteristics (low saturation vapour pressure) and storage and transport simplicities. Pollutant emissions are actually a major issue in the design of current turbo-engines. Aviation represents approximately 3 % of global energy consumption, and the number of aircraft passengers will continue to increase with an annual growth rate of around 5 % [START_REF]Internation energy outlook 2016[END_REF]. In order to deal with this continuing growth, environmental international bodies as ACARE for Europe (Advisory Council for Aviation

Research and Innovation in Europe) suggest more and more drastic objectives in terms of pollutant emission and consumption reduction [START_REF] Flightpath | Europe's vision for aviation -Report of the high level group on aviation research[END_REF]. Indeed, CO 2 emissions and NO x releases into the atmosphere should be reduced respectively by 75 % and 90 % in 2050, in comparison with aircrafts produced in 2000. These objectives are difficult to achieve with current turbo-engines architecture, which already has a very significant degree of maturity. Therefore, innovative solutions with technological breakthrough are in development, like constant-volume combustion which promises a 10 % to 20 % consumption reduction in comparison to current engines [3] [4]. The design of new types of combustors with low consumption and low emission is a key for future turbo-engines.

As a first step, a better understanding, characterization and control of combustion process of kerosene-air mixtures during constant-volume combustion is necessary. In particular, knowledge on the basic premixed combustion properties of kerosene/air mixtures still has to be improved. This is the case especially for the flame front propagation and the stretching impact on the flame in laminar adiabatic conditions. Laminar burning velocity is the most essential combustion properties and the key parameter related to combustion processes [START_REF] Konnov | A comprehensive review of measurements and data analysis of laminar burning velocities for various fuel+air mixtures[END_REF], like constant-volume combustion process, spark-ignition piston engines or constant-pressure combustion (gas turbines for example), in association with Markstein length that characterizes the fuel capability to resist to stretching during propagation. Although laminar burning velocity were extensively studied over the last decades with various techniques, only a few recent publications deal with these essential data for liquid jet fuels. The first works about measurements of laminar burning velocities for kerosene were realized by Singh et al. [START_REF] Singh | Experimental and kinetic modeling study of the combustion of n-decane, Jet-A, and S-8 in laminar premixed flames[END_REF] who have completed measurements in a spherical combustion chamber for an initial temperature of 400 K and an initial pressure of 0.1 MPa. At the same time, Kumar et al. [START_REF] Kumar | Laminar flame speeds and extinction limits of preheated n-decane/O 2 /N 2 and n-dodecane/O 2 /N 2 mixtures[END_REF] studied the influence of initial temperature on laminar burning velocity with a counterflow burner set-up. In 2013, Hui and Sung [START_REF] Hui | Laminar flame speeds of transportation-relevant hydrocarbons and jet fuels at elevated temperatures and pressures[END_REF] and Hui et al. [START_REF] Hui | Experimental studies on the combustion characteristics of alternative jet fuels[END_REF] also employed a counterflow burner set-up for observing initial pressure and initial temperature effects. The first truly comprehensive study was realized by Vukadinovic et al. [START_REF] Vukadinovic | Influence of pressure and temperature on laminar burning velocity and markstein number of kerosene jet a-1: Experimental and numerical study[END_REF] who made measurements over a large panel of initial conditions (initial temperatures between 373 K and 473 K and initial pressures up to 0.8 MPa) using a spherical combustion chamber. A similar study was done by Wu et al. [START_REF] Wu | Experimental investigation of laminar flame speed measurement for kerosene fuels: Jet a-1, surrogate fuel, and its pure components[END_REF] with a conical Bunsen burner. Finally, Richter et al. [START_REF] Richter | Measurements of the laminar burning velocity of neat jet fuel components[END_REF] have also presented measurements of laminar burning velocities for a kerosene/air premixed flame with a Bunsen burner, considering initial temperature of 473 K and initial pressures variation up to 0.6 MPa. Among the important number of studies concerning laminar burning velocities measurements of keroseneair premixed flames, very few of them have been realized by using spherical flames methods at high pressure and temperature.

The characterization of commercial jet fuels involves a major problem: their composition is made with hundreds of components, and depends on its production place [START_REF] Violi | Experimental formulation and kinetic model for JP-8 surrogate mixtures[END_REF]. Low stability over time must also be considered. In order to solve this problem and to obtain reproducible experiments, the laboratory experiments are often performed with a surrogate fuel that must represent kerosene. It is composed of a few species and most studies uses from one to about ten components. They represent globally the main components of a commercial jet fuel: n-alkanes, i-alkanes, cycloalkanes and aromatics. The surrogates should represent both the chemical and physical properties of the kerosene.

An important number of surrogates were proposed in the past decades. In particular, Dagaut and Cathonnet [START_REF] Dagaut | The ignition, oxidation, and combustion of kerosene: A review of experimental and kinetic modeling[END_REF] reviewed the main part of tested jet fuel surrogates proposed up to 2006, both experimentally and numerically. More complex surrogates were developed after 2006, with an improved representativeness relative to commercial kerosenes, in particular in terms of combustion properties, see for instance the works of Humer et al. [START_REF] Humer | Experimental and kinetic modeling study of combustion of JP-8, its surrogates and reference components in laminar nonpremixed flows[END_REF], Honnet et al. [START_REF] Honnet | A surrogate fuel for kerosene[END_REF],

Bruno & Huber [START_REF] Bruno | Evaluation of the physicochemical authenticity of aviation kerosene surrogate mixtures. part 2: Analysis and prediction of thermophysical properties[END_REF], Dooley et al. [START_REF] Dooley | A jet fuel surrogate formulated by real fuel properties[END_REF], Dooley et al. [START_REF] Dooley | The experimental evaluation of a methodology for surrogate fuel formulation to emulate gas phase combustion kinetic phenomena[END_REF] and Kim, Martz & Violi [START_REF] Kim | A surrogate for emulating the physical and chemical properties of conventional jet fuel[END_REF].

