Large Eddy Simulation of swirled spray flame using detailed and tabulated chemical descriptions B. Franzelli, A. Vié, M. Boileau, B. Fiorina, N. Darabiha the date of receipt and acceptance should be inserted later Abstract Accurate characterization of swirled flames is a key point in the development of more efficient and safer aeronautical engines. The task is even more challenging for spray injection systems. From one side, spray interacts with both turbulence and flame, eventually affecting the flame dynamics. On the other side, the structure of turbulent spray flame is highly complex due to equivalence ratio inhomogeneities caused by evaporation and mixing processes. The first objective of this work is to numerically characterize the structure and dynamics of a swirled spray flame. The target configuration is the experimental benchmark named MERCATO, representative of an actual turbojet injection system. Due to the complex nature of the flame, a detailed description of chemical kinetics is necessary and is here obtained by using a 24-species chemical scheme, which has been expressly developed for DNS of spray flames. The first LES of a swirled spray flame using such a detailed chemical description is performed here and results are analyzed to study the complex interactions between the spray, the turbulent flow and the flame. It is observed that this coupling has an effect on the flame structure and that flame dynamics are governed by the interactions between spray, precessing vortex core and flame front. Even if such a detailed kinetic description leads to an accurate characterization of the flame, it is still highly expensive in terms of CPU time. Tabulated techniques have been expressly developed to account for detailed chemistry at a reduced computational cost in purely gaseous configurations. The second objective is then to verify the capability of the FPI tabulated chemistry method to correctly reproduce the spray flame characteristics by performing LES. To do this, results with the FPI method are compared to the experimental database and to the results obtained with the 24-species description in terms of mean and fluctuating axial gas velocity and liquid phase characteristics (droplet diameter and liquid velocity). Moreover, the flame characterization obtained with the FPI approach is compared to the results of the 24-species scheme focusing on the flame structure, on major and minor species concentrations as well as on pollutant emissions. The potential and the limits of the tabulated approach for spray flame are finally assessed.

Introduction

Numerical tools for spray combustion help engineers to design more efficient and less pollutant aeronautical engines. In terms of modeling, the task remains extremely challenging as spray flames present a complex nature, comprising atomization, evaporation, mixing and combustion. As fuel droplet evaporation causes strong inhomogeneities of equivalence ratio in fresh gases, the flame structure and dynamics are highly complex. In this stratified and multi-regime environment, different combustion modes (i.e. premixed, partially-premixed and non-premixed) may be simultaneously observed in spray flames [1]. A realistic chemical description is crucial if the combustion phenomena that have to be reproduced are sensitive to detailed chemistry, such as flame stabilization and pollutant emissions.

The direct use of detailed chemical description in practical simulations is necessary for the prediction of flame stabilization, ignition and pollutant concentration, but is also expensive in terms of CPU time, since the computational time depends on the number of transported species. Tabulated chemistry methods, based for example on premixed flames [2,3], have then been proposed to overcome this issue. As shown in [4], using tabulated chemistry is an efficient way to save CPU time since few transport equations for the table coordinates are solved instead of the species transport equations, without loss of accuracy on laminar premixed flames. Tabulated chemistry methods have been widely used to introduce detailed chemistry in Large Eddy Simulation (LES) of turbulent gaseous flames [5][6][7] at a reduced computational cost. These techniques seem also attractive for spray combustion and they have already been used to perform DNS (Direct Numerical Simulation) and LES of turbulent spray flames [1,[8][9][START_REF] Franzelli | Proceedings of ASME Turbo Expo 2013: Turbine Technical Conference and Exposition, GT2013-94451[END_REF]. However, their capabilities to correctly reproduce spray flame structure and pollutants still have to be evaluated rigorously.

In this context, the objectives of this work are twofold. First, a numerical characterization of a swirled spray flame stabilized in a practical turbojet injection system is provided using a 24-species chemical scheme [START_REF] Vié | [END_REF]. For that purpose, the MERCATO (Moyen Exprimental de Recherche en Combustion Arobie par Techniques Optiques) 1 experimental benchmark is retained. This configuration is representative of the two-phase flow produced by an industrial swirl air/kerosene turbojet injection system. It has been widely described and studied experimentally [START_REF] Lecourt | Proceedings of ASME Turbo Expo 2011: Power for Land[END_REF]. Moreover, numerical studies are available for the evaporation phenomena under non-reactive conditions [START_REF] Senoner | [END_REF][14][15]. The use of a detailed chemical description in LES of the spray flow allows the investigation of the complex interactions between the spray, the turbulent flow and the flame front and their effects on the flame structure.

The second objective is to investigate the capability of the standard FPI (Flame Prolongation of ILDM) tabulated chemistry method [2] to reproduce swirled spray flames by performing LES of the MERCATO configuration. Results are also compared to those of the 24-species chemistry to assess the accuracy of the tabulated method.

This article is organized as follows. Multi-species and tabulated chemical descriptions are introduced in Section 2. Then the Large Eddy Simulation methodology for spray flow is presented. The system of equations for both gas and spray flows using the Euler-Euler approach is first detailed for the multi-species chemistry and then extended to the FPI method in Section 3. The experimental configuration as well as the numerical setup are presented in Section 4. The validation of the retained numerical approach is presented in Section 4.3, by comparing results on axial velocity of both phases as well as the mean droplet diameter to the experimental data. Then, the turbulent reactive two-phase flow is characterized in Section 5. Based on the reference multi-species calculation, the flame structure is analyzed in Section 5.1 while the spray-precessing vortex core-flame interactions, which have not been analyzed experimentally, are investigated in Section 5.2. Finally, the quality of the FPI lookup table approach is assessed in Section 6 by comparing the results with the data from the multi-species calculation.

Chemical description

In the following, the two different chemical descriptions considered, i.e. a multi-species kinetics and the FPI look-up table technique, are presented. Kerosene is modeled here by n-dodecane (C 12 H 26 ).

Multi-species chemistry

A 24-species mechanism developed to perform DNS of n-dodecane spray flames [START_REF] Vié | [END_REF]16] is considered here. It consists of an analytical reconstruction of the species chemical production rates ωk from the detailed JetSurF 1.0 mechanism [START_REF] Sirjean | 6th US National Combustion Meeting[END_REF], originally consisting of 123 species and 977 reactions. The reduction is obtained using directed relation graph (DRG), DRG aided sensitivity analysis and linearized quasi steady state (QSS) approximations in auto-ignition and perfectly-stirred reactors. It guarantees a correct description of the laminar flame structure and its response to strain rate variations. By preserving the main chemical pathways, the 24-species chemistry provides an accurate detailed description of the chemical processes for spray flames, which is not guaranteed when using 'ad hoc' fitted multi-species chemistries [START_REF] Westbrook | [END_REF][19][20] or tabulated techniques [1,21] for simulations of turbulent spray flames [8,[START_REF] Franzelli | Proceedings of ASME Turbo Expo 2013: Turbine Technical Conference and Exposition, GT2013-94451[END_REF][22][23][24][25][26][27].

