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In this paper, a comprehensive highly compressible and turbulent two-fluid multispecies model is presented. It involves an equation for the transport of the liquid volume fraction in addition to two different sets of partial differential equations for the gas and the liquid phase. The multicomponent gas phase is governed by an ideal gas equation of state (EOS) while the stiffened gas EOS is speci-fied to the single-component liquid phase. In this work, a Reynolds averaged Navier-Stokes (RANS) formulation is adopted. For the turbulence, a standard k -ε model is used for the gas phase while a turbulent viscositybased model is used for the liquid phase in order to improve the laminar-turbulent transition computation through the nozzle. In addition, the model equations include different relax-ation terms for mass, momentum, and energy exchanges at the liquid-gas interfaces. For the present cavitation modeling, an instantaneous relaxation procedure is used for the velocity, pressure, and temperature; while a slower procedure is adopted for the Gibbs free-energy relaxation model (GERM) at the interfaces. These models have been applied for the simulation of the cavitation inside a trans-parent single-hole nozzle. The obtained cavitation pocket has a similar shape as the experiments. Moreover, two different cavitation regimes have been identified. A gaseous cavitation regime appears in a region in which the static pressure is close to but above the liquid saturation pressure; a second cavitation regime may happen when the static pressure goes below the liquid saturation pressure. In the latter case, the liquid become superheated and leads to a vaporous cavitation regime. Also, the cooling of the fuel and the density variation due to the expansion of compressible liquid through the nozzle is among the more interesting findings of this paper.