In parallel, there is a considerable interest in the scientific community to develop kinetic models better representing the combustion processes of kerosene. Some of the authors evoked above developed their own chemical kinetic mechanism, corresponding to the proposed surrogate. To be validated, these mechanisms must be tested over a large panel of conditions and parameters (laminar burning velocities, ignitions delays, molar fractions profiles...). Still considering numerical simulations, the experimental measurements of these fundamental parameters can be useful for determining the local characteristics of the flame-turbulence interaction in simulations of turbulent combustion: some models explicitly employ data on laminar burning velocity to perform calculations [START_REF] Merci | Modeling of turbulent combustion[END_REF].

Subsequently, the following surrogates were chosen to perform measurements:

1. two mono-component surrogates: n-decane and n-dodecane, which are frequently employed as mono-component kerosene surrogate, because they are the main components of a commercial kerosene.

2. the Dagaut surrogate (74 % n-decane, 15 % n-propylbenzene and 11 % n-propylcyclohexane, % vol) [START_REF] Dagaut | The combustion of kerosene: Experimental reults and kinetic modelling using 1-to 3-component surrogate model fuels[END_REF]: this surrogate is selected because its reduced kinetic mechanism is employed for aeronautical applications [START_REF] Linassier | Application of numerical simulations to predict aircraft combustor ignition[END_REF] [24], especially in industry. Nevertheless, to the knowledge of the authors, only a recent paper reports experimental data for this surrogate in terms of flame velocity and Markstein length [START_REF] Wu | Experimental investigation of laminar flame speed measurement for kerosene fuels: Jet a-1, surrogate fuel, and its pure components[END_REF], and it is based on a different technique of flame velocity measurement (Bunsen burner). Moreover, the reduced kinetic mechanism employed to represent the surrogate was only validated to model molar fraction profiles in perfectly stirred reactors and ignition delays in shock tubes [START_REF] Luche | Elaboration of reduced kinetic models of combustion[END_REF]. This highlights the relevance of an additional validation work concerning laminar burning velocities.

3. the MURI2 surrogate (40.4 % n-dodecane, 29.5 % iso-octane, 7.3 % 1,3,5-trimethylbenzene and 22.8 % npropylbenzene, % vol) [START_REF] Dooley | The experimental evaluation of a methodology for surrogate fuel formulation to emulate gas phase combustion kinetic phenomena[END_REF]: a more recent comprehensive surrogate may be chosen for this study. Among the most recent surrogates of the literature, UM1 and UM2 of Kim et al. [START_REF] Kim | A surrogate for emulating the physical and chemical properties of conventional jet fuel[END_REF] were the ones which seemed to best represent the behaviour of a commercial kerosene, but these surrogates are constituted with iso-cetane, which is a very complex component to vaporize. Measurements of this study are realized for gaseous phase premixed flames, requiring a perfect control of the liquid vaporization. The MURI2 surrogate is the third other surrogate which best represents a commercial kerosene according to literature, with components whose vaporization is manageable and also with an available chemical mechanism, that's why this surrogate was chosen here.

The present study focuses on laminar burning velocities and Markstein lengths of a commercial kerosene and some surrogates premixed with air, and measured using a new spherical combustion chamber at high temperatures and pressures. The aim of this study is firstly to bring a new database for characterizing kerosene/air premixed flames, and secondly to analyse the representativeness of the selected surrogates in comparison with a commercial kerosene.

The capacity of some chemical kinetic schemes to reproduce numerically the behaviour of surrogates is also evaluated.

The experimental set-up and the associated post-processing tools are first validated with a well-known mixture of ndecane/air. Experimental results are detailed in sections below, for initial temperatures ranging from 400 K to 470 K, initial pressures of 0.1 MPa to 0.5 MPa and equivalence ratios varying between 0.6 to 1.5. Results are compared to numerical simulations and to previous studies.

Experimental methodology

Experimental set-up

The experimental set-up is constituted by four parts: a combustion chamber, a filling gas and liquids system, a spark ignition system and a high-speed Schlieren recording system. The combustion chamber is a stainless-steel spherical vessel with a 4.2 L inner volume (0.2 m in diameter), fitted with two UV-sapphire windows with a 0.07 m diameter (Fig. 1) to ensure optical diagnosis. The vessel can be heated up to 470 K and is designed for initial pressures reaching up to 1 MPa. The walls of the chamber and the feeding lines are regulated in temperature by 24 cartridges heaters (Watlow J5A74-E80 Firefod) generating a 4800 W power, and controlled by 4 K-thermocouples (2 fixed on the vessel, and 2 fixed on the feeding lines).

The filling and emptying circuits are connected to the chamber by its lower part. When the mixture is quiescent (120 seconds of rest after fan mix and before ignition) and ready to burn, combustion is initiated with an electrical discharge of approximately 20 mJ -electrical energy -provided by a high voltage power supply and deposed between two pin to pin tungsten electrodes with a 1 mm diameter by an inductive ignition circuit (plug top coils Beru ZSE 041). The gap between the electrodes is adjustable and set to 1 mm for this study.