Tabulated chemistry

The tabulated chemistry method retained in this work is the FPI method [2], which assumes that the chemical subspace accessed by a flame can be mapped by a collection of 1-D gaseous laminar premixed flames computed using detailed chemistry for various equivalence ratios φ L < φ < φ R within the flammability limits φ L and φ R . In this method, the composition space is determined by a reduced set of variables such as the progress variable

Y C = Y CO + Y CO2 + Y H2O , (1) 
which evolves monotonically between fresh and burnt gases. The mixture fraction, defined as

Yz = W F W C n CF Nspec k=1 Y k n Ck W C W k (2) 
is often retained as a parameter of a look-up table method, where W C is the element weight of carbon atom, Y k , W k and n Ck are the mass fraction, the molar weight and the number of carbon atoms of the k th species, respectively. Subscript F stands for the fuel index. Under the unity Lewis number assumption, the mixture fraction represents the local mixture equivalence ratio. Any thermo-chemical quantity ϕ is then stored in a 2-D look-up table

ϕ = ϕ FPI [Yc, Yz],
where ϕ FPI is obtained from laminar premixed flames. This chemical tabulation procedure does not reproduce the heat exchange from the liquid to the gas phase since the gas temperature T is directly read from an adiabatic chemical table T = T FPI . One possibility to take into account heat exchanges is to build the table with non-adiabatic flamelets [28,[START_REF] Knudsen | Annual Research Briefs[END_REF]. An additional coordinate, the gas mixture enthalpy h, is then used to build the look-up table. However, adding a third dimension to the table increases memory and CPU time.

In this work a simpler approach has been retained based on a Yc-Yz look-up table built from purely gaseous adiabatic freely propagating premixed flames by assuming that the chemical composition is slightly sensitive to small energy fluctuations so that heat exchanges between phases mainly affect the temperature. To take into account this heat transfer, the Tabulated Thermochemistry for Compressible flows formalism (TTC) [4] is considered here, so that the gas temperature T is a first-order linearization of the transported energy E using the tabulated energy E FPI and the tabulated gas temperature T FPI :

T = T FPI (Yc, Yz) + E -E FPI (Yc, Yz) c FPI v (Yc, Yz) (3) 
where c FPI v is the tabulated mixture heat capacity at constant volume. In such a way, the flow temperature takes into account the heat exchange due to the droplet evaporation as well the energy fluctuations due to compressible phenomena.

Performances of the FPI tabulated approach on laminar counterflow spray flames have been investigated in 'a priori' way in [21]. An 'a posteriori' analysis is proposed in Appendix A. Even if the prediction of intermediate species requires more sophisticated models [21,[START_REF] Nguyen | [END_REF], the global behavior of laminar spray flames is correctly reproduced by the FPI method. It is however not straightforward to anticipate the consequences of the discrepancies observed on laminar spray flames in the case of the LES prediction of a swirled turbulent spray flame. The tabulated approach is expected to successfully reproduce a turbulent flame if its structure belongs to the tabulated manifold, but this is not ensured in the case of swirled spray flames due to the their complex structure. For this reason, the adequacy of the FPI technique for LES of turbulent swirled spray flames is assessed in Section 6 by comparing directly its performance in a LES simulation of the MERCATO burner with the results obtained with the 24-species description.

LES system of equations

LES of the MERCATO spray flame configuration is performed with the AVBP solver [31][32][33] using an Euler-Euler approach under the assumption of monodisperse-monokinetic liquid phase. This assumption may affect the accuracy of the spray description but significantly reduces the simulation CPU cost. The effect of such assumptions on the results will be discussed in Section 4.3.

Gas phase description

According to [START_REF] Senoner | [END_REF]14], the filtred conservation equations for mass ρ, momentum ρu, energy E and species mass fraction Y k in a two-phase flow for a very dilute regime2 are given by:

∂ρ ∂t + ∂ρũ j ∂x j = Γ F (4) ∂ρũ i ∂t + ∂ρũ i ũj ∂x j = - ∂ ∂x j pδ ij -τ ij -τ sgs ij + ũl,i Γ F -F d,i (5) 
∂ρ

Ẽ ∂t + ∂ρ Ẽ ũj ∂x j = - ∂ ∂x j u i (pδ ij -τ ij ) + EFq j + q sgs j + Π F + 1 2 ũ2 l,i Γ F -ũl,i F d,i (6) 
∂ρ Ỹk ∂t + ∂ρ Ỹk ũj

∂x j = ∂ ∂x j EFJ k,j + J sgs k,j + E ωk F + Γ δ kF F k = 1, Ns (7) 
where • and • represent the Reynolds and the Favre spatial filtering respectively, δ ij corresponds to the Kronecker symbol. p is the pressure and ωk is the mass production rate of k th species. F d is the drag-force evaluated using the Schiller-Nauman correlation [34]. Γ and Π are the mass and energy source terms due to evaporation. δ kF is equal to 1 when k corresponds to the fuel and 0 for all other species. F and E are the thickening and efficiency factors required by the dynamically thickened flame subgrid model detailed below. The filtered laminar stress tensor τ ij , the heat flux q j and the diffusive species flux J k,j follow the classical formulations [START_REF] Poinsot | Theoretical and Numerical Combustion[END_REF]:

τ ij = 2µ Sij , q j = λ ∂ T ∂x i + Ns k=1 J i,k hs,k , (8) 
J k,j = ρD k ∂ Xk ∂x j -ρ Ỹk V k,j , V k,j = Ns k=1 D k W k W ∂ Xk ∂x i , ( 9 
)
where Sij is the shear tensor of the resolved field, hs,k is the filtered sensible enthalpy of the species k, X k is the filtered molar fraction of the k th species, and V k,j is the correction velocity to ensure mass conservation. For the subgrid unclosed term τ sgs ij , a viscosity-type closure is used:

τ sgs ij = 2µ t Sij - 1 3 τ sgs kk δ ij ; , (10) 
and the turbulent viscosity µ t is evaluated using the WALE model of Nicoud et al. [START_REF] Nicoud | [END_REF].