INTRODUCTION

With increasingly stricter emission regulations and greater demand on fuel economy, the injector has become one of the most critical components of modern diesel engines. Since the nozzle geometry influences the spray characteristics and the mixture preparation in the engine, the design of injector nozzles has become an important factor for the improvement of the combustion performance and pollutant reduction. In addition, the physical processes involved in direct injection engines are complex. Consequently, it is important to understand the effects of the nozzle geometry (sac, orifice, etc.) on 1 NOMENCLATURE A 0 switch (0 or 1) for the turbulence µ, ρ viscosity, density models in Eqs. ( 2) and (3) Π equal to (P + A 0 2/3ρk) C k C k = 0.006 is a constant φ, ω, θ, ψ interfacial velocity, in Eq. ( 9) pressure, temperature and C s C s = 0.2 is a constant in Eq. ( 10) Gibbs relaxation to C µ C µ = 0.09 is a constant in Eq. ( 8) equilibrium characteristic C v liquid specific heat at constant frequency volume coefficient in Eq. ( 7) D diffusion coefficient in Eq. ( 5) Sub-and Superscripts e specific internal energy f fuel g specific free Gibbs energy i index of the Cartesian h specific enthalpy components k turbulent kinetic energy (TKE) I interfacial parameter l length scale l liquid P pressure L laminar condition P ∞,l , e ∞,l SG-EOS Eq. ( 7) fluid parameters m index of the gas species Q specific heat flux in Eq. (1) R perfect gas universal constant p, q q = 3 -p, index of the S ij , S strain tensor and strain intensity phases in Eqs. ( 1 the liquid injection, atomization, and combustion behavior, especially as the orifice size keeps getting smaller and the injection pressure higher. Moreover, the description of turbulent flow and its coupling with liquid atomization and dispersion is required, as well as the description of the mixing, the ignition, and the combustion itself. An accurate prediction of liquid injection is then critical in this context, and has to be modeled from the in-nozzle region up to the dispersed evaporating spray region, where combus-tion takes place. A number of studies have been conducted on the effect of the nozzle characteristics on the internal and external spray characteristics [START_REF] Andriotis | Influence of vortex flow and cavitation on near-nozzle diesel spray dispersion angle[END_REF][START_REF] Blessing | Analysis of flow and cavitation phenomena in diesel injection nozzles and its effects on spray and mixture formation[END_REF][START_REF] Soteriou | Direct injection diesel sprays and the effect of cavitation and hydraulic flip on atomization[END_REF]. Even if experiments of the complete process are a source of information and physical understanding, there is, at the present time, a growing willingness for the development of predictive numerical computations of such flows, which is particularly challenging for regions at the inner and near injector, as shown in [START_REF] Dumont | Cavitating flow in Diesel injectors and atomization: A bibliographical review[END_REF], [START_REF] Habchi | Modélisation Tridimensionnelle de l'injection et de la préparation du mélange gaz/carburant dans les moteurs combustion interne[END_REF], and [START_REF] Moreau | A numerical study of cavitation influence on diesel jet atomization[END_REF]. Currently, most cavitation models are based either on a single-fluid mixture approach using a homogeneous equilibrium model (HEM) [START_REF] Habchi | Multidimensional simulation of cavitating flows in diesel injectors by a homogeneous mixture modeling approach[END_REF][START_REF] Lee | A numerical investigation of transient flow and cavitation within minisac and valve-covered orifice diesel injector nozzles[END_REF][START_REF] Schmidt | A fully compressible, two-dimensional model of small, high-speed, cavitating nozzles[END_REF]Wang et al., 2011) or a simplified Rayleigh-Plesset (RP) bubble dynamics equation [START_REF] Giannadakis | Modelling of cavitation in diesel injector nozzles[END_REF]. In the HEM model, the cavitation is computed using a barotropic equation of state (EOS) derived from the Tait's correlation (Wang et al., 2011) or the Wood's speed of sound [START_REF] Wood | A Textbook of Sound[END_REF]. In the RP models, the cavitation is computed as the result of the pressure difference between the inner bubble and the surrounding liquid. Besides, it is usually assumed that cavitation should take place in regions in which the static pressure falls below the saturation pressure of the flowing liquid. Although this condition is not necessary for the growing and collapse of cavitation bubbles, both of the HEM and RP models assume that cavitation bubbles or pockets are full of vapor and do not consider gaseous cavitation which is observed experimentally [START_REF] Dunn | Experimental characterization of aviation-fuel cavitation[END_REF]. In addition, high velocity shears and stretching, pressure, or temperature variations that one may encounter in two-phase flows formed inside and in the close vicinity of injectors cannot be resolved by such HEM models, as only mass and momentum equations for the mixture are accounted for. Moreover, both HEM and RP models ignore the thermodynamic processes happening at the liquid-gas interfaces during phase changes. A more sophisticated mixture model has been recently developed by Schmidt and co-workers [START_REF] Shields | Cavitation as rapid flash boiling[END_REF]. The phase change is computed using a homogeneous relaxation model (HRM) which assumes a first-order rate equation for the evolution of the instantaneous vapor mass fraction toward its equilibrium value over a given empirical timescale. In a study performed by [START_REF] Battistoni | Comparison of mixture and multifluid models for in-nozzle cavitation prediction[END_REF], this mixture-HRM model has proved to be less accurate than a multifluid model using a RP bubble dynamic for phase change. In addition, Battistoni numerical investigations of gaseous cavitation have highlighted the importance of accounting for dissolved gases in the liquid. While these models have proved to be useful in many applications, they cannot be universally applied to all fuel injection cases, especially for highly compressible and non-isothermal conditions. More recently, a new family of Eulerian two-phase flow models has appeared. In these models, both liquid and gas are compressible and obey different set of transport equations for the mass, momentum, and energy in addition to an equation for the transport of the volume fraction. Presently, at least two different types of Eulerian models are under study in the literature. The most general model is the "seven equation model" of Saurel and co-workers (2008), from which a "five equation model" may be derived by assuming the pressures and velocities of the two phases to be equal. [START_REF] Wang | CFD simulation of fuel injection using a five equation Eulerian twophase flow model[END_REF] have applied the latter model to the case of fuel injection. They have shown that gaseous near-wall cavitation can significantly increase in the nozzle orifice due to mechanical expansion of dissolved gas, without the help of mass transfer. In this work, a new cavitation model based on the equilibrium at liquid-gas interface of the Gibbs free energy of liquid and gas is suggested in a general framework of highly compressible and turbulent seven equation model. This paper is organized as follows: First, the comprehensive highly compressible and turbulent two-fluid model is presented in Section 2, along with the GERM cavitation model. Next, the numerical implementation of these models in the IFP-C3D software [START_REF] Bohbot | IFP-C3D: An unstructured parallel solver for reactive compressible gas flow with spray[END_REF][START_REF] Velghe | A high efficiency parallel unstructured solver dedicated to internal combustion engine simulation[END_REF] is described in Section 3. The GERM cavitation model is then applied in Section 4 for the simulation of the cavitation inside a transparent single-hole nozzle for which experimental cavitation results are available [START_REF] Blaisot | NADIA bio: New advanced diagnosis for diesel injection analysis and bio fuels -A federative project around hydraulics of CR systems[END_REF]. The present study also attempts to improve the understanding of the different cavitation regimes by varying the temperature of the injected fuel from 300 to 450 K. The main results of this study are discussed in Section 5. Finally, the conclusion of this work is reported with a future work.