Chamber pressure variation during combustion is measured by a piezoelectric dynamic pressure transducer (Kistler 6054AR 0-250 bar) protected with a 2 mm thick silicone layer, and used with a Kistler ICAM amplifier (Type 5073A). The flame propagation is monitored by a Schlieren visualization system (Fig. 2) using a high speed camera Photron 

Mixture preparation

Particular attention is paid to the preparation of the mixture: a difference between expected and real conditions (temperature, pressure, equivalence ratio, ...) can skew the results [26] [27]. The mixture preparation is automatically carried out by the method of partial pressures. Two intake lines are used for gas. A low-pressure automotive injector

(Renault ref. 8200523622
) is used to inject liquids directly in the spherical chamber, initially placed under vacuum.

Gas are then admitted into the combustion chamber and pressure is regulated by two multiplier dome pressure regulators without automatic decompression (TESCOM 44-5200). Pressures are measured by three absolute pressure transducers (MKS Baratron Type 631) calibrated with different full scales: the first on 0-100 torr (470 K heated transducer), the second on 0-1000 torr (470 K heated transducer), and the last one on 0-10,000 torr (non heated transducer)

to reach the higher tested pressures (P > 1.5 bar). These different scales provide a good accuracy on the equivalence ratio of the mixture for a large panel of fuels (uncertainty on equivalence ratio lower than 1.5 %). The experimental protocol ensures a chemical composition for the mixture as close as possible to the target mixture, eliminating products of combustion from the previous test (like condensed water) by completing two vacuum up to reach a chamber pressure lower than 1 mbar.

A first important point in mixture realization is the purity of chemical components. Components of the kerosene are saturated linear hydrocarbons from octane to hexadecane, and decane and undecane are the main components of this sample. Branched hydrocarbons are also present, from C 9 to C 15 . Finally, the commercial kerosene is also constituted with aromatics, present in a proportion of 22 %, while aliphatic hydrocarbons are present in a proportion of 78 %. This composition is in agreement with Violi et al. [START_REF] Violi | Experimental formulation and kinetic model for JP-8 surrogate mixtures[END_REF]. From this analysis, the average chemical formula of this commercial kerosene is C 10.51 H 21.23 .

A second important criterion is the volatility of these chemical components. Studies on premixed flames of air and kerosene, or more generally heavy hydrocarbons, are a real challenge. These chemical components have high boiling temperatures and low vapour pressures, which can limit test conditions in gaseous phase, due to condensation occurring when cold spots are present. Vaporization should be perfectly ensured to control mixture preparation and components should have vapour pressures which are high enough. Fig. 4 shows experimental measurements of vapour for each chemical compound [START_REF] Yaws | To estimate vapour pressure easily. antoine coefficients relate vapor pressure to temperature for almost 700 major organic compounds[END_REF].

log P = A - B T + C (1) 
Among the chemical species employed in this study in jet fuel surrogates, n-decane and n-dodecane are the limiting species for defining the test conditions because their low volatility (Fig. 5). As these components are present in a limited quantity, the Dagaut and the MURI2 surrogates are more volatile, so these mono-component surrogates will be considered as limiting cases. As an example, considering a n-dodecane/air mixture with an initial temperature T 0 = 400 K, mixtures with equivalence ratio Φ = 1.2 will be impossible for an initial pressure higher than 0.5 MPa.

Based on the above considerations, and taking a safety margin with the saturating vapour pressures, tests could be realized for an initial temperature from 400 K to 470 K, for initial pressures up to 0.5 MPa (for the lowest equivalence ratios), and covering equivalence ratios ranging from 0.6 to 1.5. These conditions should not cause liquid condensation problem in the combustion chamber. Indeed, injected quantities of fuels and consequently, the injected pressures, are very low and inferior to the saturating vapour pressures for the considered thermodynamical conditions, allowing the vaporization of fuels inside the combustion chamber. 

Laminar burning velocity measurements

The time-evolution of the flame radius R f (t) is extracted frame per frame from the Schlieren records using a Matlab program. Pictures are binarized and the flame edge is determined automatically. Area of the flame is then calculated along with the equivalent radius. The propagation speed S b is calculated from the radius time-evolution with a second-order centred scheme. The stretch rate κ is also evaluated in order to extrapolate the unstretched laminar burning velocity related to burnt gases S 0 b and the Markstein length £ b with the non-linear model of Kelley and Law [START_REF] Kelley | Nonlinear effects in the extraction of laminar flame speeds from expanding spherical flames[END_REF] (Eq. ( 2)). This model best represents the flame evolution (Fig. 6) in comparison to the linear model of Markstein [START_REF] Markstein | Non-steady flame propagation[END_REF] which is limited to small stretch rate and to Lewis numbers close to unity (Eq. ( 3)). The unstretched laminar burning velocity S 0 u and Markstein length £ u related to unburnt gases are finally determined with the expansion ratio σ = ρ u /ρ b , where ρ u and ρ b are respectively the unburnt and burnt gas density.