For subgrid heat flux q sgs j and species diffusion flux J sgs i,k , constant turbulent Prandtl and Schmidt numbers Pr t = µ t cp/λ t and Sc t = µ t /ρD t k are assumed along with the following closures:

q t j = λ t ∂ T ∂x i + N k=1 J t i,k hs,k , J t k,j = ρD t k ∂ Xk ∂x j -ρ Ỹk V t k,j , V t k,j = Ns k=1 D t k W k W ∂ Xk ∂x i . (11) 
The thickening factor F and the efficiency function E in Eqs. (4-7) are linked to the Dynamically-Thickened Flame (DTFLES) model [33], which allows the correct numerical representation of the flame on a LES mesh for which the mesh resolution is not sufficient to reproduce the flame thickness. The thickening factor F increases the molecular diffusion and decreases the reaction rate to thicken the flame front while preserving the laminar flame speed. The efficiency function E accounts for the fact that the thickening is lowering the flame wrinkling [37]. Here, a sensor is used to locally activate the thickening, based on the chemical reaction rate of the progress variable ωYc [38], which localizes the inner reaction zone and the postlame zone 3 . Once activated, the thickening factor F guarantees that the flame front is numerically discretized at least by ten grid points. In the thickened region, turbulent fluxes are not applied as these effects are already taken into account in the thickened flame model. The evaporation term Γ is also divided by F in Eqs. (4)(5)(6)(7). Even if the droplet evaporation is then altered close to the flame front, such strategy preserves the Lefebvre number of the flame, i.e. the ratio between the evaporation time and the chemical time, which is a key parameter for the characterization of spray flames [16].

Extension to the tabulated description

In the FPI formulation, species balance equations (Eq. ( 7)) are replaced by one equation for the mixture fraction Yz and one for the progress variable Yc:

∂ρ Ỹz ∂t + ∂ρ Ỹz ũj ∂x j = ∂ ∂x j EFJ j,Yz + J sgs j,Yz + Γ F (12) 
∂ρ Ỹc ∂t + ∂ρ Ỹc ũj

∂x j = ∂ ∂x j EFJ j,Yc + J sgs j,Yc + E ωFPI Yc F . (13) 
The mass transfer Γ from liquid to gas due to the evaporation is accounted for in the balance equation of the gaseous mixture fraction Yz . The diffusive flux of the progress variable J i,Yc and that of the mixture fraction J i,Yz as well as the corresponding unclosed subgrid terms are closed using Eq. ( 9) and Eq. ( 11), respectively.

Thermodynamic and transport properties of the gaseous mixture

In the multi-species description, all thermodynamic quantities are derived from enthalpy and entropy information for each species based on the JANAF tables [START_REF] Stull | Janaf thermochemical tables[END_REF]. Concerning the transport properties, a simplified model based on constant and equal Schmidt (Sc) and Prandtl (Pr) numbers, 4 i.e. unity Lewis number for all species, is considered here in order to guarantee consistency with the tabulated chemistry. The gas diffusivity of the k th species is then D k = D = µSc ρ where the dynamic viscosity µ is obtained via a classical power law µ = µ 0 (T /T 0 ) α P , with T 0 = 473 K, µ 0 = 2.5034e -5 [kg/m/s] and α P = 0.6695 [20]. The heat conductivity λ is obtained as: λ = µcp Pr where cp is the heat capacity at constant pressure calculated at temperature T :

cp = Ns k=1 c k p (T )Y k ( 14 
)
where c k p is reconstructed from enthalpy tables.

In the tabulated approach, any transport or thermodynamic property ϕ of the gaseous mixture is calculated from adiabatic freely propagating premixed laminar flames imposing unity Lewis number for all species and stored in the FPI look-up table as a function of Yc and Yz: ϕ = ϕ FPI (Yc, Y z). As a consequence, the extracted values for D FPI k and λ FPI correspond to specific species composition Y FPI k (Yc, Y z) and temperature T FPI (Yc, Y z). It has to be noted that the flow temperature T obtained from Eq. ( 3) may differ from the tabulated value T FPI . Such discrepancy may lead to some inaccuracies on the thermodynamic and transport properties. However, it has been verified in the LES calculations that the difference ∆T = T -T FPI between the flow temperature T and the tabulated value is generally lower than 50 K and confined in a small region close to the injection. The impact of these discrepancies on thermodynamic and transport properties is then not significant.

The use of such simplified properties in both multi-species and tabulated simulations, together with the other assumptions due to the LES modelling, may affect the results and may lead to some discrepancies with the experimental observations. However, they allow a straightforward comparison with the results from the tabulated technics, since both LES simulations will rely on the same assumptions.

Spray flow filtred balance equations

In the Euler-Euler approach the disperse phase, considered as a continuum, is described using macroscopic quantities, here the droplet number density n l , the liquid velocity u l , the liquid enthalpy h l and the liquid volume fraction α l = πn l d 3 l /6 (d l is the droplet diameter). Considering monodisperse, monokinetic5 mono-component fuel droplets in a very dilute regime, the filtered conservation equations for the liquid phase are the following [START_REF] Moreau | [END_REF]:

∂n l ∂t + ∂n l ũl,j ∂x j = 0 ( 15 
)
∂ρ l α l ∂t + ∂ρ l α l ũl,j ∂x j = - Γ F ( 16 
)
∂ρ l α l ũl,i ∂t + ∂ρ l α l ũl,i ũl,j ∂x j = ∂τ sgs l,ij ∂x j + ρ l α l F d,i -ũl,i Γ F ( 17 
)
∂ρ l α l hl ∂t + ∂ρ l α l ũl,j hl ∂x j = - Π F (18) 
where ρ l = 750 kg.m -3 is the liquid density of dodecane and τ sgs l is the particle subgrid stress tensor closed using the Smagorinsky-Yoshizawa model [START_REF] Moreau | [END_REF]. The Smagorinsky-Yoshizawa model is similar to the Smagorinsky model for gas flows, but in addition it takes into account a subgrid pressure. While being negligible in incompressible flow, this subgrid pressure may become predominant in highly compressible flows, such as the Eulerian disperse phase. The filtered source terms Γ and Π and all the modeling closures on the disperse phase are the same as in [14]:

Γ = πn l d l ShρD evap ln(1 + B) (19) 
Π = πn l d l Nuρλ evap ( T -Tl ) ln(1 + B) B -Γ Lv( Tl ) -hl (20) 
where Nu and Sh are the Nusselt and Sherwood numbers, respectively. B is the Spalding number, D evap and λ evap are the reference gas diffusivity of fuel and conductivity close to the droplet surface, respectively, and Lv is the latent heat of liquid. One of the key points in the evaluation of the vaporization rate is the reference gas diffusivity which is affected by the composition and the temperature [START_REF] Sierra | Modeling the dispersion and evaporation of sprays in aeronautical combustion chambers[END_REF]. The retained formulation for the thermodynamic and transport properties at the droplet surface in the case of a multi-species chemistry is provided in the following section together with its extension to the tabulated approach.