MATHEMATICAL MODELING

Flow regimes in internal and near-injector regions can be handled through different Eulerian/Eulerian approaches [START_REF] Herrmann | A parallel Eulerian interface tracking/Lagrangian point particle multi-scale coupling procedure[END_REF][START_REF] Lebas | Numerical simulation of primary break-up and atomization: DNS and modelling study[END_REF]. One may consider direct interface resolution using Navier-Stokes equations in each phase and jump conditions at the interfaces. The liquid jet atomization and the cavitation inception modeling are possible with sufficiently refined meshes and high-order numerical schemes in order to be able to capture the interface position accurately. The minimum liquid or gas structure size that can be accounted for is directly related to the grid resolution. Direct interface resolution approaches can be used for understanding studies and validation purposes, limited to simple geometries. Yet, they are not appropriate for complex configurations such as internal combustion engines and multihole injector simulations. In addition, since these approaches are usually derived using an incompressible liquid assumption, they are not able to properly compute the cavitation inside the nozzle, where the liquid velocity may have a value as high as 700 ms -1 and a Mach number greater than 0.5.

The Two-Fluid Model

In this paper, a comprehensive highly compressible and turbulent two-fluid multispecies model is presented. It is based on the previous work of [START_REF] Baer | A 2-phase mixture theory for the deflagration-to-detonation transition (DDT) in reactive antigranulocytes-materials[END_REF] model and [START_REF] Kapila | Two-phase modeling of deflagration-to-detonation transition in granular materials: Reduced equations[END_REF] as well as the more recent work of Saurel and co-workers (2008).

Their method is based on a compressible model involving seven partial differential equations, three for the gas phase and three for the liquid phase in addition to an equation for the liquid volume fraction transport. In this work, a multispecies model is also considered in order to be able to investigate non-condensable gas (such as N 2 ) in addition to condensable vapor. Besides, the equations are written in the Reynolds averaged Navier-Stokes (RANS) framework. The details of the averaging procedure may be found in [START_REF] Devassy | Atomization Modeling of Liquid Jets using an Eulerian-Eulerian Model and a Surface Density Approach[END_REF]. In addition, the specific internal energy equation is used instead of the total specific energy adopted in the work by [START_REF] Saurel | A multiphase Godunov method for compressible multifluid and multiphase flow[END_REF] and [START_REF] Saurel | Modelling phase transition in metastable liquids: Application to cavitating and flashing flows[END_REF]. Also, this two-fluid model is able to deal with liquid jet atomization as suggested by [START_REF] Devassy | Atomization modelling of liquid jets using a twosurface-density approach[END_REF]. Phase change at the interface is also considered in this paper.