      S b S 0 b       2 ln       S b S 0 b       2 = - 2£ b κ S 0 b (2) S b = S 0 b -£ b κ (3 
Their values are calculated for an adiabatic combustion using CANTERA [START_REF] Goodwin | Cantera: an object-oriented software toolkit for chemical kinetics, thermodynamics and transport processes[END_REF] and the thermodynamical properties of chemical kinetic mechanisms of Wang et al. [START_REF] Wang | A high-temperature chemical kinetic model of n-alkane (up to ndodecane), cyclohexane, and methyl-, ethyl-, n-propyl and n-butyl-cyclohexane oxidation at high temperatures[END_REF], Luche [START_REF] Luche | Elaboration of reduced kinetic models of combustion[END_REF] and MURI2 [START_REF] Dooley | The experimental evaluation of a methodology for surrogate fuel formulation to emulate gas phase combustion kinetic phenomena[END_REF] presented in section 3. The non-linear extrapolation only accounts for the range of flame radii included between 10 mm and 25 mm to prevent ignition and confinement effects. Furthermore, when the recorded frames display cells on the flame, they are discarded. Cellular structures can also appear outside the range of radii employed for the extrapolation of laminar burning velocity. These instabilities are due to hydrodynamic and thermodiffusive effects. They generate a flame front acceleration and appear more rapidly with increasing pressure and equivalence ratio. Additionally, the pressure rise due to the flame propagation inside the chamber must be negligible to ensure the validity of this post-processing method. This is verified by reading the pressure evolution inside the chamber during the combustion phase (Fig. 7). It can also be noticed that the maximal pressure during combustion phenomenon reaches 95 % of the theoretical adiabatic pressure in confined volume for a stoichiometric n-decane/air mixture at initial temperature 400 K and initial pressure 0.1 MPa. This confirms the hypothesis that combustion is adiabatic during the operational phase. Also, the values of the laminar burning velocities shown in the paper is corresponding to one measurement: more precisely, the equivalence ratio is calculated for every measurement, depending on the partial pressures of air and fuel in the combustion chamber. Considering the difficulty in performing two tests with perfectly same conditions, the number of tests carried out to cover the whole range of the equivalence ratios range is more important in this study than in the studies of the literature, which perform generally a maximum of ten points by repeating their tests. 

Results

Experimental conditions

The main interest of this study is the characterization of the propagation for kerosene/air premixed flames in thermodynamic conditions similar to operating conditions encountered in aircraft engines, i.e. high temperatures and pressures. In order to observe the influence of these parameters on the laminar burning velocity, different conditions are tested here with the spherical combustion chamber. In this work, after a validation phase using n-decane/air mixture at T 0 = 400 K and P 0 = 0.1 MPa, laminar burning velocities are firstly measured for a commercial kerosene/air premixed flame at initial temperatures T 0 equal to 400, 425 and 470 K, initial pressures P 0 = 0.1 to 0.5 MPa, and for equivalence ratios from 0.6 to 1.5 (Table 1).

Secondly, in order to evaluate the ability of the different surrogates to reproduce the behaviour of a commercial kerosene, measurements are also realized for the same thermodynamic conditions. The experimental conditions are synthesized in Table 1. The first results are reported in Fig. 8. On this figure, the evolution of laminar burning velocity versus equivalence ratio determined with Cantera and JetSurF 2.0 chemical kinetic scheme is also plotted. The maximum estimated uncertainty of the measurements obtained in this study is less than 4 cm/s. This uncertainty also takes into account the uncertainty on extrapolation according to the York method [START_REF] York | Unified equations for the slope, intercept, and standard errors of the best straight line[END_REF] which is rarely taken in consideration by the authors.

S 0 u vs Φ S 0 u vs P 0 (0.6 < Φ < 1.5) (0.1 MPa < P 0 < 0. 5 
This method is only applicable for a linear extrapolation. To use this method with the non-linear model of Kelley and Law, the equation ( 2) can be rewritten as follows: On the contrary, the experimental results shown are in excellent agreement with those of literature using the spherical bomb method and the non-linear extrapolation method of Kelley and Law for measuring laminar burning velocities [6] [37]. Indeed, on average, differences of 0.7 % over the lean side and of 2.6 % over the rich side are observed in comparison with the results of Comandini et al. [START_REF] Comandini | Laminar flame speeds of n-decane, n-butylbenzene, and n-propylcyclohexane mixtures[END_REF]. In addition, the very good agreement obtained between our measurements and calculations with JetSurf 2.0 mechanism must be underlined: the differences are respectively evaluated at 2.3 %, 2.1 % and 3.5 % at stoichiometry, on the lean and the rich side. The experimental set-up and the associated signal post-processing procedure considering the non-linear model for the unstretched laminar burning velocity determination can be considered as validated for liquid fuels. This reference case is realized periodically to verify there is no variation in the experimental protocol, and to validate new measurements performed with other components. By the way, the experimental measurements confirm the results of literature employing the same technique, and more especially the recent results of Comandini et al. [START_REF] Comandini | Laminar flame speeds of n-decane, n-butylbenzene, and n-propylcyclohexane mixtures[END_REF] with an excellent agreement.

ln(S b ) = ln(S 0 b ) -£ b S 0 b 2 R f S b (4 

Experimental measurements of commercial kerosene and air premixed flames

The influence of initial temperature on the evolution of unstretched laminar burning velocity versus equivalence ratio for a premixed flame constituted with commercial kerosene and air is represented in Fig. 9a. Three initial temperatures T 0 were tested: 400 K, 425 K and 470 K for an initial pressure P 0 = 0.1 MPa. Typical trends of laminar burning velocity are observed for the different tested initial temperatures: the unstretched laminar burning velocity is maximum for a slightly rich mixture and the velocity decreases abruptly as soon as one moves away from this optimum equivalence ratio. Similarly to literature, the fundamental burning speed significantly increases when T 0 increases for thermodynamic conditions with the same initial pressure and equivalence ratio.

The influence of initial pressure was also studied in Fig. 9b for a fixed initial temperature T 0 = 470 K. Two initial pressures were tested: P 0 = 0.1 MPa and P 0 = 0.3 MPa. Contrary to the initial temperature effect, the unstretched laminar burning velocity decreases when the initial pressure increases. Over all tested conditions, the usual bellshaped curves are observed with a maximum velocity obtained for a slightly rich mixture. realized with spherical expanding flames. Similarly to the analysis of the results concerning n-decane/air premixed flames, measurements performed with a counterflow flames set-up are largely higher than those of the other methods.