Transport and thermodynamic properties in the droplet vicinity

In analogy with the gaseous mixture treatment discussed in Section 3.1.1, D evap and λ evap are calculated with both multi-species and tabulated approaches by using constant Schmidt and Prandtl numbers assumptions: ρD evap = µ evap Sc -1 and λ evap = µ evap c evap p Pr -1 . The reference viscosity µ evap and conductivity λ evap are calculated using the so-called "2/3-1/3" approximation from the reference temperature T evap and composition Y evap k close to the droplet surface [START_REF] Hubbard | [END_REF]:

µ evap = µ(Y evap k , T evap ), c evap p = cp(Y evap k , T evap ). (21) 
with:

T evap = 2 3 T l + 1 3 Tg, Y evap F = 2 3 Y surf F + 1 3 Y F , Y evap k = Y k (1 -Y evap F ) 1 -Y F (22) 
where Y surf F is the fuel mass fraction at the droplet surface [START_REF] Sierra | Modeling the dispersion and evaporation of sprays in aeronautical combustion chambers[END_REF]. With the multi-species description, the reference heat capacity is then calculated:

c evap p = Ns k=1 c k p (T evap )Y evap k . ( 23 
)
Following Sierra et al. [START_REF] Sierra | Modeling the dispersion and evaporation of sprays in aeronautical combustion chambers[END_REF], the molecular viscosity is not anymore assumed to be independent from the gas composition and is obtained with the Wilke formula [43]:

µ evap = Ns k=1 X evap k µ evap k Ns l=1 X evap l φ evap kl , (24) 
where X k is the molar fraction of species k, Ns is the number of species accounted for in the chemical model and

φ evap kl = 1 √ 8 1 + W k W l -1/2   1 + µ evap k µ evap l 1/2 W l W k 1/4   . ( 25 
)
The dynamic viscosity of the k th species µ evap k follows a power-law:

µ evap k = µ k,0 T evap T 0 α k , (26) 
where µ k,0 is the viscosity of the k th species at the temperature T 0 and α k is the power-law coefficient allowing a correct description of the viscosity on a wide range of temperature.

In contrast with the gaseous mixture description, a special treatment is necessary when using the tabulated approach for the calculation of c evap p and µ evap . In fact, the stored values may be inaccurate when T evap is far from T FPI . This situation may be encountered for example when evaporation occurs in high-temperature region, i.e. when liquid and gaseous phases are far from thermal equilibrium T l = Tg. To reconstruct the reference properties close to the droplet surface, the mass fraction

Y k = Y F P I k of the six major species (C 12 H 26 , O 2 , N 2 , CO 2 , CO, H 2 O
) are then extracted from the table. The same values of T 0 , α k and µ k,0 used for the multi-species calculations are provided to the look-up table model. The reference heat capacity and viscosity are then obtained using the '2/3-1/3' formalism where temperature Tg in Eq. ( 22) is obtained from Eq. ( 3):

µ evap = 6 k=1 X evap k µ evap k Ns l=1 X evap l φ evap kl , c evap p = 6 k=1 c k p Y evap k . ( 27 
)
4 The MERCATO benchmark

Experimental configuration

The experimental MERCATO benchmark [START_REF] Lecourt | Proceedings of ASME Turbo Expo 2011: Power for Land[END_REF] studied at the ONERA Fauga-Mauzac has been retained in this work since it is representative of the two-phase flow produced by an industrial swirl turbojet injection system. As represented in Fig. 1(a), it consists of a plenum, a pressure-swirl fuel injector provided by Turbomeca (Safran group), a combustion chamber and an exhaust section. Air is injected into the plenum at ambient conditions (P = 1 atm, T = 285 K, ṁair = 0.035 kg/s), then reaches the injector where it is swirled at a Swirler number Sw = 0.65 and finally enters the combustion chamber. Liquid fuel is also injected into the combustion chamber by a fuel atomizer at ambient temperature (T l = 285 K, ṁl = 0.00225 kg/s). The liquid jet is atomized, evaporates into the chamber and finally mixes with air. A swirling two-phase flame, classically characterized by a central recirculation zone and two outer recirculation zones, is stabilized in the combustion chamber. A Precessing Vortex Core (PVC) motion has been detected under non-reactive conditions [START_REF] Lecourt | Proceedings of ASME Turbo Expo 2011: Power for Land[END_REF]. Laser Doppler Anemometry/Phase Doppler Anemometry (LDA/PDA) measurements are available for gas velocity as well as droplet velocity at four different axial distances from the diffuser exit, x = 10, 26, 56 and 116 mm. Droplet diameter profiles are also available at x = 10, 26, 56 and 86 mm.

Numerical setup

The numerical configuration reproduces the experiment including the whole exhaust section (not shown). The computational domain has been meshed using approximately 11 million tetrahedral cells which are refined in the region of interest, i.e. the injection and the reaction zones, represented in Fig. 1(b). The grid quality has been verified by simulating the reactive case with the tabulated technique also on a finer mesh (approximately 20 million tetrahedral cells). Grid convergence results are presented in Section 4.3.

Large Eddy Simulations of the MERCATO configuration are performed with the AVBP solver. The non-reactive case has already been numerically studied by Senoner et al. [START_REF] Senoner | [END_REF] and (a) The experimental setup [START_REF] Lecourt | Proceedings of ASME Turbo Expo 2011: Power for Land[END_REF].

(b) Computational half-domain mesh [START_REF] Franzelli | Proceedings of ASME Turbo Expo 2013: Turbine Technical Conference and Exposition, GT2013-94451[END_REF]. The measurement sections are indicated.

Fig. 1: MERCATO configuration.

Sanjosé et al. [14] for different operating conditions (i.e, air was preheated at temperature T = 473 K before being injected into the plenum). Moreover, a previous LES of the nonreactive case corresponding to the reactive case studied here has also been performed by Franzelli et al. [START_REF] Franzelli | Proceedings of ASME Turbo Expo 2013: Turbine Technical Conference and Exposition, GT2013-94451[END_REF]. A good agreement between numerical and experimental results was achieved for the cold cases in the previous calculations confirming the validity of the twophase modeling strategy, even if it has also been shown that the monodisperse assumption limit the ability of the method to capture the outer part of the spray [15].

Here, the same setup used by Senoner et al. [START_REF] Senoner | [END_REF] and Franzelli et al. [START_REF] Franzelli | Proceedings of ASME Turbo Expo 2013: Turbine Technical Conference and Exposition, GT2013-94451[END_REF] is applied for the reactive calculations. The numerical integration is performed using a third-order in time and space Taylor-Galerkin scheme [44] on both liquid and gas phases. The Navier-Stokes Characteristic Boundary Conditions (NSCBC) [45] are used to impose gas inlet and outlet boundary conditions. Liquid injection is imposed with the FIMUR (Fuel Injection Method by Upstream Reconstruction) methodology and a droplet diameter at injection d 0 l = 43 µm. The FIMUR methodology generates boundary conditions for a disperse phase modeling. It avoids the simulation of the primary atomization by means of empirical laws and selfsimilarity assumptions 6 as described in [14]. All walls are treated with an adiabatic no-slip condition.