For two-phase flows, the model consists of the following governing equations:

∂α p ρm,p ∂t + ∂α p ρm,p V p,i ∂x i = ∂ ∂x i ρp D p ∂ ∂x j ρm,p ρp + ψ (g q -gp ) δ mf (1) ∂ ∂t α p ρ p V p,i + ∂ ∂x i α p ρ p V p,i V p,j = - ∂α p Π p ∂x i + Π I ∂α p ∂x i + ∂α p τ L,T p,ij ∂x i + ϕ V q,i -V p,i (2) 
∂ ∂t (α p ρ p e p ) + ∂ ∂x i α p ρ p V p,i e p = -α p P p ∂ V p,i ∂x i - ∂α p Q L,T p,i ∂x j + (1 -A 0 )α p τ L,T p,ij ∂ V p,i ∂x j + A 0 α p ρ p ε p + ϕ V I V q,i -V p,i + ωP I P q -P p + θ( T q -T p ) + ẽI ψ (g q -gp ) (3) ∂α p ∂t + V I i ∂α p ∂x i = ω P q -P p + θ κ ( T q -T p ) + ψ ρI (g q -gp ) (4) 
Here p = {1, 2} and q = 3 -p; say p = 1 for the liquid phase (index l) and p = 2 for the gas phase (index g). The overbar (•) and tilde (•) designate the Reynolds and Favre average operation, respectively. Equation ( 1) is the continuity equation for species m.

The f th species index designates the fuel vapor. For the gas, a Fick law with a single turbulent diffusion coefficient D p is assumed, while the liquid is assumed single-component (D 1 = 0). In the system of Eqs. ( 1)-( 4) also intervenes interfacial quantities denoted with a superscript "I." The interfacial velocity, V I , and the interfacial pressure, P I , are assumed according to the [START_REF] Baer | A 2-phase mixture theory for the deflagration-to-detonation transition (DDT) in reactive antigranulocytes-materials[END_REF] model (V I = V l and P I = P g ). In Eq. ( 2), Π is equal to (P +A 0 2/3ρk), where A 0 = 1 for turbulent flows. τ L,T p,ij is the shear stress tensor in Eqs. ( 2) and (3). It can be written as τ

L,T p,ij = τ L p,ij + A 0 τ T p,ij
, where the superscripts L and T stand for laminar and turbulent flow regimes, respectively. Its modeling is given below in Section 2.3. In the energy equation ( 3), e p is the Favre averaged specific internal energy and Q L,T p,i the heat flux which is modeled as follows:

Q LT p,i = -λ p ∂ T p ∂x i -ρp D p m h m,p ∂ ∂x i ρm,p ρp (5) 
The first term in the right-hand side (RHS) of Eq. ( 5) is due to the conduction (Fourier's law). For both phases, the turbulent contribution of the conductivity coefficient λ p is computed from a specified turbulent Prandtl number taken equal to 0.9. However, only the liquid has a significant laminar conductivity coefficient contribution for λ p . This contribution is computed using the Wilke and Lee correlation [START_REF] Reid | The Properties of Gases and Liquids[END_REF]. The second term in the RHS of Eq. ( 5) represents the total flux of the enthalpy transported by the gaseous species due to turbulent advection. This term is not considered in the liquid since this phase is assumed single component.

Equations of State

Equations of state (EOS) are used to close the system of Eqs. ( 1)-( 4). In order to circumvent the difficulty of models having negative squared speed of sound in the two-phase region, the present study uses two EOSs. Indeed, each fluid possesses a separate EOS.