However, the fact that kerosenes employed in the different studies are not the same than our chemical composition (C 10.51 H 21.23 ) has to be taken into account: Vukadinovic et al. [START_REF] Vukadinovic | Influence of pressure and temperature on laminar burning velocity and markstein number of kerosene jet a-1: Experimental and numerical study[END_REF] and Wu et al. [START_REF] Wu | Experimental investigation of laminar flame speed measurement for kerosene fuels: Jet a-1, surrogate fuel, and its pure components[END_REF] have considered the mean chemical formula of their kerosene are C 11.16 H 20.82 , adopting the formula of Faith et al. [START_REF] Faith | Heat sink capability of jet fuel: heat transfert and cooling studies[END_REF] ; Kumar et al. [START_REF] Kumar | Laminar flame speeds and extinction limits of conventional and alternative jet fuels[END_REF] and Hui and Sung. [START_REF] Hui | Laminar flame speeds of transportation-relevant hydrocarbons and jet fuels at elevated temperatures and pressures[END_REF] have, for their part, used the Jet-A POSF 4658 with the mean chemical formula C 10.17 H 19.91 .

The other authors do not specify the chemical formula but a GC/MS analysis is generally available. The composition is similar for all the different works, which justifies, even if the formula deviates, the fact that the results are very close: the maximum reached values and the flare of the velocity versus equivalence ratio are similar. The difficulty of knowing precisely the mean chemical formula can have an impact on the determination of the equivalence ratio, and as a consequence induce an offset for the experimental measurements of the laminar burning velocities. 

Ability of the surrogates to replicate the commercial kerosene

After studying quantitatively the influence of the initial temperature, the initial pressure and the equivalence ratio on premixed flames of commercial kerosene/air, the representativeness of these results by the surrogates selected in this study is tested in this section.

Pure components

Firstly, the representativeness of the unstretched laminar burning velocity of a commercial kerosene is evaluated for pure chemical components, frequently employed to represent commercial kerosenes: n-decane and n-dodecane.

Fig. 11 compares the evolution of the unstretched laminar burning velocity versus equivalence ratio between the commercial kerosene, n-decane and n-dodecane for an initial pressure P 0 = 0.1 MPa and initial temperatures T 0 = 400 K and T 0 = 425 K. For the lowest and near-stoichiometric equivalence ratios, pure components tend to have a higher velocity than a commercial kerosene, with differences up to 7 cm/s. However, for rich mixtures (Φ ≥ 1.2), flame velocities of commercial kerosene and pure components are in a very good agreement. So, despite their simplicity, pure chemical components are able to represent correctly commercial kerosenes, especially for an initial temperature

T 0 = 425 K.
Based on the analysis of the kerosene composition, these two components are mainly present in comparison with other species, that can explains the fact that they are able to reproduce correctly the commercial kerosene.

The overestimation of laminar burning velocities by pure components in comparison with the commercial kerosene is in agreement with the study of Hui and Sung [START_REF] Hui | Laminar flame speeds of transportation-relevant hydrocarbons and jet fuels at elevated temperatures and pressures[END_REF]: they have found that the laminar flame speeds of Jet-A are bounded between the upper limit of n-decane and n-dodecane and the lower limit of aromatics. Additionnally, some parafins like iso-octane have lower laminar burning velocities than commercial kerosene. This analysis is coherent with our experimental measurements and demonstrates the importance and the usefulness of a multi-component surrogate with different classes of chemical components. 

Multi-components surrogates

The representativeness of the unstretched laminar burning velocity for commercial kerosene by multi-component surrogates is now studied. These mixtures of some simple components are defined in order to best reproduce physical and chemical properties of a commercial kerosene, and especially combustion properties. To compare them with the commercial kerosene, measurements of unstretched laminar burning velocities are realized in the same range of thermodynamic conditions as in section 4.2. These differences are not surprising, because in combustion phenomenon, difficulties appear from this threshold of equivalence ratio: formation of instabilities and emergence of cellular structures on the flame front, or soot generation. While the n-decane and n-dodecane were able to correctly reproduce the commercial kerosene for the highest equivalence ratios, some other components present in the multi-component surrogates should destabilize the flame front, accelerating the formation of instabilities or soot particulates. More especially, the laminar burning velocity of n-propylcyclohexane, non-negligible in the Dagaut surrogate (11 % vol), is faster than other components at high equivalence ratios. Indeed, Wu et al. [START_REF] Wu | Experimental investigation of laminar flame speed measurement for kerosene fuels: Jet a-1, surrogate fuel, and its pure components[END_REF] have compared the velocities of the different components of the Dagaut surrogate with a Bunsen burner at initial temperature T 0 = 400 K and initial pressure P 0 = 0.1 MPa. Concerning MURI 2 surrogate, Hui and Sung [START_REF] Hui | Laminar flame speeds of transportation-relevant hydrocarbons and jet fuels at elevated temperatures and pressures[END_REF] have also realized measurements of laminar burning velocities and have obtained an excellent correlation with the reference kerosene (Jet-A POSF 4658) overall equivalence ratios (T 0 = 400 K, P 0 = 0.1 to 0.3 MPa) with a counterflow flame set-up. The choice of the reference is important: depending on the choice of the commercial kerosene for a reference, results will not be identical because different kerosenes have not the same chemical composition and deviations can be observed in the laminar burning velocities.