The same numerical setup is used for both calculations. The 24-species mechanism [START_REF] Vié | [END_REF] is used to build the look-up table. Laminar freely-propagating premixed flames at the operating conditions for the gas phase injection of the MERCATO burner (i.e. fresh gas temperature T = 285 K, pressure P = 1 atm) have been calculated using the REGATH code [46] for four hundred different equivalence ratios (i.e. mixture fraction) within the flammability limits under the unity Lewis number assumption. The look-up table is uniformly discretized by 100 points for the progress variable Yc and 400 points for the mixture fraction Yz. Due to the high number of species transported in the multi-species chemistry case, its computational cost is eight times higher than the tabulated case.

Numerical validation

The MERCATO burner benchmark has been simulated for about 180 ms. In order to guarantee the statistical convergence of the flow, the mean flow is obtained by averaging the results for the last 80 ms, corresponding to more than 10 convective times. Under reactive conditions, the swirled flame stabilizes in the combustion chamber with both chemical descriptions. In order to globally characterize the flame, the averaged temperature field on the axial plane obtained with the detailed 24-species scheme is shown in Fig. 2, together with the zero iso-contour of axial velocity, allowing the identification of the recirculation zones, characteristics of swirled flames. The reactive flow presents a central inner recirculation zone (IRZ), where burnt gases are transported back towards the nozzle by the inner reverse flow and an outer recirculation zone (ORZ). Fig. 2: Mean gas temperature distribution. In order to localize the recirculation zones black isocontour of zero axial gas velocity is added.

Numerical results obtained by both multi-species and tabulated approches on the reference 11 million-cell mesh are compared to experimental data (symbols) in Figs. 34by black continuous and blue dashed lines, respectively. Results on the finer 20 million-cell mesh using the tabulation approach are also added in red dotted lines to verify the grid convergence.

Numerical data for the mean axial velocity shown in Fig. 3(a) are in agreement with experiments. The penetration of fresh air, identified by a positive axial velocity in planes y = 10 mm and y = 26 mm, is correctly reproduced along the chamber, even if the maximum velocity value and the opening of the gas jet are slightly underestimated. Concerning the fluctuation of the axial velocity represented in Fig. 3(b), discrepancies between numerical and experimental results are detected mainly at x = 10 mm for the reactive case whereas the behavior is correctly reproduced on the other measurement planes. At x = 10 mm, the experimental velocity fluctuations are the highest in the IRZ and are surprisingly low in the fresh gas (FG) region where the axial velocity is high, in contrast with numerical results which localize the highest fluctuations in the FG and reaction zone regions. Concerning the liquid phase, radial profiles of Sauter mean droplet diameter d 32 have been measured at four axial positions x = 10, 26, 56 and 86 mm and are compared in Fig. 4(a) to the LES results. The measurements performed downstream in the ORZ reveal the presence of big droplets. These large droplets cannot be captured by the simulation as they are strongly linked to the polydisperse character of the spray, as already observed by Senoner et al. [START_REF] Senoner | [END_REF] and Vie et al. [15] under non-reactive conditions. In [START_REF] García-Rosa | Phénomènes d'allumage d'un foyer de turbomachine en conditions de haute altitude[END_REF], the experimental droplet size distribution varies between 2 µm and 150 µm whereas the mean diameter is 44 µm. In the monodisperse LES framework, only the mean diameter is solved and big droplets dynamics cannot be captured. This phenomenon is even more pronounced in our simu- lations, since under reactive conditions the smallest droplets evaporate quickly while the most-inertial largest ones accumulate in the ORZ, where discrepancies are the highest. The mean liquid axial velocity profiles shown in Fig. 4(b) are correctly predicted even if their maximum values are underestimated. As discussed in [START_REF] Sanjosé | Evaluation de la méthode euler-euler pour la simulation numérique aux grandes échelles des chambres à carburant liquide[END_REF], neglecting the random uncorrelated energy 7 changes the balance of momentum for the disperse phase for inertial droplets so that the droplet velocity fluctuations, represented in Fig. 4(c), are underestimated. Globally, the agreement between the two numerical approaches is satisfactory when looking at the experimentally-observed quantities. The liquid mono-dispersed mono-kinetic assumption for the liquid phase affects the spray description but still represents a good compromise between accuracy and computational cost, necessary for the 24-species computation. Moreover, the tabulated method seems to be a good candidate for LES of swirled spray flames at reduced CPU costs. Only small discrepancies are detected for the mean droplet diameter in the outer recirculation zone close to the wall. Negligible differences localized in the inner recirculation zone are found when comparing the FPI results on the two considered grids so that it can be assumed that the grid convergence is already reached on the 11 million-cell grid. Indeed, results obtained on the coarse grid will be presented in the following.

Flame characterization

The flame structure and the complex dynamics of the swirled spray flame MERCATO were not investigated experimentally. However, this can be done here numerically by looking at the 24-species chemistry results as a reference. Such kinetical description accounts for the main chemical pathways so that the chemical processes are accurately predicted (and not modeled as in the case of tabulated techniques or fitted chemistries). In the following, the effect of the evaporation-mixture-combustion interactions is analyzed in terms of flame structure and dynamics.

Flame structure

The complex nature of the spray flame structure is characterized in this section by analyzing the multi-species chemistry results. The instantaneous fields are presented in Figs. 5 and6. In Fig. 5(a), liquid volume fraction isocontours colored by the droplet number density are presented together with the instantaneous temperature field. The high-evaporation regions are also identified by the black zones. The spray generates thin structures because of the swirling motion of the gas phase and the turbulence. It can be observed that the spray slightly evaporates in the fresh gas zone, due to its low temperature, and reaches the IRZ/FG zone, close to the flame front. The high evaporation zones are then located in the pre-heating region of the flame, where the temperature increases due to diffusion from the burnt gases of IRZ and ORZ. The strong evaporation process can also be identified by the presence of gaseous fuel mass fraction (see. Fig. 5(b)). Then, since enough fuel is provided to the gaseous mixture, the combustion occurs in a primary reaction zone, identified in Fig. 5(b) by the fuel consumption rate isocontours in red, which envelopes the high-evaporation zones. The heat provided to the burnt gases located in IRZ and ORZ is enough to sustain evaporation and, consequently, combustion.

A part of the liquid volume fraction goes through the flame front and reaches the wall. This is possible because droplets of 44 µm diameter have a large vaporization time compared to their convective time from the injection to the wall. As shown in Figs. 5(c)-5(d), the droplet temperature is the highest close to the wall, where droplet diameter is still larger than 30 µm. It shows that the vaporization process is not complete after going through the primary reaction zone (about 30% of the liquid mass is still not evaporated). This leads to the presence of a secondary reaction zone. It can be observed in Fig. 6(a) that part of the evaporation occurs in the burnt gases downstream the flame front, so that the mixture equivalence ratio increases. In this zone, small amounts of gaseous fuel immediately reacts with the burnt gases due to their temperature leading to the formation of high CO concentration pockets close to the wall at the end of the chamber (Fig. 6(b)). The presence of a secondary reaction zone is clearly identified by looking to the CO formation (positive in blue) and destruction (negative in red) zones in Fig. 6(c). A first formation zone, followed by a destruction region, is found in the primary reaction zone. The CO concentration assumes a constant equilibrium value before reaching the secondary zone, where high values of CO are found in the second CO formation zone. Due to the recombination processes, the CO mass fraction then slowly decreases in the second destruction zone towards its equilibrium value.