In the present investigation, terms arising in the multispecies gas phase are closed by the perfect gas EOS where R is the universal constant and W g is the gas mixture molecular weight:

P g = ρ g R W g T g (6) 
In addition, the stiffened gas EOS (SG-EOS) is used in the single-species liquid phase. Two different expressions of the SG-EOS are given as follows:

P l = ρ l (γ l -1) (e l -e ∞,l ) -γ l P ∞,l , T l = P l + P ∞,l C v,l ρ l (γ l -1) (7) 
Table 1 summarizes the values of the SG-EOS parameters for the NF82BN18 fuel used below. This fuel is a mixture of 82% vol Normafluid and 18% vol Bromonaphthalene used in the optical investigation by [START_REF] Blaisot | NADIA bio: New advanced diagnosis for diesel injection analysis and bio fuels -A federative project around hydraulics of CR systems[END_REF]. This mixture allows concealing the fluid-PMMA interface, especially in the orifice where the cavitation occurs. Details concerning the SG-EOS and its parameters may be found in Le [START_REF] Métayer | Elaborating equations of state of a liquid and its vapor for two-phase flow models[END_REF].

Stress Tensors and Turbulence Modeling

The stress tensor τ L,T p,ij = τ L p,ij +A 0 τ T p,ij requires modeling in order to close the equations system (1)-(4). A standard Boussinesq approximation is used for the modeling of the Reynolds stress tensor (τ T p,ij = -ρ p V ′′ p,i V ′′ p,j ). As such, the total shear stress tensor can be written as

τ L,T p,ij = µ p ∂ V p,i ∂x j + ∂ V p,j ∂x i - 2 3 µ p ∂ V p,i ∂x i δ ij (8)
where µ p is the sum of the laminar and turbulent dynamic viscosities (µ p = µ L p +A 0 µ T p ). The laminar viscosity of gas phase, µ L g , is calculated according to Sutherland's formula, a function of the gas temperature. The laminar viscosity of liquid phase, µ L l , is given in a table as a function of the liquid temperature. The turbulent contribution, µ T g is given using a standard k g -ε g model [START_REF] Amsden | A computer program for chemically reactive flows with sprays[END_REF]) by

µ T g = ρg C µ k 2 g ε g (9)
with C µ = 0.09. For the liquid phase, a simple algebraic k l -l model based on a characteristic length, l taken of the order of the of grid cell, l = (Vol cell ) 1/3 has been used,

µ T l = ρ l (C s l) 2 S ( 10 
)
where C s is a modeling constant taken equal to 0.2 and S = 2 Sij : Sij is the mean strain rate tensor intensity with Sij = 1/2{∂ V l,i /∂x j + ∂ V l,j /∂x i }. In addition, k l is modeled according to the relation k l = C k l 2 S2 where C k is taken equal to 0.006. Regarding turbulence modeling, the standard kε model and the Re-Normalization Group (RNG) kε model have also been implemented for the liquid phase in addition to the gas phase. Using these models in conjunction with the suggested two-phase "seven equation" model has proved to be very unstable in the liquid phase, especially during transient flow regimes. The reason for that behavior is that the kε model type is only valid for high Reynolds number conditions. The suggested turbulent viscosity based model is a first attempt to compute the needle opening flows and the nozzle flows including transition from laminar flow in the sac toward turbulent flow at the exit of the nozzle. In future work, further improvements in the turbulence modeling are required, maybe using the Large Eddy Similation (LES) approach.