When initial pressure is higher, a similar analysis can be done (Fig. 12b). Indeed, for a premixed flame at initial temperature T 0 = 470 K and initial pressure P 0 = 0,3 MPa, the speed drop is more important for commercial kerosene at elevated equivalence ratio (Φ ≥ 1,1) than for the surrogates. Flame speeds for lean mixtures are also correctly reproduced by the surrogates.

A greater increase of initial pressure in Fig. 13, for an equivalence ratio Φ = 0.8, generated larger deviations between commercial kerosene and surrogates. The surrogates well-reproduce the linear decrease of the unstretched laminar burning velocity with increasing initial pressure (in logscale). However, the decrease rate is not the same for surrogates: the unstretched laminar burning velocity of commercial kerosene significantly decreases with increasing initial pressure in comparison with that is observed for the surrogates. 

Ability of the chemical kinetic mechanisms to reproduce experimental results

The experimental database also serves to validate and evaluate the accuracy of the chemical kinetic mechanisms employed to estimate the unstretched laminar burning velocity. Some mechanisms available in literature and currently employed have not been subject to validation on this parameter. In this part, representativeness of the different chemical mechanisms for laminar burning velocities of some kerosene surrogates are studied.

JetSurF 2.0 chemical mechanism

JetSurF 2.0 chemical mechanism [START_REF] Wang | A high-temperature chemical kinetic model of n-alkane (up to ndodecane), cyclohexane, and methyl-, ethyl-, n-propyl and n-butyl-cyclohexane oxidation at high temperatures[END_REF] was elaborated to represent combustion phenomena for hydrocarbons (or mixture of hydrocarbons) up to n-dodecane. The estimations for laminar burning velocities performed with this chemical kinetic scheme are compared with experimental measurements of this work for n-decane and n-dodecane. For the first case, the chemical mechanism JetSurF 2.0 is able to reproduce with an excellent correlation the laminar burning velocities for n-decane/air premixed flames when initial pressure is set at ambient pressure, including when temperature increases. The numerical simulations tends to slightly underestimate ( 2 cm/s) the fastest experimental velocities (i.e. for equivalence ratios between 1 and 1.2). However, discrepancies become more important when pressure increases. Indeed, for an initial pressure P 0 = 0.3 MPa, the numerical simulations underestimate experimental velocities by around 5 cm/s for equivalence ratios up to 1.2. Beyond this equivalence ratio, numerical simulations are in good agreement with experimental measurements.

Regarding the n-dodecane, the amplitude and the flare of experimental velocities curve are well-reproduced, with a slight offset in terms of equivalence ratios (+ 0.03).

In general terms, JetSurF 2.0 chemical mechanism reproduces well combustion phenomenon (in terms of laminar burning velocity) for heaviest hydrocarbons (n-decane and n-dodecane) when initial pressure is equal to P 0 = 0.1 MPa.

Nevertheless, discrepancies seem to appear for highest pressures. The realization of additional experimental measurements and numerical simulations would allow to study in more detail the representativeness of JetSurF 2.0 chemical mechanism for n-decane/air and n-dodecane/air premixed flames.

Luche reduced chemical mechanism

Chemical kinetic mechanism dedicated to Dagaut surrogate is the Luche reduced mechanism [START_REF] Luche | Elaboration of reduced kinetic models of combustion[END_REF]. This mechanism has never been compared with experimental measurements concerning laminar burning velocity, excepted in the recent work of Wu et al. [START_REF] Wu | Experimental investigation of laminar flame speed measurement for kerosene fuels: Jet a-1, surrogate fuel, and its pure components[END_REF] with experimental measurements realized with a Bunsen burner.

The comparison between experimental measurements of this study in spherical chamber and numerical simulations performed with Luche reduced kinetic mechanism is represented in Fig. 15 and Fig. 16, where unstretched laminar burning velocities are plotted for various initial temperatures, initial pressures and equivalence ratios. A comparison with [START_REF] Wu | Experimental investigation of laminar flame speed measurement for kerosene fuels: Jet a-1, surrogate fuel, and its pure components[END_REF] is also realized. pressure on unstretched laminar burning velocities, including for highest initial pressures. This is important for aeronautical applications where pressure inside the chamber is high and constant, and also for some innovative combustion modes like CVC, where significant temporal variations of pressure occur.

The validation of Luche reduced mechanism realized by Wu et al. [START_REF] Wu | Experimental investigation of laminar flame speed measurement for kerosene fuels: Jet a-1, surrogate fuel, and its pure components[END_REF] for unstretched laminar burning velocities determined by Bunsen burner is confirmed in this study for spherical expanding flames and is also extended (for example with the evolution of laminar burning velocities for several equivalence ratios at initial temperature T 0 = 470 K and initial pressure P 0 = 0.3 MPa). This chemical scheme is able to reproduce unstretched laminar burning velocities of both works with a relative deviation lower than 10 % in the main cases. The model is more especially located between both experimental measurements of this study and of Wu et al. at lean and rich conditions, and slightly overestimates both experiments near stoichiometry overall tested conditions at atmospheric initial pressure. Nevertheless, higher deviations can be noted for highest equivalence ratios.

Experimental sensitivity of flame speed to stretch

The sensitivity to stretch of premixed combustion phenomenon is characterized by the Markstein length parameter.