The mean flame front localisation and structure, presented in Fig. 7, reflect the observed processes. Blue iso-contour of zero axial gas velocity identifies the IRZ and ORZ regions while a black isocontour of heat release, corresponding to the 10% of its maximum value, is used to localize the reaction zone in Fig. 7(a). In Fig. 7(b), iso-contours of the liquid volume fraction, indicating the spray position, are colored by the liquid temperature (left), whereas the CO formation/consumption zones are identified by blue/red isocontours of positive/negative CO production rate (isocontours correspond to 10% of maximum value) together with the CO mass fraction field (right). The spray and the fresh air are localized in the fresh gas zone. The flame is stabilized in the FG/ORZ layer close to the injection and downstream the spray where a sufficiently rich mixture is obtained thanks to evaporation.

Close to the injection, the IRZ is characterized by a moderate temperature (Fig. 7(a)right) so that the evaporation is relatively slow and the mixture equivalence ratio slowly increases (Fig. 7(a)-left). On the contrary, the gaseous mixture in the ORZ is characterized by higher temperature and equivalence ratio. This is due to the fact that both gas and liquid phases are characterized by a small axial velocity (cfr. Figs. 3(a a consequence, the evaporation process is faster so that a higher equivalence ratio characterizes the ORZ close to the injection compared to the IRZ. The reaction zone, identified by the heat release zone (HRZ) in Fig. 7(a), is localized in the layer located between the fresh gas injection and the ORZ. Being characterized by a long convective time, the gaseous mixture reaches the equilibrium state in the ORZ, so that the high temperature enhances the evaporation process and contributes to the flame stabilization. Downstream, the reaction zone is located where the mixture is rich enough to sustain combustion. The presence of primary and secondary reaction zones cannot be identified by looking to the temperature field, since the contribution of the secondary reaction zone to the total heat release is negligible. However, its presence and its effect on emission distributions are evident when looking to the mean field of CO mass fraction (Fig. 7(b)-right), which presents two pockets of high CO concentration close to the primary and secondary reaction zones. This complex flame structure is due to an intricate coupling between evaporation, mixing and combustion governing the stabilization location of the flame front. Moreover, emissions seem highly sensitive to the inhomogeneities of the mixture fraction field, as observed for the secondary reaction zone due to fuel evaporation downstream the primary flame front.

The capability of the tabulated technique to reproduce such an intricate flame structure will be discussed in Section 6.

Flame dynamics

Not only the flame-spray-mixture interactions affect the flame structure and its stabilisation process, but they also govern the flame dynamics. Even if the mean flow is symmetrical in space, the instantaneous flame structure strongly varies in space with time. The swirled flow is characterized by a swirling time τ swirling = 2π ω ≈ 10 ms based on the averaged orthoradial gas frequency ω at the chamber inlet. The liquid droplet trajectories follow this swirling motion, but at the same time the spray behaviour is also affected by another flow motion: the precessing vortex core. In this configuration, the frequency of this hydrodynamics instability is measured at f P V C = 1120 Hz using pressure probes, which is in agreement with experimental observations. In Fig. 8, four instantaneous snapshots of pressure and liquid volume fraction isosurfaces are represented at equidistant times in the precessing period of the PVC. The liquid volume fraction α l follows the helicoidal motion of the PVC since droplets are ejected from the PVC by their inertia. The liquid volume fraction presents an oscillating behaviour at the same frequency as the PVC, but with a phase shift due to its high Stokes number (St P V C ≈ 10).

As a consequence of this motion, gaseous kerosene pockets are created by the evaporation process close to the high liquid concentration region following the PVC. The gas temperature distribution on the first measurement plane (x = 8 mm) is presented in Fig. 9 for one precessing period of the PVC. Iso-contours of the vaporization rate, of the pressure and of the liquid volume fraction are also superimposed. It is shown that the high volume fraction zone is followed by a vaporization zone in this helicoidal motion while high vaporization is also experienced by the droplets in the ORZ. The temperature field (indicative of the flame front position) is also affected by this motion, confirming this strong coupling between PVC, vaporization and flame. The spray-PVC interaction has then a very strong impact on the flame front that moves accordingly with the PVC, proving that the dynamics of this flame is mainly governed by the coupling between evaporation, mixing and chemical processes.

Fig. 8: Instantaneous pressure iso-surface in black (P = 0.10 MPa) and liquid volume fraction iso-surface in white (α l = 2.4 • 10 -4 ). Four instantaneous solutions are considered at equidistant times for one period of the PVC. Fig. 9: Pressure, liquid volume fraction and mass transfer iso-contours are represented at four instants of one period of the PVC on the first measurement plane (x = 8 mm), for p = 0.995 MPa (blue), α l = 2. • 10 -4 (grey) and ṁ = 0.05 kg.m -3 .s -1 (black) respectively. For ṁ, the maximum values are reached outside the external contour and inside the internal contour. The colormap denotes the instantaneous gas temperature distribution saturated at 1400 K.

Evaluation of the FPI tabulation method for swirled spray flames

In Section 5, it has been discussed that the coupling between evaporation, mixing and combustion governs the flame dynamics, stabilisation and structure. The objective of this section is to verify if the tabulation technique is able to reproduce the above flame features for a reduced computation cost. In this sense, the 24-species results is considered as the reference case. Such strategy has been already successfully applied to evaluate reduced semi-global mechanisms for turbulent purely gaseous flames [38].

The flame dynamics discussed in Section 5.2 was already retrieved by the FPI tabulation method [START_REF] Franzelli | Proceedings of ASME Turbo Expo 2013: Turbine Technical Conference and Exposition, GT2013-94451[END_REF], proving its capability in reproducing the macroscopic flame-spray-turbulence interactions. In the present work, we focus on the ability of the tabulation method to reproduce the flame structure and pollutant emissions.