GERM CAVITATION MODEL

The two-fluid model described in the previous section includes different terms for the relaxation of the velocity, the pressure, the temperature, and the Gibbs free energy at liquid-gas interfaces. The details of the relaxation methods are not given in this article because they are available elsewhere. However, the manner in which the relaxation terms are considered and numerically implemented is described in this section. In this work on the cavitation problem, the velocity and pressure in Eqs. ( 2)-( 4) are relaxed with an infinite rate by making φ and ω respectively, tend to infinity. The description of these relaxation procedures can be found in Saurel and Abrall (1999) and [START_REF] Saurel | A multiphase model for compressible flows with interfaces, shocks, detonation waves and cavitation[END_REF]. Similarly, an infinite relaxation of the temperature at the interfaces is applied in Eqs. ( 3) and ( 4) by tending the relaxation parameter θ to infinity (see [START_REF] Zein | Modeling phase transition for compressible two-phase flows applied to metastable liquids[END_REF]. Note that the pressure and temperature equilibrium are accomplished by computing the exact volume fraction variations [see the RHS of Eq. ( 4)]. These volume fraction changes are happening without any phase change since they are absent from the RHS of the mass conservation Eq. ( 1). Finally, the last terms in Eqs. ( 1) and ( 4) represent, respectively, the mass flow rate and volume changes due to phase change at the interfaces. These quantities have been computed using a Gibbs free-energy relaxation model (GERM). Unlike the model of [START_REF] Zein | Modeling phase transition for compressible two-phase flows applied to metastable liquids[END_REF], the GERM model adopts a finite relaxation rate for the Gibbs free energy at the interface. Indeed, in order to ensure the stability of the explicit scheme, the numerical procedure limits the vaporized mass and its corresponding heat transfer using a volume fraction Courant-Friedrichs-Lewy (CFL) number CFL α = (α eq,icellα icell )/α icell , where α eq,icell is the equilibrium gas volume fraction obtained by an infinite relaxation procedure for the Gibbs free energy. This means that the maximum variation of α icell is equal to CFL α α icell for each cell icell of the grid. A value of CFL α = 10 -3 has been used in this paper. A similar procedure may be found in [START_REF] Zein | Modeling phase transition for compressible two-phase flows applied to metastable liquids[END_REF] along with the expression for the parameters κ, ρI , and ẽI appearing in the RHS of Eqs. ( 3) and ( 4). As such, the GERM model may simulate different cavitation regimes. Indeed, the first two terms, ω P q -P p + (θ/κ)( T q -T p ), in Eq. ( 4) are dedicated for the modeling of the so-called "gaseous cavitation." This first regime of cavitation may appear in regions in which the static pressure is close to but above the liquid saturation pressure. In this case, not only the disequilibrium of pressure but also the disequilibrium of temperature between the liquid and the gas are responsible for the growth or collapse of the bubbles without the help of any phase change. In addition, a second cavitation regime may happen when the static pressure goes below the liquid saturation pressure. In this case, the liquid becomes superheated and leads to a "vaporous cavitation" regime. This vaporous regime is modeled by the last term, ṁp = ψ (g q -gp ) in Eq. ( 1) and its corresponding energy flux and volume fraction in Eqs. ( 3) and (4), respectively.

NUMERICAL METHODS

The two-fluid model along with the GERM cavitation model described in the previous sections has been implemented in the software IFP-C3D. The details of description of the numerical methods and how the equations are coupled and solved for the gas phase are detailed in [START_REF] Bohbot | IFP-C3D: An unstructured parallel solver for reactive compressible gas flow with spray[END_REF] and [START_REF] Velghe | A high efficiency parallel unstructured solver dedicated to internal combustion engine simulation[END_REF]. Since the liquid phase subsystem (1)-( 3) is similar to the gas one, the same numerical schemes have been used. Besides, the numerical schemes for the liquid volume fraction resolve Eq. ( 4) in the following modified form:

∂α p ∂t + ∂α p V I i ∂x i = α p ∂ V I i ∂x i + ω P q -P p + θ κ ( T q -T p ) + ψ ρI (g q -gp ) (11) 
This modification allows using the same numerical scheme for the convection (i.e., rezoning) term as for the mass, momentum, and energy equations. Equation ( 11) is solved only for p = 1 (i.e., for the liquid volume fraction, α l = α 1 ). Next, the relaxation terms have been solved at the end of each time step, as described in the previous section. Finally, note that the transport equations in IFP-C3D are written in the arbitrary Lagrangian Eulerian (ALE) formalism in order to allow the description of moving components such as the injector needle.