The Markstein length is deduced by extrapolation with the evaluation of laminar burning velocity in equation ( 4). The use of spherical expanding flames allows a simple and rapid determination of this parameter in comparison with other measurement methods. More particularly, the Markstein length represents the response of flame front to stretch and its stability to thermo-diffusive effects. Indeed, the Markstein length is directly in relation with the Lewis number [START_REF] Law | Structure, aerodynamics, and geometry of premixed flamelets[END_REF].

An unstable flame is characterized by a Lewis number lower than the critical Lewis number (generally equivalent to unity), corresponding to a negative Markstein length. Also, a decrease in flame front stretch implies a diminution of the flame speed. On the contrary, a stable flame is characterized by a Lewis number higher than the critical Lewis number and by a positive Markstein length. A decrease in flame front stretch implies an increase of the flame speed.

Finally, when the Lewis number of the mixture is equal to the critical Lewis number, the Markstein length is equal to zero.

For the different operating conditions presented previously, the evolutions of the Markstein length £ u regarding the equivalence ratio for the different premixed flames of kerosene and air are plotted in Fig. 17a and Fig. 17b. By analysis of both figures, an increase in equivalence ratio generates a decrease in the Markstein length for the commercial kerosene and its surrogates. In the case of premixed flames at initiale pressure P 0 = 0.1 MPa, the variation of initial temperature T 0 have no influence on the stability of the flame front. The transition from stable to unstable flame takes places for a same equivalence ratio Φ regardless of the initial temperature. However, the variation of initial pressure has an impact on the stability of the flame front: an increase in initial pressure increases the instability of the flame front for a given equivalence ratio.

The representativity of the commercial kerosene sensitivity to stretch by the surrogates is also analyzed. For lean mixtures (Φ < 1.1), the stability of the flame front is well-reproduced by the surrogates. However, surrogates flames are more stable than flames of the commercial kerosene: at atmospheric pressure, the transition from stable to unstable flame occurs at equivalence ratio Φ 1.3 for the commercial kerosene and air mixture, while this transition occurs at equivalence ratio Φ 1.38 for the surrogates and air mixtures. These differences in sensitivity to stretch and in stability for rich mixtures echo the analysis of laminar burning velocity measurements where a deviation for rich mixtures has been underlined. This deviation is dependent of the fuel composition: Lewis and Von Elbe [START_REF] Lewis | Combustion, Flames and Explosions of gases[END_REF] have shown that the stability of the flame and the size of the cellularities depend on the molar mass of the fuel. The cells size decreases when the pressure and the molar mass increase. The commercial kerosene is constituted of hundreds of components and some of these components have a high molar mass compared to surrogates components which impact the stabilty of the flame. These measurements of Markstein lengths for kerosene and some of its surrogates are totally innovative and allow to better understand the sensitivity of flame speeds to stretch for these fuels.

Conclusion

The laminar burning velocities of single-and multi-component jet fuel surrogates are measured in this study using a new spherical bomb chamber developed at Institut PPRIME. A non-linear extrapolation model is employed for determining the laminar burning velocities in various conditions of initial temperatures, initial pressures and equivalence ratios. The experimental method was firstly validated from literature results using a n-decane/air premixed flame at initial temperature T 0 = 400 K and initial pressure P 0 = 0.1 MPa.

Then, laminar burning velocities were determined for a mixture of commercial kerosene (mean chemical compo- ) was also studied. In general terms, pure components well-reproduce the laminar burning velocities for highest equivalence ratios, whereas lowest equivalence ratios are source of deviation which can become important depending on the case. On the contrary, multi-component surrogates well-reproduce the unstretched laminar burning velocities for the lowest equivalence ratios, and deviate from commercial kerosene for highest equivalence ratios. This phenomenon, for multi-component surrogates, is confirmed with the analysis of Markstein length measurements. In general, the difference is more important for rich equivalence ratios. This deviation for highest equivalence ratios is common in literature. When the mixture is rich, some instabilities begin to appear and soot are formed during combustion process. Meanwhile, all tested surrogates are able to well-reproduce the maximum of laminar burning velocity whatever thermodynamic conditions (pressure, temperature), but the equivalence ratio for which this maximum is obtained varies with mixtures. The increasing of initial pressure is the parameter implying the most important differences between commercial kerosene and the surrogates. Indeed, measurements at fixed equivalence ratio Φ = 0.8 and initial temperature T 0 = 470 K shows that the flame velocity of commercial kerosene declines far more precipitously than surrogates case when initial pressure increases. A generalization for other thermodynamic conditions would necessitate additional measurements. Thus, depending on what is interesting to reproduce for experimental or numerical investigators, pure components should not be excluded as a representative of commercial kerosene, which have a simple chemical composition and also a good representativeness of the laminar burning velocities, despite the fact that a commercial kerosene is constituted with hundreds of chemical components which affects the evolution of the laminar burning velocity. Capacity of reproducing unstretched laminar burning velocities numerically with chemical mechanisms is evaluated. JetSurF 2.0 reproduces with an excellent agreement the flame velocities of n-decane/air and n-dodecane/air premixed flames for tested conditions (deviations lower than 4 % at atmospheric pressure and lower than 11 % at initial pressure P 0 = 0.3 MPa). In the same way, Luche reduced chemical mechanism well-reproduces the behaviour of Dagaut surrogate and can be employed to model laminar burning velocity of a commercial kerosene (deviations lower than 6 % for overall tested conditions). Finally, the sensitivity of laminar burning velocity to stretch is also studied with the first determination of experimental measurements of Markstein lengths for the commercial kerosene and the multi-component surrogates, with the conclusion that the surrogates seems to be slightly more stable than the commercial kerosene.
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 1 Figure 1: Spherical Combustion Chamber

FASTCAMFigure 2 :