Time-averaged results for the flame structure are presented in Fig. 10 for both the 24species (left) and the FPI look-up table technique (right). The flame length is slightly underestimated by the FPI method, but its shape and flame structure are correctly reproduced in Fig. 10(a). Some discrepancies are observed close to the external wall where the flame interacts more with the wall in the 24-species case than in the FPI case. This behaviour has already been observed in a LES of a turbulent perfectly premixed gaseous flame [START_REF] Franzelli | Impact of the chemical description on direct numerical simulation and large eddy simulation of turbulent combustion in industrial aero-engines[END_REF]. Being based on laminar freely-propagation premixed flames, the FPI method seems not to reproduce accurately the sensitivity of the flame to strain rate. The consumption speed is expected to decrease with the strain rate [START_REF] Poinsot | Theoretical and Numerical Combustion[END_REF]. The FPI technique mispredicts the strain rate effect on the consumption speed, leading to its overestimation. Consequently, the flame core predicted by the FPI technique is smaller since the fuel is consumed more rapidly than with the 24-species description. The mixture fraction and temperature fields of Figs. 10(b) and 10(c) reflect the Yc behaviour, being strongly related to each other through the evaporation process. Some discrepancies are also observed in the ORZ close to the injection where the temperature predicted by the multi-species description is slightly higher than the FPI method results for y < 0.02 m. However, the overall agreement is satisfactory as shown by the radial profiles in Fig. 11, proving that the use of the TTC approach is accurate enough to account for the heat transfer between gas and liquid phases in the temperature field without the need for an additional dimension of the look-up table.

Results for the liquid volume fraction presented in Fig. 12 confirm the ability of the FPI method to reproduce the liquid phase characteristics, which was not trivial since a correct prediction of the strong coupling between spray, mixture fraction and flame temperature is needed to predict spray combustion. To complete the analysis on the global flame structure, the fluctuation field of Yc, Yz and temperature are shown in Fig. 13. Once again, the overall agreement is good, even if slightly higher fluctuations are observed in the IRZ for the FPI case.

Results for CO 2 and CO mass fractions are presented in Figs. high CO concentration region is correctly reproduced by the FPI approach. HA deeper comparison of the CO profiles presented in Fig. 15(a) reveals significant discrepancies in the HRZ, where the CO mass fraction is overestimated by the FPI method. As deduced by looking to the RMS results in Fig. 13 and the mixture fraction field in Fig. 10(b), these zones are characterized by the presence of strong flow fluctuations, i.e. high strain rate, and of a high gradient of Yz, i.e. highly non-homogeneous mixture, whose effects on the CO concentration are not accurately accounted for by the FPI method. The same conclusions hold for OH mass fraction, presented in Figs. 14(c). Some discrepancies are also detected for the second reaction layer for CO. The FPI method seems to have some difficulties in reproducing it the recombination process due to the secondary evaporation in the burnt gases of this region. LES of the MERCATO bench and laminar counterflow spray flames simulations (Appendix A) lead to similar conclusions. The FPI method correctly reproduces the main features of spray flame structure, such as the temperature, the liquid volume fraction and the mixture fraction. However, inaccuracies are detected in pollutants such as CO. Non-premixed-like combustion, dilution with burnt gases and strain rate effects are, indeed, not accounted for in the tabulated manifold affecting the emission prediction. Such limits are even more pronounced for minor species and radicals. As an example, acetylene prediction is represented in Fig. 14(d). This species can be an indication of the ability of the FPI model to describe the complex nature of the chemical processes leading to intermediates, minor species and radicals. It should be reminded that in the context of soot prediction a correct description of the acetylene and of the precur-sors, which are strongly sensitive to strain rate [START_REF] Attili | [END_REF], is essential [START_REF] Franzelli | Proceedings of ASME Turbo Expo 2015: Turbine Technical Conference and Exposition[END_REF]. Even if the acetylene localization is qualitatively predicted, the tabulated technique significantly underestimates its concentration (Fig. 15(b)). In this sense, the prediction of intermediates and radicals in a swirled spray flame provided by a tabulation method based on one single archetypical flamelet is only qualitative, even if they are correctly localized. Even if the FPI method provides a good prediction of the global structure of a swirled spray flame for a reduced computational cost, more sophisticated techniques are required to produce quantitative predictions of pollutants [1,38].

Conclusion

LES of the MERCATO experimental benchmark has been performed using a detailed chemical description accounting for 24-species to study the behavior of an industrial swirled twophase injection system. Numerical results have been compared to the experimental flow in terms of mean and fluctuations of axial velocity of both gas and liquid phases as well as droplet diameter profiles. The strong interaction between PVC and heat release in spray swirled flames has already been identified in other spray configurations both experimentally and numerically [START_REF] Patel | [END_REF][START_REF] Zimmer | 12th International Conference on Liquid Atomization and Spray Systems[END_REF]. While this phenomenon was not investigated experimentally in the MERCATO benchmark, the dynamics of the spray swirled flame have been here numerically recognized and characterized. Moreover, the effect of evaporation-mixing-combustion coupling on the flame structure has been analyzed. Additionally, a second LES using the FPI tabulated chemistry has been performed to investigate its ability to correctly reproduce the complex spray flame structure for a reduced computational cost. It has been shown that tabulated chemistry methods allow the numerical investigation of swirled industrial spray flames, at least for the prediction of global flame behavior, with a cost which is eight times smaller than the considered multi-species description. The present LES strategy for two-phase turbulent reacting flows has two limitations that will be addressed in future simulations. The first one is due to the spray monodisperse assumption, which cannot accurately predict equivalence ratio stratification. An attractive solution, that will not affect the combustion modeling strategy, is to implement a polydisperse Eulerian approach [15]. The second limitation is related to the prediction of intermediate species and pollutants which is extremely sensitive to the model used to describe the chemical structure. Indeed, numerical investigations of laminar counterflow spray flames [21] highlight situations where the chemical structure of spray flame fronts deviates from standard premixed gaseous flame archetypes. However, the results obtained on the LES with the FPI method are encouraging the development and use of more sophisticated tabulated models for pollutant prediction of spray combustion.

Appendix A: Performances of the FPI tabulation method on laminar counterflow spray flames

Franzelli et al. [21] investigated the adequacy of the FPI method to predict laminar counterflow spray flames by comparing in an a priori way the profiles of the tabulated quantities with the detailed variables. The present study completes the 'a priori' analysis presented in [21] by evaluating the performance of the FPI method in a posteriori way on laminar counterflow spray flames (see Fig. 16). The same numerical configuration is considered in the present work. The system of equations describing the laminar spray flow as well as the evaporation model are given in details in [21]. Pure fresh air is injected from the left side (superscript ox) whereas spray fuel and pure air are injected from the right side (superscript f ). Subscripts g and l denote the gas and the liquid phase respectively. The axial gas phase velocities are identical at both injection sides: v ox g = -v f g . The axial velocities of the gas and liquid phases at the right injection are equal v f g = v f l . Liquid and gas temperatures at injection are equal at both injection sides:

T f g = T ox g = T l = 400 K. 1-D flame simulations are performed with the REGATH counterflow code using an Euler-Euler approach under the assumption of monodisperse liquid phase [46]. The reader is referred to [21] for more numerical details. Four spray flames, summarized in Table 1, have been investigated for the operating conditions representative of the observed values in the LES (liquid droplet diameter d f l , droplet number density n f l , injection velocity v f l and liquid volume fraction α f l ).