COMPUTATIONAL CONFIGURATION

In this section, the GERM model is applied to the simulation of the cavitation inside a single-hole nozzle, for which experimental cavitation results are available [START_REF] Blaisot | NADIA bio: New advanced diagnosis for diesel injection analysis and bio fuels -A federative project around hydraulics of CR systems[END_REF]. The main features of the optical nozzle used in this work are given in Table 2 and Fig. 1. Besides, a simple linear interpolation of the vertices' coordinate between two grids is used for the needle movement. The grids correspond to the maximum and minimum needle lifts. A minimum needle lift of 10 µm is used as shown in Fig. 2. The three-dimensional mesh shown in Fig. 3 includes the nozzle and the combustion chamber. Only half of the 3D configuration has been meshed by 600,000 hexahedron cells. The plane of symmetry is shown in Fig. 3. A typical size of 60 mm has been chosen for the diameter and height of the combustion chamber. In order to make the specification of the inlet pressure boundary condition easier, the nozzle mesh has been extended to reach the inlet command (i.e., control) chamber of the injector. In addition, a relatively rough mesh is used in the combustion in order to limit the simulation cost. Note that the needle lift region is initially meshed by 10 hexahedron cells with a thickness lower than 1 µm. Furthermore, the cell size in the hole is taken relatively small (10 µm). They are even smaller at the orifice wall (3 to 4 µm) in order to resolve possible secondary flows in the cavitation inception regions. The initial and boundary conditions are also given in 

FIG. 2:

Needle lift (ASI stands for "after start of injection").

Fig. 3. Initially, the whole injector is full of liquid while the combustion chamber is full of gas (nitrogen). Also, due to the two-fluid modeling, each phase contains a weak volume fraction α ε of the other phase. For the cavitation modeling, α ε of gas in the liquid is taken of the order of the dissolved gas value in typical fuels (α εg = 10 -2 ). However, a much smaller value of liquid volume fraction α εl in the gas is necessary and a value α εl = 10 -6 is adopted from previous works [START_REF] Saurel | A multiphase model for compressible flows with interfaces, shocks, detonation waves and cavitation[END_REF][START_REF] Zein | Modeling phase transition for compressible two-phase flows applied to metastable liquids[END_REF]. The injection pressure is 25 MPa. This value is also the initial liquid pressure in the injector above the needle seat region. However, the liquid filling the sac and the hole is set to 0.1 MPa, which is the same pressure as the gas phase in the combustion chamber. The temperature of the gas in the combustion chamber is set to 300 K, while the injected fuel has been varied from 300 to 450 K. Also, the computations are assumed to start with a zero velocity and very small values of turbulent kinetic energy (k g = 10 -12 m 2 /s 2 ) and dissipation rate (ε g = 10 -12 m 2 /s 3 ) in the computational domain. In addition, weak turbulent kinetic energy and dissipation rate values have been specified at the inlet. Finally, all the walls are considered with a slip condition.