 2 Figure 2: Schlieren optical system with spherical combustion chamber
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 3 Figure 3: GC/MS analysis of the commercial kerosene
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 4 Figure 4: Saturation curves for hydrocarbons components used in jet fuel surrogate following the Antoine law

Figure 5 :

 5 Figure 5: Achievable mixtures according to thermodynamic conditions for n-C 10 H 22 /air (solid line) and n-C 12 H 26 /air (dashdot line)

Figure 6 :

 6 Figure 6: Extrapolation model for a n-decane/air mixture at initial temperature T 0 = 400 K, P 0 = 0.1 MPa and equivalence ratio Φ = 1.0

Figure 7 :

 7 Figure 7: Time-evolution of the pressure during combustion phenomenon for a n-decane/air mixture at initial temperature T 0 = 400 K, initial pressure P 0 = 0.1 MPa and equivalence ratio Φ = 1.0
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 2 Experimental set-up and signal processing validation with n-decane/air flamesThe first measurements of laminar burning velocities with liquid fuels were performed using n-decane/air mixture to validate the experimental set-up measurement and the Matlab post-processing algorithm, in comparison with data from literature and numerical simulations. n-Decane/air flames were tested at initial temperature T 0 = 400 K, initial pressure P 0 = 0.1 MPa and equivalence ratios Φ = 0.7 -1.5. Over the last years, n-decane/air premixed flames was subject to several studies. Measurements of laminar burning velocities were performed with different experimental setup: counterflow flames burner ([7] [8] [34][START_REF] Munzar | An experimental and reduced modeling study of the laminar flame speed of jet fuel surrogate components[END_REF]), Bunsen burner ([START_REF] Wu | Experimental investigation of laminar flame speed measurement for kerosene fuels: Jet a-1, surrogate fuel, and its pure components[END_REF]) or spherical expanding flames ([6] [36] [37]).

Figure 8 :

 8 Figure 8: Unstretched laminar burning velocity plotted versus equivalence ratio for a n-decane/air premixed flame at initial temperature T 0 = 400 K and initial pressure P 0 = 0.1 MPa (Red: Spherical flame ; Green: Bunsen burner ; Blue: Counterflow flames burner) -Numerical simulations performed with JetSurF 2.0 chemical kinetic scheme and Cantera code

Figure 9 :

 9 Figure 9: Unstretched laminar burning velocity plotted versus equivalence ratio for a commercial kerosene/air premixed flame (a) at initial pressure P 0 = 0.1 MPa and different initial temperatures T 0 and (b) at initial temperature T 0 = 470 K and different initial pressures P 0

Figure 10 :

 10 Figure 10: Unstretched laminar burning velocity plotted versus equivalence ratio for a commercial kerosene/air premixed flame at initial pressure P 0 = 0.1 MPa and initial temperatures (a) T 0 = 400 K and (b) T 0 = 470 K

Figure 11 :

 11 Figure 11: Unstretched laminar burning velocity plotted versus equivalence ratio for a premixed flame at initial pressure P 0 = 0.1 MPa and different initial temperatures T 0 -Comparison between a commercial kerosene and pure chemical components

Fig. 12 comparesFigure 12 :

 1212 Fig.12compares the evolution of laminar burning velocity versus equivalence ratio for the different multicomponent surrogates. These results are presented here for an initial pressure P 0 = 0.1 MPa and different initial temperatures in Fig.12a. Dagaut and MURI2 surrogates present values close to the commercial kerosene for the lowest equivalence ratios (Φ ≤ 1.15). The maximum is also in excellent correlation with the different surrogates. On the contrary, for the highest equivalence ratios (Φ ≥ 1.15), laminar burning velocities are not well represented. The velocities are significantly larger for the surrogates, with deviations reaching more than 10 cm/s for the most critical
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 8713 Figure 13: Unstretched laminar burning velocity plotted versus initial pressure for a premixed flame at initial temperature T 0 = 470 K and equivalence ratios Φ = 0.7 and Φ = 0.8 -Comparison between a commercial kerosene and multi-components surrogates

Fig.14a andT 0 =Figure 14 :

 014 Fig.14aand Fig.14brepresent respectively comparisons for n-decane and n-dodecane.

Figure 15 :

 15 Figure 15: Unstretched laminar burning velocity plotted versus equivalence ratio for a premixed flame of Dagaut surrogate and air (a) at initial pressure P 0 = 0.1 MPa and various temperature T 0 and (b) at various initial pressure P 0 and initial temperature T 0 = 470 K -Comparison between experimental results and numerical simulations performed with Luche reduced kinetic mechanism

8 Φ = 0. 7 Figure 16 :

 8716 Figure 16: Unstretched laminar burning velocity plotted versus initial pressure for a premixed flame of Dagaut surrogate and air at initial temperature T 0 = 470 K and equivalence ratios Φ = 0.7 and Φ = 0.8 -Comparison between experimental results and numerical simulations performed with Luche reduced kinetic mechanism

Figure 17 :

 17 Figure 17: Markstein length plotted versus equivalence ratio for a premixed flame (a) at initial pressure P 0 = 0.1 MPa and different initial temperatures T 0 and (b) at initial temperature T 0 = 470 K and different initial pressures P 0 -Comparison between a commercial kerosene and multicomponents surrogates

Table 1 :

 1 Experimental conditions for the present work

	MPa)

K 425 K 470 K 400 K 470 K Φ = 0.7 Φ = 0.8 Commercial Jet-A1 X X X X X Dagaut X X X X X X MURI2 X X X X X X n-decane X X X
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