Table 1: Operating conditions of the different studied cases (value is in bold when the parameter is varied). The look-up table is built from a collection of 100 adiabatic unstrained gaseous premixed flames for 100 and 500 different values of Yz and Yc, respectively, at T f = 400 K and ambient pressure using the reference detailed chemical scheme [21]. Results obtained with the tabulated approach (lines) are compared to the multi-species description (symbols) in Fig. 17. In the left side of Fig. 17, the flame structure is represented by the mixture fraction and the progress variable profiles, together with the information of the liquid volume fraction α l . Temperature and CO mass fraction profiles are provided on the right side of Fig. 17.

The chemical structure of the counterflow spray flame is shown in Fig. 17(a) for case A in Table 1. Near the flame front, the gas temperature increases due to the thermal conductivity. Consequently, the evaporation source term drastically increases and the liquid volume fraction completely evaporates. The high temperature region (-5 mm< x < 3 mm) is characterized by the presence of intermediate species, such as CO, and products. A good agreement is observed between the detailed multi-species solution and the tabulated chemistry technique. The FPI method correctly localizes the flame front. However, as only a single flame archetype is used to generate the look-up table which does not account for strain rate and non-premixed effect, the temperature is slightly underestimated and the CO mass fraction is overestimated in rich regions [21].

In case B, the droplet diameter is increased keeping constant the liquid volume fraction at injection by decreasing the droplet number density (Fig. 17(b)). Since the droplets are bigger, evaporation is initially slower and fuel remains mainly in liquid phase before reaching the flame front, resulting in higher gradient of the mixture fraction in the high temperature region, where the liquid evaporates rapidly. Globally, the same agreement between the detailed description and the tabulated method discussed for case A is observed here.

The impact of the liquid volume fraction α f l on the flame structure and the performances of the tabulation method is investigated in case C (Table 1). The liquid volume fraction α f l is decreased keeping constant the droplet diameter, which means that the overall equivalence ratio is reduced. Evaporation is mainly localized before the flame front (Fig. 17(c)). As the combustion mainly occurs under premixed conditions, the FPI tabulation procedure is well adapted, leading to a good prediction of the temperature and CO mass fraction.

Finally, the injection velocity of both liquid and gas phases have been increased in case D (Table 1), keeping constant all other boundary conditions (Fig. 17(d)). The reaction zone is correctly located but the maximum value of the mixture fraction is overestimated. The temperature is correctly described in the near-injection zone as well as the liquid volume fraction. On the contrary, the CO mass fraction is overestimated by the tabulated methods. Globally, the FPI approach correctly reproduces the flame structure (i.e. Yc and Yz spatial evolution) for counterflow spray flames. However, a more sophisticated approach based on the tabulation of multiple maniforld is necessary to obtain a good prediction of CO in laminar spray flames in order to account for the effect of strain rate and of the mixture fraction inhomogeneities on pollutant predictions. 
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 3 Fig. 3: Mean and rms gas quantities as a function of radial position for different distances from the injector. Numerical results (lines) are compared to experimental data (symbols). Numerical results have been obtained on the 11 million-cell grid with the multi-species (black continous line) and the tabulated (blue dashed line) descriptions and on the 20 million-cell grid with the tabulated technique (red dotted line).
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 4 Fig. 4: Mean and RMS liquid quantities as a function of radial position for different distances from the injector. Numerical results (lines) are compared to experimental data (symbols). Numerical results have been obtained on the 11 million-cell grid with the multispecies (black continous line) and the tabulated (blue dashed line) descriptions and on the 20 million-cell grid with the tabulated technique (red dotted line).

  Temperature field and liquid volume fraction isocontours colored by the droplet number density. The highevaporation zones are identified in black.

Fig. 5 :

 5 Fig. 5: Characterization of the primary reaction zone.

  ) and 4(b)), i.e. a longer convective time characterizes the ORZ compared to the IRZ. Indeed, spray droplets in ORZ are heated up more (as proven by the field of the liquid temperature in Fig.7(b)-left). As Equivalence ratio field. The evaporation zones, colored by the vaporization rate, are added. in blue and red, respectively.
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 6 Fig. 6: Characterization of the secondary reaction zone by looking to the instantaneous flame structure.
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 7 Fig. 7: Time-averaged flame structure.

  (a) Mean progress variable field and isocontours. The green isocontour corresponds to Yc = 0.1. (b) Mean mixture fraction field and isocontours. (c) Mean temperature field and isocontours. The green iso-contour corresponds to T = 1200 K.
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 10 Fig. 10: Time averaged flame structure. Results with the tabulated technique (right half) are compared to the 24-species results (left half) for progress variable (a), mixture fraction (b) and temperature (c).
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 11 Fig. 11: Temperature profile as a function of radial position for different distances from the injector. Numerical results with the 24-species scheme (black continuous line) are compared to the tabulated description (blue dashed line).
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 12 Fig. 12: Time averaged liquid volume fraction. Results with the tabulated technique (FPI, right half) are compared to the multi-species results (REF, left half).

  (a) Progress variable RMS. (b) Mixture fraction RMS. (c) Temperature RMS.
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 13 Fig. 13: Fluctuations of the flame structure. Results with the tabulated technique (FPI, right half) are compared to the 24-species results (REF, left half).

  14(a) and 14(b), respectively. The CO 2 field reflects the results discussed for the temperature. The presence of an (a) Mean CO2 mass fraction. (b) Mean CO mass fraction. (c) Mean OH mass fraction. (d) Mean C2H2 mass fraction.
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 14 Fig. 14: Time averaged fields for pollutants and intermediate species. Results with the tabulated technique (FPI, right half) are compared to the 24-species results (REF, left half).
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 15 Fig.15: Mean species mass fraction as a function of radial position for different distances from the injector. Numerical results with the 24-species scheme (black continuous line) are compared to the tabulated description (blue dashed line). Letters identified the regions represented in Fig.7.
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 16 Fig. 16: Schematic of a laminar counterflow spray flame.

Fig. 17 :

 17 Fig. 17: Counterflow laminar spray flames of Table 1 (A-D from top to bottom). Comparison between the reference detailed model (symbols) and the tabulated description (line): axial profiles of mixture fraction, progress variable and liquid volume fraction (left), temperature and CO mass fraction (right).

In the very dilute regime, the volume occupation of the liquid phase is negligible.

To ensure consistency between the two chemical descriptions, the same definition of the sensor is used in both calculations. In the case of the detailed chemical description, the reaction rate of the progress variable is reconstructed from the transported species.

Here the values for Schmidt and Prandtl numbers are Sc = 0.7 and Pr = 0.7, respectively[20].

Monodisperse and monokinetic assumptions imply that at a given location all droplets have the same size and velocity, i.e. Dirac's delta distributions in size and velocity phase spaces.

The nozzle geometry has been modified according to this model.

The random uncorrelated energy corresponds to the droplets velocity dispersion around the local mean velocity[START_REF] Février | [END_REF].
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