RESULTS AND DISCUSSION

Two computations have been carried out using two different injected liquid temperatures: 300 and 450 K. For the low-temperature case, shadow images are available from the NADIA-BIO project [START_REF] Blaisot | NADIA bio: New advanced diagnosis for diesel injection analysis and bio fuels -A federative project around hydraulics of CR systems[END_REF]. Figure 4 tive agreement between the numerical and the experimental cavitation regions inside the optical nozzle. However, the computed cavitation pocket seems to be larger and closer to the orifice inlet than in the experimental image. Indeed, the cavitation pocket shape seems to be sensitive to the geometrical details at the orifice inlet (see the nozzle geometrical uncertainties reported in Table 2). In Fig. 5, the numerical results of the two computations are compared in terms of cavitation regimes. For the 450 K case, the cavitation has appeared faster than in the Identification of the gaseous and vaporous cavitation regimes. The presence of vapor inside the cavitation regions is depicted by its mass fraction iso-lines. 300 K case. In addition, there is no phase change for the 300 K case due to the extremely low saturation pressure (less than 10 Pa) of the fuel at 300 K (see Fig. 6). However, since the static pressure in the orifice has decreased to a value close to but above the liquid saturation pressure (Fig. 7), a gaseous cavitation regime has appeared during the injection period. Since the saturation pressure is significant at 450 K (greater than 10 kPa; see Fig. 6) and the pressure has decreased below 10 kPa in the orifice (see Fig. 7), a vaporous cavitation regime has appeared during the needle opening, until 330 s. In this case, the fuel vapormass fraction (shown in Fig. 5 by iso-lines) is up to 0.6 inside the cavitation pockets. Nevertheless, the results of both temperature cases are quite similar in terms of cavitation pocket size during the needle closing period. But, this is not the case during the injection opening transient, where the cavitation is expected to have a significant effect on the jet primary atomization. Also, the results are different in term of velocity magnitude as shown in Fig. 8. This is due to the decrease of liquid density with temperature increase. This topic is very important and will be among future studies. Finally, one may observe in Fig. 9 the variation of the liquid density as a function of the temperature in the sac and the orifice during injection for the 450 K case. Upon the needle opening, a shock wave develops due to the liquid pressure difference between the seat and the sac. The compression induced by the shock wave leads to an increase of liquid density and temperature, especially in the bottom of the sac. Next, a cooler fuel fills the sac progressively. Finally, the needle closing induces a rarefaction wave and leads to a decrease of liquid density and temperature in the hole, then in the sac. Although the temperature variation is relatively small (DT = ±10 K), the liquid density changes (±5%) could affect the injector flow rate significantly. This study shows that it is possible to reproduce the appearance and collapse of cavitation without using adjustable parameters. In addition, two regimes of cavitation have been identified and simulated by the GERM model. It has been shown that cavitation bubbles do not always contain vapor. Indeed, for the gaseous cavitation, it is not necessary that static pressure decreases below the liquid saturation pressure as assumed by most previous models. Also, the cooling of the fuel and the density variation due to the expansion of compressible liquid through the sac and the orifice is among the more interesting findings of this paper. Future works will attempts to improve the understanding of the different cavitation regimes and their effects on atomizing liquid jets. For instance, the influence of wall-heat transfer on the cavitation should be investigated along with wall-slip or no-slip conditions. In addition, more quantitative comparisons with accurate experimental data are necessary. Particularly, these comparisons will be based on the recent work performed by [START_REF] Manin | Boundary condition and fuel composition effects on injection processes of diesel sprays at the microscopic level[END_REF] and [START_REF] Kastengren | Engine combustion network (ECN): Measurements of nozzle geometry and hydraulic behavior[END_REF][START_REF] Kastengren | Timeresolved X-ray radiography of sprays from engine combustion network spray A diesel injectors[END_REF] in the framework of the Engine Combustion Network (ECN).
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 3 FIG. 3: 3D Mesh, initial, and boundary conditions.
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 4 FIG. 4: Qualitative comparison of the numerical and experimental cavitation regions. (a) Shadow image obtained in the framework of NADIA-BIO project. (b) A volume fraction iso-value equal to 0.5 is used for delimiting cavitation region.

  FIG. 5: (Color online) Liquid volume fraction and vapormass fraction distributions. Identification of the gaseous and vaporous cavitation regimes. The presence of vapor inside the cavitation regions is depicted by its mass fraction iso-lines.
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 6 FIG. 6: Pressure saturation (Psat) curve of the NF82NB18 fuel.

  FIG. 8: (Color online) Velocity field distributions. The cavitation region is depicted by an iso-surface of liquid volume fraction equal to 0.5. Cavitation region is located above this iso-surface. Velocity profiles in the orifice are also shown with the arrows.

  FIG. 9: (Color online) Temperature and liquid density fields in the sac and the hole.

TABLE 1 :

 1 SG-EOS parameters for the NF82BN18 fuel

	P ∞,l	γ l	C v,l	e ∞,l
	5.3 × 10 8 Pa	3.48	761 J/kg/K	-1004 kJ

TABLE 2 :

 2 Nozzle geometric features

	Units Average value Uncertainties

FIG. 1: Sac and orifice offset.
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